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1. German Summary – Deutsche

Zusammenfassung

Zusammenfassung der Dissertation zum Thema:

“Explorationsmethoden zur Erforschung der Evolution transkriptionaler Regulation im

Eukaryotischen Genom”

vorgelegt von

Stephan Struckmann
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1.1. HINTERGRUND CHAPTER 1. GERMAN SUMMARY

1.1. Hintergrund

Die vorliegende Arbeit befasst sich mit der Entwicklung von rechnergestützten Werk-

zeugen zur Erforschung transkriptionaler Regulation, insbesondere von Transkriptions-

faktorbindestellen (TFBS), vor dem Hintergrund ihrer Evolution. Bestehende (sequenz-

basierte) Verfahren zur Vorhersage der Lage solcher Bindestellen sind mit dem Nachteil

behaftet, die Funktionalität dieser Bindestellen zu vernachlässigen, obwohl bekannt ist,

dass neben der Nukleotidsequenz viele andere Einflussfaktoren auf das Binden von Tran-

skriptionsfaktoren und den Effekt einer solchen Bindung existieren. Insbesondere ist bei

Eukaryoten eine perfekt passende Sequenz weder notwendiges noch hinreichendes Kri-

terium für das Vorliegen einer funktionalen Transkriptionsfaktorbindestelle. Bisherige

Studien zum Thema konzentrieren sich oft auf das Auffinden potentieller Bindestellen

aufgrund ihrer Sequenzähnlichkeit zu bereits bekannten Bindestellen. Weiterhin gibt es

unter den bestehenden Werkzeugen bislang nur wenige, die die Visualisierung der Evo-

lution von Transkriptionsfaktorbindestellen und deren Untersuchung im Kontext der

Ergebnisse anderer regulationsrelevanter Einflüsse erlauben. Die Handhabung der Werk-

zeuge ist in der Regel nur für Informatiker ausgelegt, obwohl die eigentliche Auswertung

fundiertes biologisches Hintergrundwissen erfordert.

1.2. Ergebnisse und Diskussion

Das im Rahmen meiner Arbeit entstandene Werkzeug “ReXSpecies” ist als Webanwen-

dung für den Endanwender ohne Installation weiterer Software und mit grafischer Benut-

zerschnittstelle verfügbar. Es bietet neben einer weitgehenden Automatisierung solcher

Analysen (notwendiger Input sind nur die Koordinaten der regulatorischen Region, die

untersucht werden soll) neue Visualisierungstechniken der Evolution von Transkripti-

onsfaktorbindestellen und eine Schnittstelle zu Genombrowsern, um eine umfassende

Analyse einer bestimmten regulatorischen Region unter Berücksichtigung anderer Er-

kenntnisquellen zu ermöglichen.

Insbesondere enthält ReXSpecies einen neuartigen Algorithmus, der nach evolutionär

erhaltenen Mustern von Transkriptionsfaktorbindestellen sucht. Solche Muster können

auf eine funktionale Bedeutung der am Muster beteiligten Bindestellen hinweisen und

so möglicherweise bedeutsame Bindestellen aufzeigen.

Am Beispiel der regulatorischen Regionen pluripotenzrelevanter Gene konnten einige

der allgemein als gesichert betrachteten bekannten Bindestellen als relevant im Sinne

ihrer evolutionären Konservierung erkannt werden. Außerdem werden im Anhang Effizi-
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CHAPTER 1. GERMAN SUMMARY 1.3. AUSBLICK

enz und Korrektheit des verwendeten Algorithmus zur Mustersuche behandelt. Weiterhin

wird im Anhang ein neuartiger Algorithmus vorgestellt, um die Knoten phylogenetischer

Bäume intuitiv einzufärben. In diesem Zusammenhang werden neuartige Möglichkeiten

der Darstellung solcher Muster im Kontext ihrer Evolution vorgestellt.

Im Rahmen der Arbeit wird diskutiert, dass die Phylogenie von Transkriptionsfaktor-

bindestellen im Vergleich zu anderer intergener DNA anderen Regeln unterliegt; Tran-

skriptionsfaktorbindestellen sind Merkmale “höherer Ordnung” als Nukleotidsequenzen

es sind. Weiterhin wird die Vermutung aufgestellt, dass die meisten vorhergesagten Bin-

destellen zwar tatsächlich von Transkriptionsfaktoren gebunden werden könnten; aller-

dings ist nicht jede Bindestelle von tragender Bedeutung für die Genregulation.

Als wichtigste Fehlerquelle bei der Analyse regulatorischer Regionen im Vergleich ver-

schiedener Spezies gilt das Auffinden homologer regulatorischer Regionen. Hierzu werden

verschiedene Wege diskutiert, von denen in der vorliegenden Version von ReXSpecies ein

schon berechnetes multiples Genom-Alignment verwendet wird.

1.3. Ausblick

Andere Möglichkeiten zum Auffinden (funktional) homologer regulatorischer Regionen

sind BLAST-Suchen, sequenzbasierte lokale Alignments, Homologiedatenbanken und der

alignmentfreie Ansatz. Vom Einsatz dieser Techniken in zukünftigen Versionen von ReX-

Species erhofft sich der Autor vollständigere und richtigere Sätze homologer Regionen,

was die Anzahl artifizieller Muster senken könnte.

Um schließlich zu tragenden Vorhersagen funktionaler Transkriptionsfaktorbindestel-

len zu gelangen, schlägt der Autor vor, neben Nukleotidsequenzen und ihrer Evolution

so viele andere Daten wie möglich in einer umfassenden Analyse zusammenzutragen.

Hierzu wird die Verwendung und Erweiterung bestehender Werkzeuge insbesondere der

Systembiologie empfohlen.
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2. Background

2.1. Position specific scoring matrices, sequence based

prediction of transcription factor binding sites

Understanding regulation of genes is one of the most exciting tasks in bioinformatics.

An important basic component in the regulatory machinery of the cell is the control of

transcription by transcription factors binding to the DNA at transcription factor binding

sites (TFBSs).

Current methods aimed at predicting TFBSs use the similarity of a given TFBS model

to a stretch of DNA (similarity score) or a subsequently estimated probability of a false

positive result (E-value) as a criterion [1–5]. This is usually done using position specific

scoring matrices, PSSMs. Such matrices express, how often at a certain position of

the binding motif a certain nucleotide occurs in a training set of known TFBSs. The

training set can either be based on different known binding sites within one species

or on known homologous binding sites from different species. Many false positives are

commonly expected from classical PSSM searchers because of the high probability of

finding a short subsequence in a large genomic sequence by chance. Furthermore, there

are some statistical issues to be taken into account carefully. For example, the scores

of short motifs do not generally follow a Gaussian distribution [6], complicating sound

calculation of E-Values.

Please see “Methods, Prediction of transcription factor binding sites, Sequence based
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2.2. RELATED WORK CHAPTER 2. BACKGROUND

prediction of transcription factor binding sites” in paper III [7] and in [8] for a more

detailed description of how the classic PSSM approach works.

Having in mind that TFBS motifs are short (around 10 base pairs), it does not surprise,

that TFBSs in eukaryotes are rarely found to regulate one gene if they occur alone;

usually only the combination of two or more transcription factors controls a gene with

sufficient specifity [9–13]. Such combined TFBSs are called cis-regulatory modules,

CRMs. Examples for CRMs are the proximal promoter of eukaryotic genes and the

distal elements. The latter may work as silencer or enhancer depending on the set of

transcription factors that bind the elements [14].

Our tool, ReXSpecies, is a framework that (besides other analytical tasks and en-

hanced figure rendering) searches for homologous CRMs yielding motifs that are com-

binations of classical TFBS motifs. In order to find such CRM motifs, ReXSpecies uses

the evolutionary history of homologous CRMs. This is possible, because CRMs in some

cases, depending on the functional context, may be evolutionary conserved [15,16]. Be-

cause transposable elements [7, 17] play an important role in evolution of regulatory

regions, the absolute position of certain CRM motifs can differ from CRM to CRM.

Maybe, even the order of TFBSs within such a CRM can be swapped or scrambled.

Alignment-free methods detect functional similar CRMs within genomes [18,19] not de-

pending on the exact position or order of TFBSs in such modules. Once, CRMs have

been found, scientists need to have some good visualization and analysis tools to interpret

their functional and evolutionary context.

2.2. Related Work

Existing approaches for investigating regulatory modules considering evolution can be

differentiated into two groups, alignment free methods and phylogenetic footprinting

methods. Alignment free methods first search for TFBSs, and afterwards identify homol-

8



CHAPTER 2. BACKGROUND 2.2. RELATED WORK

ogous CRMs. Phylogenetic footprinting methods do it vice versa. They start searching

for homologous sequence, yielding an alignment, and then they identify TFBSs therein.

Given the TFBSs, they go further and identify CRMs.

Although one step can faciliate the other, both steps are hard, if they are done first.

Either TFBSs have to be searched without knowing anything about the evolution of

a putative CRM, or homologous sequence has to be found without knowing TFBSs

pointing at the evolutionary constraints related to the function of the underlying CRM.

In each case, if the coordinates of the CRMs are unknown, the first step has to run

fast to consider many possible (maybe overlapping) genomic regions. This requirement

is in conflict with the importance of obtaining correct results from the first step.

The problem of finding both, homologous sequences and TFBS predictions within

these sequences, is addressed by eSimAnn [20] that aligns and annotates a pair of se-

quences in one step using a model for the evolution of TFBSs. Unfortunately, eSimAnn

is limited to alignments of two sequences and cannot do large scale analyses. So, it is

useful to refine a given alignment of putative homologous CRMs, but not for finding

such CRMs.

In [7], we present many different approaches of the two groups of methods. Regulatory

region score (RRS) [19] is one example for alignment free methods. It searches for

functional similar CRMs in the DNA by calculating the mean affinity of such sequences

to a given set of TFs. Well-known phylogenetic footprinting methods are MEME [21] (if

used with multi-species-data) and PhyME [22]. Compared to ReXSpecies, they search

for motifs of single TFs, but not for CRM motifs.

Closer related to the ReXSpecies tool are the Genomatix suite [2], the Transfac suite

[23] and the Mapper [24] tool, because these are also web pages that provide some

automation and figure rendering. Genomatix and Transfac are commercial tools, while

Mapper is free for academic and non-commercial purposes. Transfac has an enhanced

library of PSSMs and many related databases. Its TF search tool, Match [1], only finds
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2.3. RECONSTRUCTING ANCESTRAL STATES CHAPTER 2. BACKGROUND

PSSM matches in a given set of sequences. Mapper combines a PSSM library (based on

Transfac and the freely available JASPAR [25] database) with a search algorithm and

an interface to the phylogenetic footprinting tool MEME [21], that provides de novo

generation of PSSMs from an alignment of homologous CRMs. Furthermore, Mapper

interfaces with the UCSC genome browser [26] to enable scientists to study their TFBSs

results together with results from other methods provided as tracks at UCSC. Finally, the

Genomatix suite contains, besides a PSSM searcher, also a library based on Transfac, but

extended by the Genomatix Software GmbH. Genomatix provides some classic rendering

of aligned sequences annotated with TFBS predictions. In order to search for CRMs,

Genomatix provides some more useful tools that are only commercially available. They

can find potential promoter regions in the genome and putative CRM modules in the

TFBS output. The latter does not consider reconstruction of ancestral states.

2.3. Reconstruction methods of ancestral feature states

ReXSpecies tries to reconstruct the evolution of transcription factor binding sites. Be-

cause we do not have information about transcription factor binding in ancestral species

(inner nodes in the species tree), ReXSpecies needs to reconstruct transcription factor

binding sites of ancestral species in order to generate hypotheses about the binding site

evolution. There are two possibilities, how one could do that. The most obvious way is

to reconstruct the DNA of ancestral species and to search for transcription factor binding

sites in the reconstructed DNA. The prediction of ancestral sequences is hard [27,28], and

we expect many false transcription factor binding site predictions for ancestral species.

An alternative way is to reconstruct the existence of transcription factor binding sites

themselves.

We hypothesize, that transcription factor binding sites are features in their own right.

This idea is encouraged 1) by the fact, that from a theoretical point of view, transcription

10



CHAPTER 2. BACKGROUND 2.3. RECONSTRUCTING ANCESTRAL STATES

factor binding is not only controlled by the DNA base sequence [7], and 2) by our

observation that, in practice, tree reconstructions using MrBayes [29] were closer to the

widely accepted common species tree from NCBI [30] in case DNA and binding sites,

both, were considered than in case only one of it, DNA or binding sites, was considered

alone.

That hypothesis is the reason, why we decided to reconstruct transcription factor

binding sites themselves (the alternative way). There are different methods to recon-

struct feature states of ancestral species. They can be divided in two major directions: 1)

Methods that find the most likely state (absence or presence) of a feature (a certain tran-

scription factor binding site) of an ancestral species given the state of the extant species

(the leaves of the species tree labelled) and a model of evolution (statistical methods).

2) Methods that find the most parsimonious state of a feature of an ancestral species.

The most parsimonious explanation of an observation is the most frugal explanation,

the explanation that implies the smallest number of gains and losses of a transcription

factor binding site.

Both methods have advantages and disadvantages [31]. Besides the results from Ko-

laczkowski and Thornton [31] concerning the correctness of the predictions (we expect

transcription factor binding sites to evolve heterogeneously with different rates at differ-

ent times and regions), there are some more practical points that influence our decision

for parsimony. Using statistical methods, such as Bayesian estimators or maximum like-

lihood methods, often are quite time consuming, because they search for an extrema of a

complicated function, which usually cannot be found analytically. Furthermore, methods

for finding extrema such as simulated annealing tend to end up in local extrema. Also,

statistical methods produce very conservative output – they are quite good to confirm

hypotheses, but often, because of very noisy and sparse data (and for the evolution of

gene regulation, this is definitely the case), they do not generate new hypotheses. They

state, that there is not enough data to estimate anything (if the significance level is set

11



2.3. RECONSTRUCTING ANCESTRAL STATES CHAPTER 2. BACKGROUND

reasonable). The latter is of advantage for confirmation of hypotheses. For generation

of new hypotheses, where confidence of intermediate results is not a highly important

target, it is of disadvantage, if no hypotheses can be gained. Another (less important)

advantage of parsimony methods is, that they are rather fast and easier to understand

than statistical methods. Speed and comprehensibility of methods is very helpful for

exploratory research when false positive predictions are to be explained.

This work aims at the generation of hypotheses about evolution. The software tool

“ReXSpecies” developed in our work supports scientists in finding hypotheses and finds

hypotheses on its own (see below). So, we decided to use parsimony for reconstruction

of ancestral transcription factor binding sites. There are different flavors of parsimony.

In context of evolution, Fitch parsimony [32] and Dollo parsimony [33] are explained

below in short and, more extensively, in [34], section “Annotated Tree” and Figure 6.

Fitch parsimony predicts ancestral states (transcription factor binding sites) by min-

imizing the number of mutations that have to be assumed to explain the extant states,

the transcription factor binding sites at the leaves of the species tree. Similarly, Dollo

minimizes the number of mutations, but it disallows back-mutations, so that a feature

that once was lost during evolution cannot be re-gained. This is plausible for deletions

(of larger subsequences), but loss of a transcription factor binding site may be based on

a substitution of only one nucleotide, which is not unlikely to re-mutate.

So, ReXSpecies uses the Fitch parsimony method by default (earlier versions used

Dollo). Furthermore, this is the standard parsimony method. Finally, it turned out,

that Dollo parsimony generated less plausible results than Fitch parsimony. Anyway,

Dollo parsimony is still available and could be used alternatively.

Experimental use of Bayesian methods for predicting ancestral states turned out to

predict all changes for the latest step of evolution (that is, closest to the leaves of the

tree, the extant species) and is too slow. Also, the tool that was used to generate such

Bayesian predictions, MrBayes 3.2 [29], seems to be quite buggy when used for prediction

12



CHAPTER 2. BACKGROUND 2.4. AUTOMATION AND USABILITY

of ancestral states instead of tree topologies.

For another tool, RAxML [35], this was implemented during the last year of our work,

and so were not available, when ReXSpecies was implemented. Nevertheless, we plan to

examine ancestral transcription factor binding site reconstruction with RAxML.

2.4. Automation and Usability

ReXSpecies is designed as a web application that automates the visualization and analy-

sis of the evolution of gene regulation. We decided to develop a web based user interface

to relief the users (typically not – or not mainly – computer scientists) from using a

command line interface and from installing software on their own.

During the process of development, the new idea of so called Ajax web applications [36]

came up (The ReXSpecies project was started in the middle of 2006, Ajax was first

mentioned in 2005). We started to use this technology to have a more convenient way

of using the application.
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3. Results

3.1. Implementation of ReXSpecies

3.1.1. Simplified automated analysis of regulatory regions

Our tool, ReXSpecies, fully automates the analysis of a given region in the genome.

Input is either a genomic coordinate (chromosome, start and end position) or an anal-

ogous description of such regions (e.g. “The 5000 bp upstream from the Pou5f1 gene’s

transcription start site”). It then uses the JASPAR position specific scoring matrix

library [25] (optionally, user provided PSSMs) and the PoSSuM tool [5] to search for

transcription factor binding sites in that region. The sequences (also the homologous

sequences [37]) are extracted from the UCSC genome database [38]. ReXSpecies then

searches for patterns of transcription factor binding sites in evolution (see below) and

scores both, patterns and transcription factor binding sites, using the branch length

score, BLS [39]. Finally, it generates different (interactive) output figures that visual-

ize the transcription factor binding site evolution and highlight evolutionary conserved

ones. Also, a file is generated that can be uploaded to genome browsers allowing the

user to render the transcription factor binding site predictions in context of tracks of

other data available from genome browsers, e.g. annotation tracks (e.g. the wiki track

that we extended in [40]), tracks that display gene expression experiment results, tracks

that show sequence conservation, or tracks that show methylation. Also, we plan to

implement generation of gene regulatory network files readable by e.g. the Cytoscape

15



3.1. IMPLEMENTATION OF REXSPECIES CHAPTER 3. RESULTS

suite [41]. The output files are described in short below and more extensively in [7].

3.1.2. Figures rendering the evolution of regulatory regions, the straight

forward version

In order to analyze the evolutionary history of regulatory regions and, more detailed, of

transcription factor binding sites, we developed a set of different figures and an algorithm

that detects potential cis-regulatory modules, CMRs [14].

The straight forward idea how to display transcription factor binding sites in homol-

ogous regulatory DNA regions is to display a sequence alignment of these homologous

regions and to annotate each sequence with the transcription factor binding sites found

for that sequence. To do this, the binding sites have to be aligned according to the

sequences. Such figures can be generated since ReXSpecies’ first version and are called

“Annotated alignment” [7, 34]. Interactively, for each binding site and each sequence,

additional information (such as the sequence logo of the position specific scoring ma-

trix [42]) can be displayed by hovering the binding site or the sequence respectively with

the mouse pointer. The “Annotated alignment” figures can become very large, because

for about 20 species about 100 – 200 predictions for each species have to be rendered.

4,000 prediction boxes are simply to many for a letter-sized page.

After identifying potential homologous binding sites (essentially overlapping predic-

tions between homologous sequences), a phylogenetic species tree (displayed in [7], Fig-

ure 10) can be labelled using the predictions for its leaves (the extant species) and Fitch

parsimony for its inner nodes (the ancestral species). Finally, for each edge, gains and

losses of homologous transcription factor binding sites are annotated at the node, the

edge leads to. We call this figure type “Annotated tree” [7, 34]. Such large trees (the

annotations can be very extensive) are hard to handle because of their size. We de-

cided, not to continue supporting “Annotated trees”, but we provide interactive web

pages for that issue. Furthermore, the annotated trees can be exported in modern tree
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CHAPTER 3. RESULTS 3.1. IMPLEMENTATION OF REXSPECIES

formats (PhyloXML [43] and more), so that specialized tree display tools can be used

to render such trees. ReXSpecies contains an interface to the ATV [44] java applet.

Also, javascript based tree visualizers (Nicolas Garcia Belmonte: The JavaScript Info-

Vis Toolkit, http://thejit.org) have been integrated to ReXSpecies to display the

tree as hyperbolic tree figure [45], or as classic node link diagram, but only showing a

part of the tree at once.

Because the “Annotated alignment” and the “Annotated tree” figures are too large

(the sheer image size is huge) for publication and interactive figures cannot be printed

out, we developed more suitable figure types and automated the search for potential

CRM motifs (gain/loss patterns, see below).

3.1.3. Patterns of transcription factor binding, potential CRMs

We suppose, that regulatory regions contain CRMs, and that such CRMs may appear

more than once in a regulatory region / alignment of sequences. We call the common

parts of such CRMs CRM motifs or gain/loss patterns. Another assumption is, that

such CRM motifs should occur simultaneously at the same ancestral species. So, we

define a gain/loss pattern as follows (see also [7], Additional file 1 and Figure 3.1):

Figure 3.1.: PatternLogo – Logo of a gain/loss pattern. In the pattern, the transcription
factors “CP2”, “STAT3”, “Tcfcp2” (synonyms are “CP2” and “LBP-1C”), “Helios”,
“HNF4”, “AP2alpha” are gained
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• The species tree T = (V,E), E ⊆ {(v1, v2)|v1, v2 ∈ V } is a rooted tree (with root

r ∈ V ). The elements of V are called vertices, each representing species. All edges

in E are directed, so that for each edge (v1, v2) the first vertex v1 is the one that

is closer to the root.

• An event is the gain or loss of a TFBS at a certain position in the alignment

along the lineage from one species to another. It is denoted as a triple (s, i, l), s ∈

{−1,+1}; i, l ∈ N, where (s = +1) means gain and (s = −1) means loss of the tran-

scription factor i at position/location l in the alignment. Then, Ω = {(s, i, l)|s ∈

{−1,+1}; i, l ∈ N} is the set of all possible events.

• Based on the parsimony annotation of the edges, the pattern Ψ(v) of a vertex

v ∈ V is a subset of Ω. It is the set of all gains and losses of TFBSs along the

edge (∗, v) pointing to the species at vertex v.

• The common pattern of a set of vertices is a function:

common(U) 7→
⋂

v ∈ UΨ(v);U ⊆ (V )

All common patterns are called absolute gain/loss patterns. As discussed in [7], we

concentrate on gain-patterns only. Such patterns are absolute, for example: {(+1, 1, 10), (+1, 2, 15)} 6=

{(+1, 1, 110), (+1, 2, 115)}, 1 ≡ Sox2, 2 ≡ Oct4. See also Figure 1 – 3 in Additional File

of [7]. For CRM motifs, we do not want the direct dependency on the size of the reg-

ulatory subsequences analyzed. So, the absolute patterns are generalized to relative

patterns. Imagine, that we were shifting the transcription factor binding sites of a CRM

motif all the same amount of base pairs left, so that the leftmost binding site ends

up at position 0. That is for the example patterns above: {(+1, 1, 10), (+1, 2, 15)} 7→

{(+1, 1, 0), (+1, 2, 5)}; {(+1, 1, 110), (+1, 2, 115)} 7→ {(+1, 1, 0), (+1, 2, 5)}. By shifting,

we have defined relative patterns that represent sets of equivalent gain/loss patterns,
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that are sets of PSSM matches that differ only by a constant δ ∈ Z in all alignment

positions.

That definition combines temporal (a CRM motif has to occur at two or more inner

nodes) and spatial aspects (constant δ). In [7] we show, that this definition yields some

plausible results (see also below). Biological experiments verifying some of these results

are intended but have not been done yet.

The algorithm for finding such gain/loss patterns is discussed more detailed in the

Appendix, where also its correctness is shown. In short, it finds the closure with respect

to intersecting sets (the function “common”) for the family of all parsimony annotations.

3.1.4. Figures rendering the evolution of regulatory regions, the improved

version

As discussed in the description of the straight-forward-figures showing the evolution of

CRM motifs, these figures are very large or only interactively usable. We developed new

figure types to solve this problem. Two ideas are implemented in ReXSpecies. The first

idea is to show gain/loss patterns in a table and not whole alignments. The second idea

is not to show each species separately but overlaying all species in one track.

For the pattern list (a table with one pattern each row) which can be downloaded

in different table formats we developed two logos, the PatternLogos (Figure 3.1) and

the TreeLogos (Figure 3.2) [7]. Both logos refer to one pattern only. The PatternLogo

shows the CRM motif, that is all transcription factor binding sites (events) that build

the pattern drawn at the relative positions (distances) they occur at in the pattern. See

Figure 3.1 for an example. This figure can be thought as a template that was moved

to different positions in different genomes and then used to place a CRM there. The

TreeLogo is tightly related to the branch length score, BLS [39], but can also show, if

a CRM motif occurs more than once during the evolution. Therefore, a species tree

is drawn and colored as follows: All leaves the complete pattern (CRM motif) occurs
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at are colored using the pattern color. The length (sum of all branch lengths) of the

subtree that connects all colored leaves is proportional to the branch length score and

reflects the evolutionary time the pattern existed. Also, the nodes where the pattern is

predicted to be gained are highlighted, showing the probable origin of the pattern.

Figure 3.2.: TreeLogo – Tree highlighting the occurrence of patterns. Besides all leaves
predicted to have all transcription factor binding sites of a given pattern, the inner nodes
of gain or loss of that pattern are highlighted.

To make the large alignment and tree images smaller, we first combined both in one

new figure type. We amended the “Annotated alignment” by a tree diagram (left from

the alignment) that connects the sequences corresponding to their phylogeny. That

“Combined figure” was then developed further.

We end up with a figure type, where all transcription factor binding sites are drawn

in one track in alignment coordinates of the multiple alignment. The species tree is

shown at the left. Then, the nodes of the tree and the transcription factor binding site

predictions are colored using a species color. For the nodes in the tree, the species color

is unique per species. It is selected, such that evolutionary closely related species are

assigned similar colors, and that evolutionary older species are assigned darker colors.

See Appendix (Chapter 7) for details about the species color algorithm. Once, each

species has its color assigned, each transcription factor binding site prediction is colored
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using the color of each species that is predicted to contain a homologous binding site.

Also the pattern color can be integrated in the “Homology based” figures. See also [7]

for examples and a more detailed description. See Figures 3.4 and 3.3 for a comparison

of a “Combined figure” (Figure 3.3) with its related “Homology based figure” (Figure

3.4).
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Figure 3.3.: “Combined” view of the CR3 regulatory region of murine Pou5f1 [46]
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Figure 3.4.: “Homology based” view of the CR3 regulatory region of murine Pou5f1 [46]

The color algorithm makes it possible to find deeply conserved or multiply gained

transcription factor binding sites easily, because deeply conserved ones would have many

colors assigned and multiply gained ones would have multiple blocks of similar colors
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each block assigned.

3.2. Predictions obtained from RexSpecies

3.2.1. Hypotheses about transcriptional regulation

Evaluating and testing ReXSpecies, some biological hypotheses could be derived. Tran-

scription factor binding sites may be “Higher level features” [34] that represent other

information than transcription factor binding sites alone and many of the transcription

factor binding sites predicted by computational analyses may be true positive predic-

tions following the “ubiquitous but negligible transcription” hypothesis that we discussed

in [7]. However, prediction of transcription factor binding sites is probably too hard to be

done based on sequence data and optionally phylogenetic data only. Many more methods

should be applied and only a combined analysis of the results of all methods will likely

produce good predictions [40]. To do such combined analyses, we have implemented

an interface to genome browsers in ReXSpecies that can write browser extensible data

(BED) files that a genome browser can render as tracks. ReXSpecies can upload such

files directly to the UCSC genome browser [38], where we amended the wiki annotation

track [40].

3.2.2. Insights into the regulation of pluripotency

Because we concentrated on pluripotency related genes, some hypotheses about pluripo-

tency could be derived or confirmed also.

For the CFTR (cystic fibrosis transmembrane conductase regulator) gene, our theoret-

ical findings about the evolution of Oct4/Sox2 binding in a 150 bp region a the 3’ UTR

could be validated by an Electrophoretic Mobility-Shift Assay (EMSA) analysis. For

the CR3 conserved region of the murine pluripotency relevant Pou5f1/Oct4 gene [46],

we propose a role in the maintenance of pluripotency. From the analysis of the N2/SRR1
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region [47,48] of the pluripotency relevant Sox2 gene, we hypothesize that the PU.1 and

Gata1 transcription factors are involved in pluripotency or early neural development,

that is they are “moonlighting” in addition to their well-known role (antagonistic regu-

lators of hematopoiesis [49]) [7, 40]. For the N1 region [48] of the Sox2 gene, we found

a putative Oct/Sox binding motif indicating involvement of N1 in pluripotency besides

its known role in regulation of the anterior neural plate [48].

As discussed in [7, 14, 40], some of the ReXSpecies predictions actually match known

transcription factor binding sites from the literature. Unfortunately, too less small-scale

experiments providing reliable data are available, or they have not yet been processed to

respective databases [38,50,51] yet [40], so that a systematic validation of the ReXSpecies

predictions using e.g. ROC-curves [52] is not reasonable at this moment. A large-scale

experimental gold standard of true positive matches is exceedingly difficult to obtain,

because the large-scale methods such as ChIP-chip or ChIP-Seq [53, 54] only check for

binding, but not functionality of the binding sites.

Finally, in our workgroup some hypotheses about the age of the role of Sox2 in pluripo-

tency and of neural regulation could be derived using ReXSpecies [14].

3.2.3. Error sources

The most important source of errors and unexpected results is the quality of the input

alignment. ReXSpecies needs a set of homologous sequences, that are aligned using

multiple alignment tools as described in [7, 34]. It uses, by default, the multiz [37]

tracks of the UCSC genome browser [26]. The multiz track is the result of a whole

genome alignment approach, which is a high throughput method. Subsequently, one

would expect, that not all sequences are aligned correctly and that some would be

wrong or missing. Furthermore, sequence-only based methods as sequence alignment

methods must not necessarily find homologous sequences but only similar sequences,

similarity is detected by comparison of the nucleotides of the sequences. Sequence based
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alignments do in general not look for other features than the sequence itself and may

disrupt transcription factor binding sites by inserting gaps, which is not necessarily

wrong but unlikely.

3.3. Discussion and Outlook

3.3.1. Reducing the Error

Multiple influences on regulation

Prediction of regulatory circuits in the genome is hard. As mentioned in the background

section, in some cases, considering the evolution / conservation of such circuits can help.

One explanation of putative false positives could be, that pluripotency is not the best

example for conserved regulation [15]. Otherwise, today, many biological aspects of

regulation simply are neglected, because they are too complicated. From that point of

view, we may argue, that many of the predictions indeed are true positive, but their

influence on gene regulation is not yet known, strongly context-dependent, and maybe

negligible. The latter is in line with the concept of ubiquitous transcription [55, 56],

hypothesizing that non-coding but transcribed parts of the DNA may play an impor-

tant role in regulation. This was postulated, because promoter regions for non-coding

DNA sometimes are more conserved than promoter regions of protein-coding genes, and

because the relative mass of untranslated transcripts is sometimes greater than the rela-

tive mass of protein-coding transcripts. There are more aspects in gene regulation (such

as weak binding, methylation, translational regulation, spatial structure of DNA and

probably many more [14]), that are not understood well. Taking this into account, it

could be the case, that computational predictions based on conservation, reveal weak

regulatory aspects that, together with other aspects, could play an important role in

gene regulation.

We propose to integrate as much aspects of regulation as possible, to improve its under-
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standing. For that reason, tools are needed, that enable scientists, to integrate, visualize

and understand the available data in its entirety. Besides wikis and genome browsers [40],

also specific visualization tools, such as the alignment based figures ReXSpecies gener-

ates are necessary. Interfaces [57] and middleware, such as Gaggle [58], Galaxy [59] or

simply the genome browser interface of ReXSpecies can help to manage this integrative

understanding.

Alternatives for the alignment

A problem that complicates the analysis of regulatory regions in evolutionary context

is to find homologous regulatory regions and to detect homologous transcription factor

binding sites. Homologous regulatory regions must not be similar on nucleotide level

and similar nucleotides do not necessarily imply homology. Furthermore, position specific

scoring matrices made for a group of species should theoretically not be used for searching

matches in species that were not covered by the alignment the matrix was derived from.

Also, an overlap of such matches in the alignment does not necessarily mean, that

homologs exist in all species having such an overlapping match.

For the detection of homologous transcription factor binding sites another way better

(but probably much slower) than using overlap of PSSM matches in the alignment only

is rMonkey, a tool that detects homologous transcription factor binding sites based on

evolutionary models for specific transcription factor binding sites and for the background,

i.e. DNA that is not a conserved binding site for any (known) transcrition factor [60,61].

For finding homologous sequences, the high-throughput-multiz alignment from UCSC

[37] is likely not the best choice. There are many losses or “re-gains” in the ReXSpecies

analyses that we have found yet and that probably are wrong because of missing sequence

or misalignment. Also, the gaps seem not always optimally set. Besides the refinement of

the alignment using local alignment tools (e.g. muscle [62]), which is already implemented

in ReXSpecies, we plan to improve the module that fetches the input for ReXSpecies as
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follows.

More sophisticated Selection of input Sequences

In order to have more complete and less noisy input alignments for ReXSpecies, we could

1) use BLAST searches in genome data of different species, 2) use homology databases

(such as HomoloGene [30]), or 3) use other approaches that combine transcription factor

binding site search with the detection of potential homologous regulatory regions [7].

The third option need some explanation. For detection of homologous CRMs, align-

ment free methods compare sequences not on a base-difference but in a functional context

considering putative transcription factor binding site motifs in a set of candidate CRMs.

One example is [19]. Such “functionally homologous sequences” could replace the multiz

alignment in ReXSpecies, but then, the detection of homologous binding sites therein be-

comes even harder, because usually such regions cannot be aligned. The latter problem

is not solved yet and could be a starting point for a new version of ReXSpecies.

3.3.2. Integration with Tools used to Study Gene Regulation

ReXSpecies detects duplicates after searching for PSSM matches. The PSSM libraries

(JASPAR and Transfac [23,25]) that we use contain some very similar matrices and are

biased in a way, that they do contain many PSSMs for transcription factor binding sites

that are well known and involved in the regulation of processes that are in the focus

of researchers. So, we plan for a new version of ReXSpecies to pre-process the PSSM

libraries by clustering similar motifs based on MatAlign [63] and to amend the library

using de-novo motif finders. [21,64–66]
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Combined Visualization of the Transcriptional Network and Regulatory Region

Evolution

Integrative and facilitated analysis of regulatory regions is only a small step on the long

way to a better understanding of the complex relationships of gene regulation. The next

step would be the integration of transcription factor based relations between genes with

larger networks that also contain other transcriptional influences (e.g. DNA methylation

or histone modification) and maybe a long-term goal would be the integration with

translational effects to the regulation of the cell machinery.

To do so, as a first step, interface have to be introduced to the existing tools. E.g.

writing of network formats could enable the scientist to use network tools, such as

CytoScape [41], [67] or [68] in order to analyze and visualize all transcriptional data

together.

Genome browsers and Wikis as platform for integration of different regulation

related studies

Besides network analyses, ReXSpecies results also should be interpreted in context

with other data [40]. To do so, already today ReXSpecies interfaces with the UCSC

genome browser [38] to enable the scientist to analyze regulatory regions in different

contexts. Extending the support for integration with transcription factor binding site

databases, Wikis with genome annotations and genome browsers is still a goal. In the

end, ReXSpecies, together with other tools, could automatically generate reports about

regulatory regions and putatively conserved transcription factor binding sites therein,

such that these reports could be used as templates for wiki entries.

In such reports, also hypotheses about new regulatory circuits may be generated and

connected to publications related to these circuits. The reports also could contain data

from other predictive software, such as text-mining tools (e.g. STRING [69]) or data

analysis tools for e.g. gene expression data [67].
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Abstract
Background: Annotated phylogenetic trees that display the evolution of transcription factor
binding in regulatory regions are useful for e.g. 1) narrowing down true positive predicted binding
sites, providing predictions for binding sites that can be tested experimentally, and 2) giving insight
into the evolution of gene regulation and regulatory networks.

Results: We describe ReXSpecies, a web-server that processes the sequence information of a
regulatory region for multiple species and associated (predicted) transcription factor binding sites
into two figures: a) An annotated alignment of sequence and binding sites, consolidated and filtered
for ease of use, and b) an annotated tree labeled by the gain and loss of binding sites, where the
tree can be calculated from the data or taken from a trusted taxonomy, and the labels are
calculated based on standard or Dollo parsimony. For genes involved in mammalian pluripotency,
ReXSpecies trees highlight useful patterns of transcription factor binding site gain and loss, e.g. for
the Oct and Sox group of factors in the 3' untranslated region of the cystic fibrosis transmembrane
conductance regulator gene, which closely match experimental data.

Conclusion: ReXSpecies post-processes the information provided by transcription factor binding
site prediction tools, in order to compare data from many species. The tool eases visualization and
successive interpretation of transcription factor binding data in an evolutionary context. The
ReXSpecies URL can be found in the Availability and requirements section.

Background
Elucidating how genes are regulated is an important step
in understanding the processes of life. One approach to
infer gene regulation and regulatory networks is to predict
transcription factor binding sites (TFBSs) in genomic
sequence data. These TFBSs may be located upstream or

downstream of known genes, or be part of their UTRs
(untranslated regions). There are already tools available
for searching genomic regions from multiple species for
TFBSs such as Mapper [1,2] or Genomatix MatInspector
[3]. These tools use TFBS models represented by Hidden
Markov Models (HMM, used by Mapper), Position Spe-
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cific Weight Matrices (PWM, used by Genomatix), or
IUPAC consensus sequences (Genomatix) to predict
TFBSs in a DNA sequence. In case of Mapper, the source
of models are Jaspar [4] and Transfac [5]; Genomatix uses
a database of TFBS developed in-house. The DNA motif
that these tools are designed to match is usually short
(about 8–20 base pairs) and thus it is not surprising, that
there are many false positive matches. We showcase that
the visualization and study of the evolutionary history of
regulatory regions can be insightful, and that it helps to
separate the wheat from the chaff. We argue that beyond
evolutionary conservation of binding sites, plausible pat-
terns of common gain and loss of TFBSs in evolution ease
this separation.

An evolutionary approach for TFBS prediction is phyloge-
netic footprinting [6], based on the idea that the
sequences coding a regulatory element should be pre-
served across different species. Phylogenetic footprinting
methods try to discover TFBS in a set of orthologous regu-
latory regions from multiple species, by identifying the
best conserved motifs in those orthologous regions [7].
We propose here to make a step forward with respect to
already well-established phylogenetic footprinting servers
such as FootPrinter [8], providing a tool for analyzing and
visualizing the evolution of the binding sites. Up to now,
large and even small amounts of data had to be digested
and visualized manually for this task, by writing down all
predictions for each sequence, positioning these in the
alignment, and annotating a trusted species tree with
them. The annotated alignment then highlights conserved
TFBSs and the annotated tree describes the evolution
(gain and loss) of binding sites.

With the exception of Mulan [9], visualization approaches
published up to now do not calculate nor consider phylo-
genetic trees. Moreover, there is no tool that can annotate
phylogenetic trees with TFBS information, nor is there a
multiple alignment visualization that also presents a mul-
tiple alignment of the TFBSs.

In particular, CONREAL [10] gives an alignment overview
for two sequences only. Similarly rVista [11] only handles
pairwise sequence comparison. In contrast, multiTF [9]
displays TFBSs and conservation for multiple species, but
without considering TFBS predictions separately for each
species, they are all listed in one track. Mulan [9] produces
an annotated alignment, but it uses only pairwise align-
ments of each sequence with a reference sequence; mul-
tiTF identifies conserved TFBS in the Mulan output, and
displays the result pairwise using rVista [11]. It displays an
unannotated distance tree of the sequences to inform the
user about the phylogenetic relationship of the sequences.
PRODORIC [12] is suitable for bacterial genomes only.
The ECRBrowser [13] is a genome browser showing only

sequence conservation and TFBS predictions that are
precomputed, just like UCSC [14,15] and EnsEMBL
[16,17].

To fill some of the gaps not covered by the tools listed
above we have written ReXSpecies with the following
specification.

1. Import TFBS predictions from different sources (since
March 2008 TFBS predictions may be obtained directly,
see "Note added in proof");

2. Filter TFBS predictions to extract the relevant ones;

3. Visualize evolution of TFBSs using an annotated tree
and an annotated alignment;

4. Analyze validity of the TFBS predictions by calculating
trees out of the TFBS predictions, the sequence alignment
and/or a concatenation of both using MrBayes [18,19];

5. Provide access via a web front end;

6. Provide a modular design to make extensions possible;

7. Offer a simple Wiki and functionality to share results.

A significant limitation in the understanding of gene reg-
ulation and regulatory networks is the lack in visualizing
and mastering patterns associated with the very large
amounts of data generated by technology such as DNA
sequencing, ChIP on Chip, ChIP-seq, and microarrays.
ReXSpecies is intended to reduce this limitation. It can be
accessed via a web front end [20] and a tutorial is available
there [21].

Implementation
ReXSpecies Workflow
To automate digestion and visualization of the evolution
of regulatory regions, we have developed ReXSpecies
(Regulation Across Species). The software can be used via
a web front end [20]. ReXSpecies is divided into different
modules. Most important modules are the rendering
module, the alignment module, the TFBS module, and the
file module. The common work flow is to upload the data
using the file module, manage the data using the align-
ment and the TFBS module and finally combining the
data with the rendering module; see Figure 1 for details.

Input and output
The input for ReXSpecies are a set of homologous
sequences, predicted TFBSs for these sequences (e.g. pro-
duced by Mapper [1,2] or Genomatix [3], since March
2008 TFBS predictions may be obtained directly, see
"Note added in proof"), and a phylogenetic tree (the tree
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Workflow overviewFigure 1
Workflow overview. Uploaded sequences are processed by the alignment module. If necessary, they are aligned using Mus-
cle [22,23] and sorted alphabetically or in a user-defined way. TFBS predictions from Mapper [1,2] and Genomatix MatInspec-
tor [3] are uploaded and then processed by the TFBS module, which places TFBS predictions onto the sequence alignment 
(since March 2008 TFBS predictions may be obtained directly, see "Note added in proof"). The TFBS module then filters the 
TFBS predictions, e.g. by E-value, by species-label of the TFBS model, or by TFBS name. Then the TFBS module groups the 
TFBSs by name and position. Finally the alignment, the input tree, and the TFBS predictions are put together by the rendering 
module resulting in an annotated alignment and an annotated species tree. Alternatively, a tree can be calculated from the 
alignment (including TFBS predictions) using MrBayes [18,19] and be annotated as well.
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is an optional input). Sequences in FASTA format can be
read, but ReXSpecies can convert other formats to FASTA.
If the sequences are not aligned, ReXSpecies can align
them using Muscle [22,23].

The most simple format for TFBS predictions that ReXSpe-
cies can read is the Mapper output format (a tab separated
plain text file with the columns Model ID, Factor name,
Strand, Start, End, Score, and E-value). Moreover, ReXSpe-
cies can read Genomatix-generated HTML tables directly.
Last but not least, XML import/export of TFBS predictions
is possible, see [24]. Phylogenetic trees can be read in
Newick or NEXUS format.

ReXSpecies generates HTML output containing an anno-
tated alignment and an annotated tree as described below.
These HTML documents may be saved locally by current
web browsers.

Annotated alignment
To provide an overview over the TFBS predictions, the
sequence alignment annotated with TFBS predictions can
be calculated and displayed for comparison across spe-
cies, see Figure 2 and Additional file 1 for an example of
the annotated alignment of an upstream regulatory region
of the pluripotency gene Nanog. The alignment makes
available additional information about the TFBSs when
the mouse pointer moves over a prediction.

Filtering
To reduce the number of TFBS annotations, we filter them
based on the E-value of the matches by setting a threshold.
Predictions with an E-value larger than a given threshold
are hidden. Because the prediction of TFBSs based on a
short motif in a long sequence is not very accurate, this fil-
ter should not be set too strict. In case of Mapper we take
the E-values as provided. To generate E-values for the
Genomatix [3] predictions, we use a patched version of
the implementation of the Extreme Value Distribution
(EVD) method in Bioperl-ext [25,26].

Moreover, a filter routine based on regular expressions
[27] is implemented. It can hide TFBSs based on any field
in the Mapper/Genomatix TFBS prediction record, which
contains information about the name of the TFBS, the
position of the TFBS in the sequence investigated, and the
score of the match. Another relevant field in the filter tool
is the set of species the TFBS model is made from; for
example all plant TFBSs can be filtered out if Mammals are
investigated only, because most likely all predictions of
plant TFBSs in a mammalian sequence are false positive.

Grouping
TFBS predictions in the same species may belong to
slightly different models of the same factor, and predic-

Annotated alignment of a regulatory region of NanogFigure 2
Annotated alignment of a regulatory region of Nanog. An alignment anno-
tated with TFBS predictions from Mapper [1,2] and Genomatix MatInspector [3] of a 
conserved regulatory region upstream the Nanog gene (chr12:7,833,114–7,833,418, 
UCSC: Human Mar. 2006 Assembly, see Figure 12). The color of the arrows denot-
ing TFBSs reflect the E-Value, dark blue corresponding to the best, and white to the 
largest E-Value (i.e. to the E-Value threshold). This figure shows the first quarter of 
the annotated alignment for some selected species, for the full image please see Addi-
tional file 1.
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tions in different species may belong to orthologous fac-
tors, and we may wish to group them together if they
occur at approximately the same position. Positions may
vary slightly, because the alignment is unaware of the
TFBSs, or because models are slightly different. Moreover,
such slightly different models for the same or for an
orthologous transcription factor may have very different
names derived from synonyms, e.g. POU5F1 versus Oct4.

We therefore use a simple heuristic approach that groups
TFBSs together if they have the same transcription factor
name and at least one coordinate (start or end) in com-
mon. This is a heuristic, but otherwise, if we simply check
for overlap, we may group two predictions in cases where
the first ends at a position where the second one just
begins. We also allow the user to specify rules for grouping
factors, if they have different names. Such rules may be
"POU3 starting at alignment position 3 is the same as
POU3 starting at alignment position 6.", "POU5F1 start-
ing at alignment position 3 is the same as Oct4 starting at
alignment position 3.", or even "POU5F1 starting at align-
ment position 3 is the same as Oct4 starting at alignment
position 6." See also Figure 3 for a screenshot of the form
for grouping.

Tree reconstruction
If a species tree is not part of the initial input, ReXSpecies
can build it from the aligned sequences that are forming
the conserved part of the regulatory region investigated,
and/or from the TFBS predictions in that region. To calcu-
late a tree from the TFBS predictions, we have imple-
mented an interface to MrBayes [18,19]. We calculate a
feature bitmap (an array of binary values) from the below-
threshold predictions. Each column refers to a TFBS at a
specific alignment position and each row corresponds to
a sequence (species) in the alignment (see Figure 4),
where we set 1 if the TFBS is predicted and 0 otherwise.
Orientation of binding sites is taken into account, if they
are not grouped with others (see the previous paragraph).
Without grouping, if a binding site is present at a sequence
position in both orientations, it is listed twice. The result-
ing bitmap can be given to MrBayes [18,19] for tree calcu-
lation alone or combined with the sequence alignment.
Retrieving more plausible results (that are trees matching
closer with e.g. the NCBI species tree [28,29]) using the
bitmap than without using it implies that the predicted
TFBSs contain some phylogenetic information. In turn,
including the sequence alignment as part of the input data
usually leads to a more plausible tree because it contains
some phylogenetic information outside the TFBS motifs.

Annotated Tree
To infer hypotheses about the evolution of the regulatory
region in question, ReXSpecies labels the leaves of a tree
for the species investigated with the filtered TFBS predic-

tions and the internal nodes (referring to ancestral spe-
cies) with the gain/loss information based on parsimony
(see Figure 5 and Additional file 2). Currently Fitch parsi-
mony [30] and Dollo parsimony [31,32] are imple-
mented. Fitch parsimony places labels so that it
minimizes the number of changes that have to be sup-
posed to explain the data. Dollo parsimony places labels
so that it minimizes the number of changes under the
assumption that feature loss and re-gain of the same fea-
ture later is impossible, see also Figure 6.

Technical details
Software architecture
ReXSpecies consists of a number of modules written in
Perl extending the Web-Application base class using mul-
tiple inheritance. These modules should only contain call-
back functions (i.e. functions, called by the base class) to
register them in the menu or to generate their user inter-
face. All other functionality should be kept separate in pri-
vate objects. The Web-Application class provides
persistence, user management, and objects of common
classes for Perl CGI scripts.

For calculations that last too long to be done interactively
(e.g. tree calculation) we have implemented a job spooler
running as a server process.

Dependencies
Due to the large set of bioinformatics libraries available,
we decided to use Perl. We use many modules from CPAN
(Comprehensive Perl Archive Network) [33] available
under various open source licenses, e.g. Bioperl [25]. The
tree rendering is done by an overloaded version of
Bio::Phylo [34]. The database back end is currently based
on MySQL [35]. For user management there is a module
supporting a LDAP (Lightweight Directory Access Proto-
col) [36] user database.

Results and Discussion
Reliability of predicted TFBS
Before reporting and discussing evolutionary hypotheses
based on predicted transcription factor binding sites, we
would like to show that these predictions are not random,
despite the high rate of incorrect predictions. Towards this
aim, we calculated species trees using a homologous regu-
latory region from different species, with and without
considering the array of binary values (bitmap) derived
from the TFBS predictions. As shown in Figure 7, a
MrBayes tree of the highly conserved part of the 3'UTR
regulatory region of the CFTR (Cystic fibrosis transmem-
brane conductance regulator) gene based on sequence
alone has very low resolution, but a tree based on both
sequence and predictions is much more resolved and it
comes closer to the species tree, taking the NCBI taxon-
omy [28,29] as reference. Similar improvements can be
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obtained for the other regulatory regions we investigated
(data not shown). We note that consideration of TFBS pre-
dictions is more than an implicit up-weighting of the sub-
regions of the regulatory region carrying them, because all
subsequences matching a TFBS up to the pre-specified
threshold are considered equivalent. In other words, the
subsequence giving rise to the TFBS prediction is consid-

ered twice for calculation of the phylogeny, but its consid-
eration as a TFBS prediction glosses over the exact
sequence of DNA bases by converting it into a higher-level
feature. In any case, improvement of trees demonstrates
that while a lot of the predictions are noise, it will be
worthwhile to analyze them in detail, because at least
some of them are meaningful.

Define groups manuallyFigure 3
Define groups manually. A screenshot of the form for defining groups manually. A group can be created by entering a name 
and assigning predictions. The predictions that may be assigned are listed with name, strand information, position in the align-
ment, length, and E-value. Here, two groups E4BP4 and E4BP4' were created and 3 predictions are assigned to the first group, 
and two predictions are assigned to the second group. The predictions are shown in grey, once they have been hidden.
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Stem cells and pluripotency
Stem cells are currently a major topic of interest and in
this section we use ReXSpecies to explore the regulation of
genes involved in mammalian stem cell pluripotency. We

define pluripotency as the ability to undergo self-renewal
and the potential to form all different cell types of the
body [37]. Embryonic stem cells (ESCs) are pluripotent
and they are important for the development of cellular

From annotated alignment to bitmapFigure 4
From annotated alignment to bitmap. A feature bitmap based on TFBS predictions. The annotated alignment is con-
verted to a bitmap (an array with entries 0 or 1). Each column corresponds to a TFBS at a specific position in the alignment, 
each row to a sequence. An entry is 1 if the sequence is predicted to contain the TFBS and 0 otherwise.
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Annotated tree of a regulatory region of NanogFigure 5
Annotated tree of a regulatory region of Nanog. The NCBI common species tree [28,29] for Dasypus novemcinctus, Felis 
catus, Canis lupus familiaris, Bos taurus, Erinaceus europaeus, Sorex araneus, Equus caballus, Pan troglodytes, Homo sapiens, Macaca 
mulatta, Mus musculus, Rattus norvegicus, Loxodonta africana, Echinops telfairi, and Monodelphis domestica, labeled with the predic-
tions from Figure 2. The boxes contain TFBS predictions for each node in the tree. We use the TFBS names of Mapper and 
Genomatix. According to Dollo parsimony the TFBSs written in green are gained at the corresponding node, the red ones are 
lost. In blue we list TFBSs that are estimated to be present, for some of the (ancestral) species. This figure shows a clipping of 
the Nanog tree only, for the full image please see Additional file 2.

4 Article CHAPTER 4.1 PUBLICATION #1



BMC Evolutionary Biology 2008, 8:111 http://www.biomedcentral.com/1471-2148/8/111

Page 9 of 18
(page number not for citation purposes)

regenerative therapies for medical conditions with irre-
versible tissue damage or loss [38]. Efforts to realize this
potential and to be able to reprogram somatic cells to
pluripotent like cells with properties similar to ESCs
require a better understanding of the interplay of the tran-
scription factors and their binding sites involved in the
regulation of the transcriptional network that is behind
the ability of ESCs to maintain the pluripotent state [39].
In the last years, the transcription factors Oct4, Sox2 and
Nanog have been identified to be master regulators of
pluripotency, providing ESCs with extensive self-renewal
potential/capacity [37]. For these three key regulators,
TFBS models are available for searches by Mapper [1,2]
and Genomatix [3]. For Octamer binding in general, there
are 15 HMM models in Mapper and 10 models in Geno-
matix available, but there is no Oct4-specific model. For
Sox, there are 8 models in Mapper and 6 models provided
by Genomatix. To be as specific as possible for Sox2, we
include a Sox2 HMM model based on the binding site
data in [40]. For Nanog, only Genomatix offers a single

model that is not very sensitive, however; we found
matches only in Lemur (see below).

Evolution of the CFTR 3' UTR regulatory region
We have chosen to analyse the evolution of the 3'UTR of
the CFTR (Cystic fibrosis transmembrane conductance
regulator) gene, since the genomic region containing
CFTR was an early whole-genome sequencing effort,
where targeted genomic regions in multiple vertebrates
were sequenced and compared [41]. This effort generated
over 12 megabases (Mb) of sequences from 12 model spe-
cies, all derived from the genomic region orthologous to a
segment of about 1.8 Mb on human chromosome 7 con-
taining ten genes, including the gene for cystic fibrosis.
These sequences were shown to have conservation reflect-
ing both, functional constraints and the neutral muta-
tional events that shaped the genomic region. Moreover,
we selected CFTR because the 5'UTR of CFTR has been
analyzed in phylogenetic footprinting studies [42]. Here,
we will discuss the Sox/Oct predicted binding sites in the
3'UTR regulatory region of the CFTR gene that we found

Fitch and Dollo parsimonyFigure 6
Fitch and Dollo parsimony. Difference between reconstruction of the gain/loss-labeling for a tree using Fitch parsimony 
versus Dollo parsimony. The black circles are (ancestral) species that display a certain feature (have a certain TFBS), the white 
circles are (ancestral) species that do not show the feature. Red circles or lines symbolize a parsimony-based reconstructed 
loss event and blue circles are a gain event respectively. Fitch parsimony [30] minimizes the total number of changes that must 
be assumed to explain the tree labeling. In the example Fitch parsimony assumes only 3 changes but includes one re-gain event. 
Because we consider re-gain of a TFBS that was lost at exactly the same position rather unlikely we also offer Dollo parsimony 
[31,32], that prohibits re-gain. This results in fewer events at the inner nodes.
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conserved for 8 model species. The region is found con-
served in the Amniota. The region is not found in other
Vertebrata; for example it is not found in fugu (Takifugu
rubripes). The annotated alignment and the annotated tree
can be found in Figures 8, 9 and 10. For these figures, the
following standard filters were applied to consolidate the
TFBS predictions. The E-Value threshold was set empiri-
cally to 7. Plant, fly and yeast-specific TFBS were elimi-
nated using a regular expression. Grouping was done as
described in Additional file 3.

Interestingly, in Figure 10, the predicted Oct binding site
at position 114 and the Sox2 binding site at position 126
of the alignment are inferred to be present for the ancestor
of the Amniota, and they get lost together for platypus
(Ornithorhynchus anatinus) and mouse (Mus musculus).
Similarly, the predictions "Oct at position 86" and "Sox2
at position 167" are both inferred to be appear along the
lineage from Amniota to Mammalia, and they are both

lost for Marsupialia (wallaby, Macropus eugenii). Such
patterns of common gain and loss are giving credibility to
these TFBS predictions. Curiously, the "Oct at position
86" prediction goes together with the prediction of an
upstream Sox2 binding site in platypus, cow, sheep and
mouse. In contrast to the "Oct at position 86" site, this
predicted Sox2 binding site has probably evolved inde-
pendently four times, since its position varies. Only in
case of mouse, the "Oct at position 86" binding site con-
sists of a regulatory PORE-like sequence (palindromic
octamer response element) previously identified in the
gene osteopontin [43]. As expected, an intact PORE-like
sequence corresponds to strong homodimer (Oct4/Oct4)
formation [43], confirmed by electromobility shift
(EMSA) experimental data (Figure 11). Moreover, there is
a predicted "Oct at position 86" site if and only if EMSA
data report strong monomer Oct4 protein binding in the
genomic region orthologous to the segment containing
the mouse PORE-like sequence for platypus (Ornitho-

Species Trees derived from the conserved 3'UTR regulatory region of the CFTR geneFigure 7
Species Trees derived from the conserved 3'UTR regulatory region of the CFTR gene. The tree on the left is 
based on both the DNA sequence (approx. 150 bases of highly conserved sequence) and the TFBS predictions; the tree on the 
right is based on DNA sequence only. There are fewer polytomies in the tree based on the larger amount of information, but 
data is not sufficient to resolve more than a few more correct groupings such as carnivora (Felis and Canis) and glires (Mus and 
Oryctolagus)
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Annotated alignment of the CFTR 3'UTR regulatory regionFigure 8
Annotated alignment of the CFTR 3'UTR regulatory region. (UCSC data, see also Figure 13). In contrast to Figure 9, 
the TFBS predictions are not filtered further for Oct4, Sox2 and HOMF, only the standard filters apply. The color of the 
arrows denoting TFBSs reflect the E-Value, dark blue corresponding to the best, and white to the largest E-Value (i.e. to the E-
Value threshold).

CHAPTER 4.1 PUBLICATION #1 4 Article



BMC Evolutionary Biology 2008, 8:111 http://www.biomedcentral.com/1471-2148/8/111

Page 12 of 18
(page number not for citation purposes)

rhynchus anatinus), cow (Bos taurus), sheep (Ovis aries)
and mouse (Mus musculus), but not for the other species,
see Figure 11. Finally, for these four species, there is a pre-
dicted "HOMF at position 43" binding site if and only if
experimental data report heterodimer Oct4/Sox2 binding.
The latter prediction provides the experimentalist with a
hypothesis regarding the cooperative binding of transcrip-
tion factors; "HOMF" (V$HOMF) is a binding site model
(to be precise, a family of weight matrices) defined by
Genomatix that includes various homeodomain tran-
scription factors, namely Barx2, Gsh2, Hoxb-9, HOXC13,
Phox2a (ARIX) and Phox2b [44]. The pig sequence is very
different from the other sequences and it does not carry
any Oct/Sox predicted binding sites (data not shown);
this corresponds to the lack of strong binding in Figure 11,
which may be triggered by divergent TFBS for which the E-
value is too large. Finally, we found matches of the Nanog
TFBS (Genomatix HOXF/NANOG) only in Lemur, at
positions 2–18 (see Figure 8).

Evolution of the Nanog 5' regulatory region
In addition to Oct4/Sox2, Nanog is a key player of
pluripotency [45]. The evolution of the first upstream
conserved part of its 5' regulatory region is visualized in
Figures 2 and 5 (and in Additional files 1 and 2). The most

prominent observation is the large number of predicted
TFBSs of stem-cell relevant transcription factors appearing
on the lineage from Theria to Eutheria which may be asso-
ciated with the developmental changes that occurred dur-
ing the evolution from Theria to Eutheria. These
predictions are found to appear in a region conserved for
all Theria; this region comprises, in part, the region shown
in Figure 2 and the first quarter of the region shown in
Additional file 1. In particular, "SMAD at position 14" is
found from Eutheria onwards with the exception of Insec-
tivora, "Oct6 at position 53" is found in all Eutheria
except E. Europaeus (Insectivora) and Carnivora, denoted
by the synonym OCTB. Curiously, "Sox9 at position 57"
first appears closeby for the same set of species with the
caveat that it was lost in Rodents. "Otx2 (orthodendicle)
at position 84" is also found for all Eutheria, except E. tel-
fairi, denoted by a Genomatix family of weight matrices
called HOXF. Very recently, Zhou et al [46] identified
Otx2 as a "core regulator in mouse ESC" (embryonic stem
cells), noting that it had not "been implicated in ESC
maintenance" before. Finally, outside of the region con-
served in all Theria, within the last three quarters of the
region shown in Additional file 1, we find a plethora of
other relevant predictions, e.g. predicted binding of
"EKLF" (erythroid Krueppel-like factor; only very recently

Annotated alignment of the CFTR 3'UTR regulatory regionFigure 9
Annotated alignment of the CFTR 3'UTR regulatory region. Sequence alignment for the region shown in Figure 13 
labeled with TFBS predictions for Oct4, Sox2, and HOMF only. The color of the arrows denoting TFBSs reflect the E-Value, 
dark blue corresponding to the best, and white to the largest E-Value (i.e. to the E-Value threshold).
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Annotated tree of the CFTR 3'UTR regulatory regionFigure 10
Annotated tree of the CFTR 3'UTR regulatory region. The NCBI common species tree [28,29] labeled with TFBS pre-
dictions for Oct4, Sox2, and HOMF only, for the region shown in Figure 9. The boxes contain TFBS predictions for each node 
in the tree. We use the TFBS names of Mapper and Genomatix. According to Dollo parsimony the TFBSs written in green are 
gained at the corresponding node, the red ones are lost. In blue we list TFBSs that are estimated to be present for the (ances-
tral) species at the node in question. We infer that Oct 114 (the Oct binding site at position 114) and Sox 126 were already 
present for all amniotes, and that they both disappeared for platypus (Ornithorhynchus anatinus) and mouse. Another come-and-
go pattern can be seen in case of Oct 86 and Sox2 167: We infer that both have evolved in the lineage from amniotes to mam-
mals, and disappeared in the lineage leading to the marsupial (Macropus).
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the involvement of Klf4 (Krueppel-like factor 4) in
pluripotency was shown [47]). However, their uniqueness
to Eutheria is not as clear as in the cases described above,
because no homologous region could be obtained for the
non-Eutherian opossum (M. domestica), and it is possible
that the region in question still exists in opossum, and
that it did not evolve in Eutheria.

Preliminary analyses of conserved regulatory regions of
other key pluripotency genes yield further interesting
observations that may give rise to hypotheses about the
regulation of pluripotency. Downstream of the Oct4
(POU5F1) gene we find conserved predicted TFBSs of
stem-cell relevant transcription factors such as Sox, STAT,
SMAD, EKLF, SP1, Pax and FKHD. Downstream of the
Sox2 gene the most interesting finding is that among all
Amniota, only human has a predicted Oct/Sox binding
motif (data not shown).

Caveats in interpreting predicted TFBS
We already discussed the most obvious problem with
using genomic (sequence) data and associated predicted
binding sites, namely the large number of mis-predic-
tions. We would like to exemplify two further problems.
First, we have to consider that the set of transcription fac-
tors and TFBS known for various species is incomplete, so
we never know whether we are dealing with orthologous
TFs or paralogous TFs (a very similar problem, called "hid-
den paralogy", complicates species tree inference, see Mar-
tin and Burg [48]). In fact, our Sox2 binding site
predictions are based on a model that may also match
binding sites of other Sox factors; it is even possible that
Sox2 does not bind at TFBSs predicted using this model,
but other Sox factors do. Recently, it was shown that Sox
binding sites found adjacent to Oct binding sites of genes
involved in pluripotency are not functionally important
[49]. Other Sox factors (Sox4, Sox11, Sox15) may bind,
and Sox2 was shown to be an upstream regulator of
pluripotency instead. However, while such insights may
modify the evolutionary analysis, they do not usually
invalidate it.

Secondly, significance of our observations is hard to
quantify. As in many areas of scientific investigation, the
"wheat", i.e. the observations deemed valuable and subse-
quently reported, may simply be chance findings that are
to be expected if a large amount of data is analyzed. In
other words, looking at sufficiently many predicted TFBS,
we are doomed to find chance correlations that seem to
make evolutionary sense, e.g. common gain and loss of
TFBS. Therefore, we should not get tired to stress that all
in-silico analysis should be followed up by experimental
validation. Evolutionary patterns can narrow down true
positive predictions, but they cannot identify them. A
combined analysis of in-silico and experimental data is

Multi-species EMSA analysis performed with recombinant Oct4 and Sox2 incubated with part of the CFTR 3' UTRFigure 11
Multi-species EMSA analysis performed with recom-
binant Oct4 and Sox2 incubated with part of the 
CFTR 3' UTR. EMSA analysis [43] was performed with 
recombinant Oct4 and Sox2 proteins and with radiolabeled 
sequences showing mobility of DNA-protein complexes 
formed on gels. Oct4D refers to homodimer (Oct4/Oct4), 
Oct4H to Oct4/Sox2 heterodimer and Oct4M to Oct4 mono-
mer formation. Lane 1: purified recombinant proteins Oct4 
and Sox2 incubated with bovine CFTR sequence resulted in 
strong monomer (Oct4), weak homodimer (Oct4/Oct4), and 
weak heterodimer formation (Oct4/Sox2); Lane 2: purified 
recombinant proteins Oct4 and Sox2 incubated with mouse 
CFTR sequence resulted in monomer (Oct4), homodimer 
(Oct4/Oct4), and heterodimer formation (Oct4/Sox2); lane 
3: purified recombinant proteins Oct4 and Sox2 incubated 
with chicken CFTR sequence resulted in no Oct4 protein 
binding; lane 4: purified recombinant proteins Oct4 and Sox2 
incubated with sheep CFTR sequence resulted in monomer 
(Oct4), and heterodimer formation (Oct4/Sox2); lane 5: 
purified recombinant proteins Oct4 and Sox2 incubated with 
wallaby CFTR sequence resulted in no Oct4 protein binding; 
lane 6: purified recombinant proteins Oct4 and Sox2 incu-
bated with pig CFTR sequence resulted in weak monomer 
(Oct4) and weak heterodimer formation (Oct4/Sox2); lane 7: 
purified recombinant proteins Oct4 and Sox2 incubated with 
platypus CFTR sequence resulted in monomer (Oct4) bind-
ing; lane 8: purified recombinant proteins Oct4 and Sox2 
incubated with lemur CFTR sequence resulted in weak mon-
omer (Oct4) and weak heterodimer formation (Oct4/Sox2); 
lane 9: empty lane; lane 10: control with purified recom-
binant protein Oct4 alone incubated with mouse CFTR 
sequence resulted in monomer (Oct4) and homodimer 
(Oct4/Oct4) binding. 27 bp EMSA oligonucleotides for each 
species were all derived from the genomic region ortholo-
gous to a segment containing the PORE-like sequence from 
mouse (ATTTGTGATGCAAAT).
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yet another approach, and it is important future work to
add experimental TFBS data (e.g. ChIP on Chip, [50]) to
our visualizations, aiming at a deeper understanding of
the evolution of biological features such as the regulation
of pluripotency.

Conclusion
The ReXSpecies web-server is able to give deeper insights
into the evolution of regulatory regions by providing
sequence alignments and phylogenetic trees annotated
with predictions for TFBSs and their gain or loss. In the
future we plan to automate more tasks so that finally the
input will only be a gene and the output will be an over-
view of its putative regulatory regions across different spe-
cies annotated with TFBS predictions, a tree labeled with
those predictions including gain/loss information at the
edges, and possibly even a regulatory network inferred
from the TFBS predictions. Towards this end, automation
of the retrieval of sequence information and TFBS predic-
tions is planned. Moreover, we wish to add more tree esti-
mation tools besides MrBayes [18,19], e.g. RAxML [51],

and add likelihood based methods for labeling, as well as
add TFBS prediction modules to enable use without
Genomatix or Mapper access, automated grouping by
clustering of TFBS predictions, and import of experimen-
tal (e.g. ChIP on Chip [50]) data.

Availability and requirements
Project name: ReXSpecies

Project home page: http://sourceforge.net/projects/rex
species

URL: http://bio.math-inf.uni-greifswald.de/ReXSpecies

Operating system: Web application running on Linux

Programming language: Perl

Other requirements: bioperl, muscle, MySQL, LDAP,
MrBayes

The Nanog region investigatedFigure 12
The Nanog region investigated. The conserved region upstream of the human Nanog gene (chr12:7,833,114–7,833,418) 
shown in the UCSC genome browser [14,15]. The region was selected based on the conservation track and the multiz17way 
table. This table contains two conserved regions in the conserved block from 7,833,139–7,833,205 found by looking at the 
genome browser: 7,833,114–7,833,185 and 7,833,185–7,833,418. These two regions are next to each other, thus the full 
region from 7,833,114 to 7,833,418 was searched for TFBSs. All coordinates refer to UCSC: Human Mar. 2006 Assembly.
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License: GNU LGPL

Source code of the version used for this article: See Addi-
tional file 4
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Note added in proof
An improved version of the ReXSpecies server is available
since March 1, 2008. Most importantly, we now offer
direct calculation of transcription factor binding site pre-
dictions using PoSSuM [52,53].
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Supplemental data: Grouping the TFBS predictions in the CFTR regulatory region.
Apart from the automatic grouping that affects only very similar predictions (start or end coordinate equal, first 
letters of the name equal, please read the manual on the ReXSpecies website for details), we defined the following 
groups. Creation of groups with one member is a simple way of just renaming a TFBS, for better readability. Each 
grouped TFBS is given together with strand information and start and end coordinate in the alignment.

E4BP4:
E4BP4[<] (136-147) 
E4BP4[<] (137-148) 
E4BP4[>] (139-150) 

E4BP4':
E4BP4[<] (169-179) 
E4BP4[<] (171-179) 

ETS:
Elk-1[<] (54-62) 
SAP-1[<] (53-64) 

Forkhead1:
FOXD3[>] (107-118) 
FOXJ2(longisoform)[<] (102-118) 
FOXJ2longisoform[<] (102-117) 
FOXJ2longisoform[<] (102-118) 
FOX[>] (106-119) 
FOX[>] (106-121) 
HFH-1[>] (106-117) 
HFH-2[>] (104-117) 
HFH-2[>] (104-118) 
HFH-2[>] (107-118) 
HNF-1C[<] (107-117) 
HNF-3beta[>] (103-117) 
HNF-3beta[>] (103-118) 
HNF-3beta[>] (106-118) 
V$FKHD/FREAC7.01[<] (104-123) 
V$FKHD/HFH3.01[<] (104-121) 
V$FKHD/HNF3B.01[<] (100-120) 
V$FKHD/HNF3B.01[<] (100-123) 
V$FKHD/HNF3B.01[<] (104-123) 
XFD-1[<] (102-118) 
XFD-1[<] (102-121) 
XFD-1[<] (105-119) 
XFD-1[<] (105-121) 

Forkhead2:
V$FKHD/ILF1.01[<] (55-73) 

Forkhead3:
HNF-6[>] (26-37) 

IRF:
IRF-2[>] (81-90) 
IRF-7[>] (80-95) 
IRF[<] (81-95) 
Irf-2[>] (80-97) 

MZF:
MZF5-13[<] (91-99) 
V$MZF1/MZF1.02[<] (91-99) 
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Oct:
NF-A[<] (79-86) 
V$BRNF/BRN2.03[<] (77-95) 
octamer-bindingfactor[>] (79-86) 

Oct':
V$BRNF/BRN2.03[>] (102-126) 
V$BRNF/BRN2.03[>] (105-126) 

Sox:
SOX17[>] (124-130) 
SRY[>] (121-127) 
Sox-5[>] (122-127) 
Sox2[<] (122-128) 
Sox2[>] (124-130) 
Sox2[>] (126-132) 

Sox':
SRY[>] (144-151) 
Sox-5[>] (145-151) 
Sox-5[>] (146-151) 
Sox2[<] (138-150) 
Sox2[<] (140-146) 
Sox2[<] (145-152) 
Sox2[<] (146-152) 

Sox'':
Sox2[>] (56-64) 
Sox2[>] (56-66) 

Sox''':
Sox2[<] (84-90) 
Sox2[>] (85-93) 

AP1:
V$AP1F/AP1.01[>] (36-46) 
V$AP1F/AP1.03[<] (36-46) 

Hom1:
V$HOMF/MSX.01[>] (62-76) 
V$HOMF/MSX.01[>] (62-77) 

Hom2:
V$HOMF/MSX2.01[<] (37-49) 
V$HOMF/MSX2.01[<] (37-50) 
V$HOXF/CRX.01[<] (31-49) 
V$HOXF/GSH2.01[<] (32-49) 

Hom3:
V$HOMF/S8.01[<] (140-152) 
V$HOMF/S8.01[>] (137-149) 
V$HOXF/BARX2.01[>] (114-133) 
V$HOXF/BARX2.01[>] (115-133) 

Hom4:
V$HOMF/S8.01[>] (77-89) 

Hom5:
V$HOXF/NANOG.01[>] (2-18) 
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RESEARCH Open Access

Evolution of gene regulation of pluripotency - the
case for wiki tracks at genome browsers
Georg Fuellen1*†, Stephan Struckmann1,2*†

Abstract

Background: Experimentally validated data on gene regulation are hard to obtain. In particular, information about
transcription factor binding sites in regulatory regions are scattered around in the literature. This impedes their
systematic in-context analysis, e.g. the inference of their conservation in evolutionary history.

Results: We demonstrate the power of integrative bioinformatics by including curated transcription factor binding
site information into the UCSC genome browser, using wiki and custom tracks, which enable easy publication of
annotation data. Data integration allows to investigate the evolution of gene regulation of the pluripotency-
associated genes Oct4, Sox2 and Nanog. For the first time, experimentally validated transcription factor binding
sites in the regulatory regions of all three genes were assembled together based on manual curation of data from
39 publications. Using the UCSC genome browser, these data were then visualized in the context of multi-species
conservation based on genomic alignment. We confirm previous hypotheses regarding the evolutionary age of
specific regulatory patterns, establishing their “deep homology”. We also confirm some other principles of Carroll’s
“Genetic theory of Morphological Evolution”, such as “mosaic pleiotropy”, exemplified by the dual role of Sox2
reflected in its regulatory region.

Conclusions: We were able to elucidate some aspects of the evolution of gene regulation for three genes
associated with pluripotency. Based on the expected return on investment for the community, we encourage other
scientists to contribute experimental data on gene regulation (original work as well as data collected for reviews) to
the UCSC system, to enable studies of the evolution of gene regulation on a large scale, and to report their findings.

Reviewers: This article was reviewed by Dr. Gustavo Glusman and Dr. Juan Caballero, Institute for Systems Biology,
Seattle, USA (nominated by Dr. Doron Lancet, Department of Molecular Genetics, Weizmann Institute of Science,
Rehovot, Israel), Dr. Niels Grabe, TIGA Center (BIOQUANT) and Medical Systems Biology Group, Institute of Medical
Biometry and Informatics, University Hospital Heidelberg, Germany (nominated by Dr. Mikhail Gelfand, Department
of Bioinformatics, Institute of Information Transfer Problems, Russian Academy of Science, Moscow, Russian
Federation) and Dr. Franz-Josef Müller, Center for Regenerative Medicine, The Scripps Research Institute, La Jolla,
CA, USA and University Hospital for Psychiatry and Psychotherapy (part of ZIP gGmbH), University of Kiel, Germany
(nominated by Dr. Trey Ideker, University of California, San Diego, La Jolla CA, United States).

Background
Inferring the evolution of gene regulation is a complex
bioinformatics task. Over the last years, it became evi-
dent that the degree of conservation of gene regulatory
elements had been overestimated in the past [1-3].

However, this renders the exceptions all the more inter-
esting: the lower the extent of conservation of regulatory
elements, the more important the few elements that are
conserved. Therefore, this paper discusses some biologi-
cal background, theoretical principles and bioinformatics
approaches to investigate the evolution of gene regula-
tion, using three regulators of the cellular state of pluri-
potency as an example and revealing new insights into
evolution of pluripotency.

* Correspondence: fuellen@uni-rostock.de; stephan.struckmann@uni-rostock.
de
† Contributed equally
1Institute for Biostatistics and Informatics in Medicine and Ageing Research -
IBIMA, University of Rostock, Medical Faculty, Ernst-Heydemann-Str. 8, 18057
Rostock, Germany
Full list of author information is available at the end of the article

Fuellen and Struckmann Biology Direct 2010, 5:67
http://www.biology-direct.com/content/5/1/67

© 2010 Fuellen and Struckmann; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

CHAPTER 5.1 PUBLICATION #2 5 Article



In summary, we wish to:

1) Exemplify how the UCSC browser can be used to
investigate the evolution of gene regulation.
2) Exemplify how the Wiki track at UCSC could be
used to support such investigations by a large-scale
community effort.
3) Report the results we obtained from our study of
the evolution of gene regulation of three specific
genes.
4) Put our results into a wider, general context by
referring to Carroll’s theoretical work.

Gene Regulation and its Evolution
Strands of DNA include transcribed parts (genes), which
are often used as blueprints for proteins, and ‘regulatory
elements’, which decide in part about the timing and the
amount of transcription [4]. If transcription factors bind
to (some of) these elements, the amount of transcription
may be altered. The elements can be organized into so-
called modules, often termed cis-regulatory modules.
These are usually bound by transcription factor com-
plexes called ‘enhanceosomes’. The typical regulatory
region of a gene includes an array of cis-regulatory mod-
ules, usually consisting of sets of transcription factor
binding sites (TFBS). Next to the transcription start site
are the core and the proximal promoter (up to 250 base
pairs), followed by the distal elements (the latter are
more than 250 base pairs away from the transcription
start site) [4]. The network of transcription factors and
other regulators, together with the cis-regulatory mod-
ules of TFBSs and other regulatory elements on the DNA
level, form the “gene regulatory network”. Evolution of
gene regulation is concerned with the evolution of the
gene regulatory network [5-9]. Many regulatory elements
evolve due to mutations, insertions and deletions of
nucleotides, by selection, duplication, inversion, translo-
cation or by random drift, or due to transposable ele-
ments. [1]. Their volatility can lead to high binding site
turnover. Nevertheless, the evolution of some regulatory
elements can be traced back to the origin of the verte-
brate lineage [10].

Principles of the Evolution of Gene Regulatory Networks
Evolution of gene regulatory networks for developmental
processes should follow some general principles, from a
theoretical point of view, as formulated by Carroll in a
recent paper [11]. Regulators play a role in a number of
different processes, following the principles of “Mosaic
pleiotropy” (the same proteins contribute to different devel-
opmental processes and body structures), and “Heterotopy”
(changes in spatial regulation are associated with morpho-
logical divergence). Both, transcription factor binding and
gene expression reflect these principles, which tend to

complicate computational inferences. Such inferences are
possible, however, and they rely on four other principles
observed by Carroll. “Ancestral genetic complexity” is a
necessary condition: without it, there would not be a rich
structure in ancestral gene regulatory networks and com-
plexity would have evolved independently in recent
lineages. The principles of “Deep homology”, “Functional
equivalence of distant homologs”, and “Infrequent toolkit
gene duplication” are necessary as well, because even if
ancestral complexity exists, it is only detectable, if it is
conserved in recent lineages. In line with the complexity
of the processes to be organized by the transcription fac-
tors and their target genes, the network of transcription
factors and target genes must be large (“Vast regulatory
networks”, Carroll). Finally, Carroll’s principle of “Modu-
larity of cis-regulatory elements” is a consequence of the
pleiotropy of transcription factors, which affect their tar-
gets by grouping and binding together in a combinatorial
context-dependent fashion. Genes that have to be regu-
lated synchronously are expected to share some or all of
their cis-regulatory elements [11]. Investigating the whole
complex network of gene regulation in its entirety is a
challenge. Concentrating on the subnetwork of early
development, the challenge becomes smaller, even though
due to the pleiotropy, subnetworks in general are neither
independent, nor disjoint. [11].

Evolutionary Bioinformatics of Gene Regulation
Bioinformatics tools and software for estimating, analyz-
ing and/or visualizing the evolution of gene regulation
are rare, because data are scarce [12]. In particular,
sequence motifs describing TFBSs as parts of regulatory
elements have low overall information content (binding
sites feature a length of 4-20 bases, approximately),
making their reliable in-silico detection difficult. Many
transcription factor binding site prediction tools exploit
libraries of known binding motifs and evolutionary con-
servation, and usually they infer sets of related sites (cis-
regulatory modules). Assuming that conservation goes
with functional importance, “phylogenetic profiling” and
related methods [13-22] suggest that predicted binding
sites are the more likely to be functional, the more con-
served they are. The integrated analysis of the evolution
of cis-regulatory modules and the network of regulators
is in its infancy. By assembling experimentally validated
TFBS information for a specific set of genes, we wish to
contribute data that is useful for the development of
methods and software towards this aim, and we hope
that other researchers will follow suit, in a community/
wiki effort.

Gene Regulation in Stem Cells
Stem cell research is currently one of the most active
areas in molecular biology and biomedicine, based in
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part on recent breakthroughs in generating ‘induced
pluripotent stem cells’ (iPS cells) from somatic cells like
fibroblasts (reviewed in [23,24]). Such a ‘reprogramming’
of differentiated cells into ‘pluripotent’ ones is possible
by directly manipulating the pluripotency-related gene
regulatory network [25] of the cell, confronting the dif-
ferentiated cell with artificial amounts of key transcrip-
tion factors such as Oct4 (also known as Pou5f1), Sox2
and Nanog. These ‘ectopic’ factors then re-direct the
overall network of interaction and regulation. Redirec-
tion yields a state very close to the ‘embryonic state’. In
fact, mice can be obtained in which part (or even all) of
their cells derive from the manipulated somatic cells
[26]. Understanding the evolution of the gene regulatory
network underlying stemness, or ‘pluripotency’, may
give valuable guidance in improving reprogramming
technology, highlighting similarities and differences
across species, for example between model organisms
and human.
However, data on pluripotency-related gene regulation

are scattered around in the literature, and it takes a lot
of manual effort to extract validated regulatory informa-
tion from it. Because most papers lack genomic coordi-
nates, it is not straightforward to obtain transcription
factor binding sites with precise genomic location. Only
with such precision, studies of their evolution become
possible and these sites can be studied in the context of
the wealth of information available in a genome browser
such as UCSC [27]. To get such an effort started, the
experimentally validated regulatory elements of the
three key transcription factors Oct4, Sox2 and Nanog
will be described in this paper. Using the UCSC brow-
ser, we can then discuss their evolutionary history.
Some observations are linked to Carroll’s theoretical
work, and they will be listed in Table 1. As we will see,
despite incomplete and inaccurate data and a complex
phenotype, the computational study of the evolution of
gene regulation relevant for stem cells/pluripotency con-
firms observations from the literature and reveals some
interesting insights as well.

Methods
Literature-curated Data and UCSC Conservation and
Alignment Tracks
To investigate the evolution of gene regulation of the
pluripotency factors Oct4 (Pou5f1), Sox2 and Nanog, we
first conducted a literature survey of their phylogenetic
history and expression patterns. We also assembled a
data set of validated TFBSs in the regulatory regions of
these genes. Databases of experimentally validated sites
in metazoa/vertebrates (such as ORegAnno [28] and
Pazar [29]) only cover a small fraction of what is known
from the literature. Therefore, an intensive literature
search was performed, yielding the TFBS information in

Figures 1, 2, 3, 4, 5, 6 (tabulated in Table 2). For each
entry marked by ‘+’ in Table 2, we were able to confirm
that the nucleotides at the genomic position are indeed
the ones reported as the binding site in the correspond-
ing paper. UCSC tracks were generated by formatting
the literature data. These tracks can then be viewed
together with UCSC multiple alignment and conserva-
tion tracks, in three ways:

1) After starting a “Session” from the homepage at
http://genome.ucsc.edu/, the “Restore Settings”
option in the “Session Management” enables to “Use
settings from another user’s saved session:”. Using
“Fuellen” as “user:”, “session name:” may be “mm9.
Oct4”, “mm9.Sox2” and “mm9.Nanog”. Alternatively
the following links can be used.

• http://genome.ucsc.edu/cgi-bin/hgTracks?
hgS_doOtherUser=submit&hgS_otherUserNa-
me=Fuellen&hgS_otherUserSessionName=mm9.
Oct4
• http://genome.ucsc.edu/cgi-bin/hgTracks?
hgS_doOtherUser=submit&hgS_otherUserName=
Fuellen&hgS_otherUserSessionName=mm9.Sox2
• http://genome.ucsc.edu/cgi-bin/hgTracks?
hgS_doOtherUser=submit&hgS_otherUserName=
Fuellen&hgS_otherUserSessionName=mm9.Nanog

2) The “Regulatory Element” tracks are also available
as text files in the supplement (Additional Files 1, 2,
3), and can be loaded as custom tracks at the UCSC
browser.
3) Using the UCSC genome browser, the gene in
question can be located, and the wiki track of its
genomic region can be inspected.

All literature-curated TFBS data were also submitted
to PAZAR [29,30]. Submission to the ORegAnno [28,31]
database has been postponed because the upload facility
of ORegAnno was not functional while preparing this
manuscript.

Computational Analysis of the Evolution of Gene
Regulation
As described in [12], there are currently a limited num-
ber of options available to computationally infer the
evolution of gene regulation. In this paper, we focus on
the simple approach to study the evolutionary history as
described by pre-computed UCSC alignments, and we
apply the ReXSpecies software developed in-house. As
far as the authors are aware, ReXSpecies is the only tool
attempting to directly infer the evolution of gene regula-
tion from the DNA perspective (that is, the gain (and
loss) of regulatory elements and modules in phyloge-
netic history). The first version of ReXSpecies was pub-
lished in 2008 [32]. Conserved homologous sequences
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from different species are fetched from UCSC and
aligned. In this alignment, transcription factor binding
sites (TFBS) are searched using position specific scoring
matrices, employing PoSSuM [33,34] and matrix
libraries (JASPAR [35] and Transfac [36]). Two TFBSs
are considered to be homologs, if they are predicted to
be bound by transcription factors known to be homolo-
gous, and share essentially the same genomic coordi-
nates. Then, the leaves of a phylogenetic species tree
[37-39] are labeled with the TFBS data and the labels of
the inner nodes of the tree are estimated using parsi-
mony [40]. Extending the work of 2008, putative mod-
ules (groups of TFBSs) are identified based on these

inner node labels. These are sets of TFBSs that are pre-
dicted to be gained (or lost) at the same inner node of
the species tree, and they are then scored using the
branch length score as proposed by [41]. Finally, we
generate a UCSC annotation track, displaying the
modules identified. ReXSpecies was used to generate
Figure 7, “Part of the Sox2 regulatory region, analyzed
using ReXSpecies.”

Ensembl Gene Trees
Evolution of Oct4, Sox2 and Nanog is studied using
gene trees provided by the Ensembl Compara pipeline
[42]. The UCSC browser provides a direct link to the

Table 1 Carroll’s 11 principles and the pluripotency genes of the case study

Oct4/Pou5f1 Sox2 Nanog

“Mosaic pleiotropy”,
“Heterotopy”

Role in early embryonic cells, germ
cells.

Role in early embryonic cells, germ cells, neural
development.

Role in early
embryonic cells,
somite organization.

“Ancestral genetic
complexity”, “Deep
homology”

All three genes are involved in vertebrate development; cooperation of POU and Sox factors is implicated in bilaterian
development (fruit fly and vertebrate).

“Functional
equivalence of
distant homologs”

Various ‘rescue experiments’ in mice, e.
g. using Oct4 from chicken [85], frog &
axolotl [86].

? ?

“Infrequent toolkit
gene duplication”

At most one paralog (pou2/pouv in
monotremes & marsupials; Pou5f2 in
rodents & primates).

Two close paralogs not expressed in the early embryo (Sox1,
Sox3; [87]); three more remote paralogs that may substitute
in Oct4 binding (Sox4, Sox11, Sox15).

No known close
paralogs.

“Modularity of cis-
regulatory elements”

Different roles of the distal and the
proximal element.

Different regulatory elements in early embryonic vs. neural
tissues.

?

“Vast regulatory
networks”

All three genes are part of the large regulatory network underlying pluripotency; see [24,25,88].
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Figure 1 The Oct4/Pou5f1 Regulatory Region: Regulation and Repeats. The Oct4/Pou5f1 regulatory region, displayed using the UCSC
genome browser [27]. The information on the experimentally validated regulatory elements is displayed below the genome coordinates, using
grey blocks and green text in a format consisting of an abbreviated reference (see Table 2), the name of the transcription factor (as it appears in
the reference) & its standardized name (if they are not identical), and a specific identifier assigned in the reference (e.g. M1 and M3
distinguishing the two Tfc3 binding sites). Also, the conserved regions CR1 to CR4 and the 2A distal element (DE) and the 1B proximal element
(PE) are listed [59]. Below these annotations, repeat information and GC content are shown (moreover, no microRNAs, no ORegAnno [28]
annotation or Rest binding [80] is available).
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Figure 2 The Oct4/Pou5f1 Regulatory Region: Conservation. Below the annotation track (see Figure 1), comparative genomics tracks are
displayed. Comparative genomics includes histograms for mammal, Euarchontoglires (rodent, primate, and related species) and vertebrate
conservation, and tracks displaying alignment quality as grayscale density. UCSC convention is that yellow regions denote consecutive Ns (lack of
sequence) and double lines denote unalignable bases.

Scale
chr3:

SINE
LINE
LTR
DNA

Simple
Low Complexity

Satellite
RNA

Other
Unknown

20 kb
34535000 34540000 34545000 34550000 34555000 34560000 34565000 34570000 34575000

UCSC Genes Based on RefSeq, UniProt, GenBank, CCDS and Comparative Genomics

Regulatory Elements

MicroRNAs from miRBase

Repeating Elements by RepeatMasker

Simple Tandem Repeats by TRF

Microsatellites - Di-nucleotide and Tri-nucleotide Repeats

GC Percent in 5-Base Windows

Repressor Element 1-Silencing Transcription Factor (REST) binding sites
Regulatory elements from ORegAnno

BC057611/uc008oxq.1
AK045614/uc008oxr.1

AK039272/uc008oxs.1
AK031919/uc008oxt.1

Sox2/uc008oxu.1

Kamachi09_N3 Kamachi09_N2
Tomioka02_Sikorska08_SRR1_

Takanaga09_Gli2?_dna_not_matching
Foshay08_Stat3_1_
Takanaga09_Gli_1_

Catena04_Oct4_Brn1/2_1_
Catena04_Oct4_Brn1/2_2_

MorenoM10_HRE_HIF1alpha_1_
MorenoM10_HRE_HIF1alpha_2_

Foshay08_Stat3_2_
Wiebe00_NF-Y_

sox2

Tomioka02 Sikorska08 SRR2

Tomioka02_Oct4/6Sox_

Kamachi09_N5 Kamachi09_N1
Kamachi09_neural_Lef1_Lef1_

Kamachi09_neural_FGF_

Kamachi09_N4

mmu-mir-1897

AAGG
TGTGATTGTGAT

AAAAAC

CGCACA
CTCC

CCTCCCTTCCTT
CCTT

TC

CA

AG CT
TG

AC T TTG T AAAACAAA CCTAGCTCTGGCC...
CA

CT
AG

CA
GGGGAA

GA

TGGGGG
AGAC

AGACAGGC

AC CA

22xTC
18xCA

29xAG

18xAC 22xCA
16xCT

16xCA 19xAC

GC Percent
70 _

30 

Figure 3 The Sox2 Regulatory Region: Regulation and Repeats. The Sox2 regulatory region, displayed using the UCSC genome browser. See
Figure 1 for further information. On top, the Sox2 overlapping transcript called BC057611/uc008oxq.1 [81] is visualized, including one microRNA.
SRR1 and SRR2 denote conserved regions identified by [82] and [83].
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same gene at Ensembl, where mouse-over of the gene
enables a popup window in which a visualization of the
gene can be started. From there, we obtained the
Ensembl Compara gene tree using the link called “Gene
Tree (image)”, on the left.

Gene Expression Data
We inspected all four UCSC sets of tracks visualizing gene
expression data that are available in the UCSC mm9 tracks
(GNF Expression Atlas 2 [43], GNF Expression Atlas on
Mouse Affymetrix U74A Chip, GNF Expression Atlas on
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Figure 4 The Sox2 Regulatory Region: Conservation. The Sox2 regulatory region, displayed using the UCSC genome browser. See Figure 2
for further information.
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Figure 5 The Nanog Regulatory Region: Regulation and Repeats. The Nanog regulatory region, displayed using the UCSC genome browser.
See Figure 1 for further information. A REST binding site overlapping a validated p53 binding site is listed. Three conserved regions CR1, CR2
and CR3 [84] are explicitly listed.
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Mouse Affymetrix U74B Chip, and GNF Expression Atlas
on Mouse Affymetrix U74C Chip [44]). Unfortunately, the
first track is not yet documented very well; there is no
legend for the relation between color and expression level.
The only hint in the track description is: “As is standard
with microarray data red indicates overexpression in the
tissue, and green indicates underexpression”. For the latter
three tracks, color is based on a logarithmic scale: “In full
mode, the color of each item represents the log base 2
ratio of the signal of that particular experiment to the
median signal of all experiments for that probe.”

Results and Discussion
Oct4, Sox2 and Nanog Evolution
Investigating the regulatory evolution of a set of genes,
it is first of interest to know their evolutionary history.
The founding father of the POU5 subfamily of POU
transcription factors, and ancestor of Oct4/Pou5f1,

appears in the lineage of the gnathostomes (jawed verte-
brates) [45,46], which includes fish. Two duplicates of
the gene (Pou5f1 and pou2/POUV) can be found in tet-
rapods, but usually one duplicate got lost in today’s spe-
cies; the only known exceptions are monotremes and
marsupials [46]. Also, there is a paralog designated
POU5F2 in some mammals (rodents and primates),
which is involved in sperm development (in case of
mouse). The POU5 subfamily is probably most closely
related to the POU2 and POU3 subfamilies [47]. The
Ensembl gene tree (Additional File 4; Supplementary
Figure S1) of Pou5f1 does not consider the paralogs in
monotremes and marsupials (the single genes are high-
lighted by a red box), nor does it consider the POU5
paralogs found in chicken, lizard, frog and axolotl
reported in the literature [46]. Instead, the human pseu-
dogene POU5F1P1 and some questionable predicted
paralogs in rabbit, guinea pig, kangaroo rat, marmoset,
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Figure 6 The Nanog Regulatory Region: Conservation. The Nanog regulatory region, displayed using the UCSC genome browser. See Figure
1 for further information. Alignment chains and nets are shown because the multiple alignment tracks are very sparse; see the UCSC track
documentation for further information about the chains and nets.
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Table 2 Experimentally validated transcription factor binding sites

Regulatory
region of

Transcription Factor Binding
Site/Conserved Region

Class of Binding
Site/Sub-region

Specific
Identifier

Abbreviated
Reference

Ref. Chromosomal Position
(start/end) ‚+’ marks cases

where binding site
sequence at UCSC and in
the reference are identical

Oct4 Ronin R()† Dejosez08 [89] chr17 35643243 35643348

Oct4 Nr1b*/2b*; Rar*/Rxr* HRE Nordhoff01;
Sylvester94

[59,90] chr17 35642936 35642955 +

Oct4 Nr6a1/GCNF DR(0) Fuhrmann01 [91] chr17 35642943 35642955 +

Oct4 LRH1/Nr5a2 DR(0) Gu05 [92] chr17 35642943 35642955 +

Oct4 Nr2c1/TR2 DR(1) Park07 [93] chr17 35642936 35642949 +

Oct4 CoupTF1/Nr2f1 Schoorlemmer94 [94] chr17 35642936 35642949 +

Oct4 CoupTF2/Nr2f2 Schoorlemmer94 [94] chr17 35642936 35642949 +

Oct4 SF1 RARE (a) Barnea00 [95] chr17 35642936 35642954 +

Oct4 Ear2/Nr2f6 Schoorlemmer94 [94] chr17 35642936 35642949 +

Oct4 Sp1/3 Nordhoff01 [59] chr17 35642929 35642939 +

Oct4 Zfp206 Yu09 [96] chr17 35642877 35642886 +

Oct4 SF1 (b) Barnea00 [95] chr17 35642769 35642792 +

Oct4 Nobox Choi06 [97] chr17 35642612 35642618 +

Oct4 LRH1/Nr5a2 1B PE2 Gu05 [92] chr17 35642109 35642118 +

Oct4 Esrrb P1 Zhang08 [66] chr17 35642104 35642123 +

Oct4 Nanog P1 Zhang08 [66] chr17 35642033 35642054 +

Oct4 LRH1/Nr5a2 1B PE1 Gu05 [92] chr17 35642048 35642057 +

Oct4 Tcf3 M3 Tam08 [98] chr17 35641942 35641948 +

Oct4 SF1 1A(PE) Nordhoff01 [99] chr17 35641863 35641873 +

Oct4 demethylation site 1A(PE) Aoto06 [59,99] chr17 35641856 35641875 +

Oct4 Esrrb P2 Zhang08 [66] chr17 35641431 35641450 +

Oct4 Sall4 Zhang06 [100] chr17 35641024 35641063 +

Oct4 OctSox Chew05 [101] chr17 35640993 35641008 +

Oct4 OctSox 2B OkumuraN05 [102] chr17 35640987 35641016 +

Oct4 Tcf3 M1 Tam08 [98] chr17 35640793 35640799 +

Oct4 CR2 1B(PE) Nordhoff01 [59] chr17 35642037 35642063

Oct4 CR4 2A(DE) Nordhoff01 [59] chr17 35640947 35640965

Oct4 CR1 Nordhoff01 [59] chr17 35642918 35643044

Oct4 CR2 Nordhoff01 [59] chr17 35641981 35642181

Oct4 CR3 Nordhoff01 [59] chr17 35641641 35641746

Oct4 CR4 Nordhoff01 [59] chr17 35640937 35641068

Sox2 NF-Y Wiebe00 [60] chr3 34548868 34548886 +

Sox2 Lef1, Lef1 neural Kamachi09 [48] chr3 34564288 34564307 +

Sox2 FGF neural Kamachi09 [48] chr3 34564324 34564330 +

Sox2 Oct4/6, Sox Tomioka02 [82] chr3 34552970 34552985 +

Sox2 Stat3 2 Foshay08 [103] chr3 34548486 34548498 +

Sox2 Stat3 1 Foshay08 [103] chr3 34545179 34545199 +

Sox2 Gli 1 Takanaga09 [104] chr3 34545198 34545206 +

Sox2 Oct4; Brn1/2 1 Catena04 [105] chr3 34545218 34545229 +

Sox2 Oct4; Brn1/2 2 Catena04 [105] chr3 34545293 34545302 +

Sox2 HIF2alpha HRE 1 MorenoM10 [106] chr3 34547578 34547592 +

Sox2 HIF2alpha HRE 2 MorenoM10 [106] chr3 34548182 34548196 +
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cow, elephant, and armadillo are included in the tree,
marked by red duplication nodes. Not considering them,
the gene tree suggests that duplications of Pou5f1 are
less frequent than thought [46].
Sox2 diverged from its putatively closest paralog Sox1

after the second round of genomic duplication within
the vertebrate lineage [48], even though the entire Sox
family is probably of metazoan origin [49]. In the
Ensembl gene tree (Additional File 5; Supplementary
Figure S2), Sox2 evolution is mostly concordant with
Carroll’s principle of “Infrequent toolkit gene duplica-
tion"; the only putative paralogs are Q6WNU1 (in taki-
fugu), Sox14 (in chicken) and some genes around Sox5
(in rat). In the later two cases, we observe long branches
(dashed lines, highlighted in red).
Nanog probably originated in the vertebrate lineage

[50]; since then it has diverged significantly from its

closest paralogs, the NK domain proteins. Apart from
the Nanog P1 pseudogene (in human, chimp and gorilla,
highlighted in red) and questionable predicted paralogs
(all of them highlighted in blue) in some of the monkey
genomes (marmoset, orangutan, chimp, gorilla) and in
tenrec (Echinops telfairi), guinea pig (Cavia porcellus),
and zebra finch (Taeniopygia guttata), the Nanog gene
tree at Ensembl (Additional File 6; Supplementary Fig-
ure S3) follows species phylogeny and confirms that
Nanog duplications are infrequent as well. Sanchez-San-
chez et al [51] suggest that the cooperation of Oct4,
Sox2 and Nanog is conserved between mammals and
medaka fish; the role of the POU/Sox transcription fac-
tor complex in development may even go back to the
common ancestor of vertebrates and insects (bilateria)
[52,53] (Table 1), a putative case of “Ancestral genetic
complexity” and “Deep homology”. In case of Oct4,

Table 2 Experimentally validated transcription factor binding sites (Continued)

Sox2 Gli 2 dna_
not_matching§

Takanaga09 [104] chr3 34545074 34545085

Sox2 N1 neural Kamachi09 [48] chr3 34564105 34564403

Sox2 N2 neural Kamachi09 [48] chr3 34544940 34545478

Sox2 N3 neural Kamachi09 [48] chr3 34529134 34529728

Sox2 N4 neural Kamachi09 [48] chr3 34577673 34578140

Sox2 N5 neural Kamachi09 [48] chr3 34558702 34559054

Nanog Oct1 Wu05 [107] chr6 122657427 122657442 +

Nanog OctSox Rodda05;
Kuroda05

[108,69] chr6 122657429 122657445 +

Nanog Smad2/3/4 Greber10 [109] chr6 122657408 122657412 +

Nanog Klf4 R()† Zhang10 [110] chr6 122657370 122657550

Nanog Stat Suzuki06 [111] chr6 122653091 122653100 +

Nanog T Suzuki06 [111] chr6 122653135 122653155 +

Nanog FoxD3 Pan06 [112] chr6 122657311 122657341 +

Nanog p53 RE1 Lin05 [113] chr6 122656935 122656957 +

Nanog p53 RE2 Lin05 [113] chr6 122657195 122657221 +

Nanog Klf Jiang08 [114] chr6 122652655 122652663 +

Nanog Sp1/3 2 Wu06 [115] chr6 122657555 122657570 +

Nanog Sp1/3 1 Wu06 [115] chr6 122657530 122657539 +

Nanog Tcf3 Pereira06 [116] chr6 122653837 122653844 +

Nanog Gcnf/Nr6a1 Gu05 [92] chr6 122655499 122655511 +

Nanog Cdx2 and Nanog R()† Chen09 [117] chr6 122652629 122652743

Nanog Zfp143 revcom° Chen08 [118] chr6 122657340 122657354 +

Nanog Esrrb vdBerg08 [119] chr6 122657409 122657418 +

Nanog Klf5 Parisi08 [120] chr6 122657532 122657539 +

Nanog CR1 Chan09 [84] chr6 122657170 122657827

Nanog CR2 Chan09 [84] chr6 122652641 122653468

Nanog CR3 Chan09 [84] chr6 122652431 122652696

† ChIP-defined region.

° reverse complement data in paper.

§ DNA sequence at UCSC does not match sequence in paper.
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“Functional equivalence of distant homologues” is also
documented (Table 1).

Oct4, Sox2 and Nanog Expression
To summarize the expression of Oct4, Sox2 and Nanog,
we refer to recent reviews by Bosnali et al [53] and
Johnson et al [54]. Oct4 is restricted to embryonic pluri-
potent cells of specific stages of development, i.e. the
morula, inner cell mass, the primitive ectoderm (epi-
blast) of the blastocyst, and to cells of the germline.
Exemplifying the “modularity of cis-regulatory elements”
(Table 1), the Oct/Sox element of the distal enhancer
(in the CR4 region, Figure 1, highlighted in red) is
deemed responsible for its expression in the morula,
inner cell mass and in germ cells, while proximal regula-
tion by the LHR-1 binding sites (in the CR2 and CR1
regions, Figure 1, highlighted in blue) is implicated in its
expression in the primitive ectoderm (also known as
epiblast), see [54]. Bindings by other factors are scat-
tered across both distal and proximal elements. Nanog
is also expressed in embryonic pluripotent cells and
germ cells and it plays a role in somite organization
[55]. Sox2 expression overlaps with the expression of
Oct4 and Nanog, but it also plays a role in adult stem
cells of the neural lineage [48], a case of “mosaic pleio-
tropy”, “heterotopy” and “modularity of cis-regulatory
elements” (Table 1). Masui et al [56] found that Sox4,
Sox11 and Sox15 overlap Sox2 in its expression pattern
and are able to replace Sox2 in some of its functionality
in embryonic pluripotent cells. In summary, all three
genes may be labeled control genes of pluripotency and
early development. Accordingly, their regulation shares
some, but not all, characteristics of developmental con-
trol genes [57]. In particular, they seem to be regulated
by a medium number of enhancers (three known clus-
ters of binding sites in case of Oct4, two known clusters
in case of Sox2 and Nanog, see Figures 1 to 6) and by
microRNAs [58]. All three genes lack a TATA box
[59-61] which fits well with the low expression diver-
gence associated with TATA-less genes [62]. Overall,
gene expression data displayed at UCSC (see methods)
do not reflect what is known from the literature (Addi-
tional Files 7,8 and 9; Supplementary Figures S7-S9),
since few embryonic data are included at UCSC. Sox2
neural expression (in cerebellum/brain) is most likely
true positive.

Evolution of Pluripotency Core Regulation
Given that Oct4, Sox2 and Nanog can be traced back to
the ancestral vertebrate lineage, it can be expected that
part of the regulatory elements of Oct4, Sox2 and
Nanog are ‘pvCNEs’, pan-vertebrate conserved noncod-
ing elements [63]. As we can see from Figures 1 to 6, in
case of Oct4 and Sox2, a few traces of conserved

noncoding elements can indeed be found in fish, based
on the UCSC [27] 30-way Multiz alignment & conserva-
tion (which includes fish).

Evolution of Oct4 Regulation (Figures 1 and 2)
The 30-way Multiz alignment at UCSC suggests that the
Oct4/Pou5f1 proximal promoter is conserved in jawed
vertebrates, since it is found in eutherians and in zebra-
fish (orange box in Figure 2). Concordantly, Parvin et al
[64] describe the zebrafish pou2 proximal promoter,
including putative Octamer motifs (which may be
bound by pou2) and retinoic-acid responsive elements
(which may be bound by nuclear receptors). According
to Parvin et al [64], no ‘meaningful sequence similarities’
between the upstream sequences of pou2 and Oct4 can
be identified, though. UCSC data support that the proxi-
mal enhancer (CR2 region) is conserved in eutheria and
marsupials, and the distal enhancer (CR4 region, high-
lighted in pink) is conserved at least in eutheria.
A recent publication [46] reports the existence of two
CR4-like regions in platypus, but only one of them
contains a conserved Oct-Sox binding site. No such
CR4-like region is displayed at UCSC. Nevertheless, the
auto-regulation of Oct4 by itself (and Sox2) is probably
a feature shared at least by mammals: Most recently this
hypothesis was also put forward by [65]. Inspection of
the UCSC RepeatMasker tracks of the regulatory regions
of Oct4 indicates that its autoregulation region does not
seem to be affected by repeats, cf. Figure 1, pink box.
(The specific ERVK repeat retrotransposing Oct/Sox
binding sites [1] is included in the RepeatMasker library,
but it does not show up here). Interestingly, one Esrrb
site (Esrrb_P2, [66], highlighted in green) is found in
mammals but not in primates, in line with the observa-
tion that Esrrb is not expressed in human embryonic
stem cells [67]. Thus, our analysis suggests the loss of a
binding site that may be the result of a loss of expres-
sion of the transcription factor that binds. Moreover,
the Esrrb_P2 site is also the only validated binding site
in the Oct4 regulatory region that is part of a repeat
identified by RepeatMasker (Figure 1, cyan box).
According to UCSC, the repetitive element is a PB1D7
Alu SINE, which originated before the divergence of the
primate and the rodent lineages [68]. Inspecting the
conservation track, we see some conservation of the
Esrrb_P2 site in shrew, horse and elephant (Figure 2,
cyan box), so the repeat may indeed be of mammalian
origin.

Evolution of Sox2 Regulation (Figures 3 and 4)
Sox2 is the gene with the most conserved regulatory
region (according to UCSC), and it exemplifies best Car-
roll’s principles of “Modularity of cis-regulatory ele-
ments”, as well as “Mosaic pleiotropy”, “Heterotopy”,
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“Ancestral genetic complexity”, and “Deep homology”
(Table 1). Four upstream conserved subregions are
found in mammals, chicken, frog and fish; they can be
traced back approx. 500 million years. These conserved
regions include the N2 region involved in neural regula-
tion [48] as well as in pluripotency (including validated
Stat3 and Oct4/Brn1/2 binding sites, see Figure 4, high-
lighted in red), and the region around the NF-Y binding
site (blue box in Figure 4) of the proximal promoter,
just upstream of the transcription start site. The other
regions involved in pluripotency, around the down-
stream auto-regulatory Oct/Sox binding site (pink box)
and the proximal Stat3 and HIF1alpha binding sites
(green box in Figure 4), are found conserved up to pla-
typus, whereas the other regions involved in neural

development (N3, N4, N5) are also found in fish (N1
can be traced back to Xenopus frog). Thus, the hypoth-
esis emerges that neural regulation of Sox2 is as old or
older than regulation implicated in pluripotency. There
is no evidence that the downstream autoregulatory bind-
ing site is affected by repeats, see Figure 3 (pink box).
Most of the other validated binding sites are also not
part of a repeat identified by RepeatMasker.
An investigation of a subregion of the N2 region,

around the experimentally validated Stat3, Gli, and
Oct4/Brn1/2 binding sites upstream of Sox2, by
ReXSpecies highlights the predicted binding sites and
modules displayed in Figure 7. The conserved Stat3 and
the Brn1/2 binding sites are among the hits; there is no
binding site model for Gli that gives a match. The eight
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Figure 7 Part of the Sox2 Regulatory Region, analyzed using ReXSpecies. Part of the Sox2 regulatory region, displayed using the UCSC
genome browser. Extra tracks added by ReXSpecies display the predicted transcription factor binding sites and modules scoring highest.
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hits are sorted by branch length score (see methods).
The module scoring highest is found in track #1, and it
is composed of the Brn1/2 binding site and a close-by
predicted NFkappaB binding site, both inferred by parsi-
mony to arise at the vertebrate root of the tree. Further
predicted modules in tracks #2 and #4 are inferred to
have originated in the tetrapod and amniote lineage,
respectively. They contain many overlapping predicted
binding sites, and possibly at most one of them is valid.
Nevertheless, tracks #2 and #4 trigger some interest
because they include both pluripotency-related (Oct/Zic)
and neural-development-related transcription factor
binding sites (Pax/Ncx). These high-scoring tracks may
reflect the dual role already noted for the N2 region
investigated here. Tracks #3 and #5 display predicted
sites/modules with a history of gain and loss inferred by
parsimony. The track #3 module was gained in tetra-
pods and mammals, lost in eutherians and re-gained in
boreoeutherians. The track #5 module was gained inde-
pendently in Eutheria and in Sauria. Tracks #6 and #7
display modules predicted for eutherians and therians,
respectively. Finally, the parsimony-based reconstruction
of binding site evolution infers that the Stat3 site (track
#8, matching the STATx binding site model) was gained
in mammals, lost in eutheria, and re-gained in rodents
and monkeys (Simiiformes). Whether any of these pre-
dicted sites/modules reflect true positive binding (and
subsequent regulatory effect) must of course be vali-
dated experimentally.

Evolution of Nanog Regulation (Figures 5 and 6)
At UCSC, the Nanog upstream region does not feature a
high-coverage 30-way Multiz alignment (see Figure 6);
in case of human, chimp, orangutan, rhesus and cow,
individual alignment chains compensate. As noted by
Kuroda et al [69] for the OctSox site in the proximal
promoter (highlighted in red), conserved regions are
shared with elephant (and armadillo & tenrec), so they
originated before the three mammalian superorders
(Afrotheria, Xenarthra, Boreoeutheria) split [70,71],
about 120 million years ago. The OctSox site is not part
of a repeat, but the more distal Nanog upstream region
contains a lot of repeats (SINEs, Simple repeats) which
partially overlap with the validated binding sites (see
Figure 5).

Conclusions
Genome Browsers such as the UCSC browser are well
suited to enable data integration. In our case, combining
information already available (on sequence conservation
and repeats) with information gained from the literature
(on regulatory elements) enabled us to further our
understanding of the evolutionary history of some regu-
latory elements involved in pluripotency. Recently, the

UCSC browser started a Wiki track system, and we
hope that our effort contributes to a community effort
of adding useful information to the system, so that more
and more information can be viewed in context, e.g. in
the context of conservation and homology information
derived from sequence alignment. In particular, it would
be useful to have validated regulatory information avail-
able for all genes in the genome, for mouse and human
alike. To avoid clutter, we suggest that this information
is placed into a dedicated “TFBS Wiki” track. (In fact,
the Wiki track system should eventually support not
just community input to pre-specified Wiki tracks, but
it should permit modifications to its structure, such that
a hierarchy of tracks can evolve, reflecting the needs of
the community.) Moreover, it would be useful to com-
bine such information with network data. For example,
validated transcription factor binding sites may directly
suggest a link from the transcription factor to its target
if both are included in a publicly available network or
pathway. Finally, an integration of Wiki projects (UCSC
Wiki tracks, WikiGenes [72], WikiPathways [73], and
more) may be a worthwhile future goal, enabling com-
munity-driven integrative bioinformatics on a large
scale, towards a seamless in-silico assembly of knowl-
edge soon after it is obtained on the bench.

Reviewers’ comments
Reviewers’ report 1
Dr. Gustavo Glusman and Dr. Juan Caballero, Institute
for Systems Biology, Seattle, USA(nominated by Dr.
Doron Lancet, Department of Molecular Genetics,
Weizmann Institute of Science, Rehovot, Israel)
In this manuscript the authors describe a computational

analysis of three central pluripotency factors, starting from
an extensive literature search for data not available in pub-
lic databases, and leading to hypotheses about the evolu-
tionary history of the regulation of these genes. The
authors present a methodology to integrate external
data into the UCSC genome browser. This integration
improves the insights that we can infer from different
sources, specially using the visualization framework. To
validate the method, the authors performed an analysis of
the cis-regulatory elements (CREs) present in the promo-
ter regions of the pluripotency-related genes Oct4, Sox2
and Nanog. The integration of conservation data revels
patterns of common regulators between multi-species.
Also, they propose a molecular history of these regulator
in evolutionary time. The authors conclude with a call for
community contributions to the novel UCSC Wiki Track
system. Due to the nature of the work, this article contains
a wide variety of elements. It has many more references
than the typical Research Article, almost becoming a mini
review. It presents novel untested hypotheses (which
might fit the Hypothesis article format) but these are
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based on more than just a survey of previous results. It
reports some specific discoveries made by computational
analyses, and thus might fit the Discovery note format, but
this would require dropping significant review content. It
presents and exemplifies a working methodology that
other researchers could emulate, but falls short of such a
Tutorial level by relying on pre-computed gene trees, and
not describing how to improve on them where they are
recognized to be deficient. Finally, its call for community
contributions to the UCSC Wiki Track is not accompa-
nied by considerations on the usability of such unstruc-
tured content.
Authors’ Response
We added a more thorough discussion of the pros and
cons of the Wiki approach towards the end of the article.
In particular, we note that a specific “Wiki TFBS” track
should be established by UCSC (see also below). We give
a more detailed description of the points we want to get
across, and how the structure of the article follows from
this, by adding another paragraph of the introduction as
follows:
In summary, we wish to:

1) Exemplify how the UCSC browser can be used to
investigate the evolution ofgene regulation.
2) Exemplify how the Wiki track at UCSC could be
used to support suchinvestigations by a large-scale
community effort.
3) Report the results we obtained from our study of
the evolution of generegulation of three specific genes.
4) Put our results into a wider, general context by
referring to Carroll’s theoretical work.

While the need to address such distinct aspects of the
work is understandable, the intermediate format cur-
rently used caused a loss of focus on the most impor-
tant aspect(s) of the work. Too much importance seems
to be given to the methodology used, which is not an
original method: the power of data integration in bioin-
formatics and systems biology is well known. The UCSC
genome browser and many other genomic browsers
allow the integration of personal and external data
sources, and have APIs to facilitate this. On the other
hand, a deeper analysis and discussion of the evolution-
ary history of the cis-regulators for 3 key genes in pluri-
potency could be more important for the reader and the
scientific community. The manuscript could be shor-
tened, or perhaps restructured by moving the less cen-
tral content to the (currently very short) Methods
section. Reformatting the article to regain focus would
also help clarify the figure set. At the moment, the first
figure referred to in the Results section is Figure 9, with
the first six figures introduced in the Methods. Figure 8,
its associated legend text and reference 76 are never

referenced in the manuscript - in fact, it’s not clear why
the BED format, never mentioned in the text, would
need to be illustrated by a figure in this paper.
Authors’ Response
We removed the figure explaining the BED format and
renumbered the figures.
In the Methods section, it is claimed that “Databases

of experimentally validated sites in metazoa/vertebrates
(such as ORegAnno and Pazar) only cover a small frac-
tion of what is known from the literature”, which neces-
sitated the extensive literature search that was
performed. The results of the literature search were
summarized in the Supplementary Table 1. It would be
interesting to show, in that table, which of the sites
identified in the literature search were already annotated
in ORegAnno and Pazar. Were this indeed a small frac-
tion? Were there sites in the databases that were not
recovered by the literature search that was performed?
Do the authors have confidence that the literature
search was extensive enough? In that Supplementary
Table, sites marked with ‘+’ could be identified with
confidence because the nucleotide sequences mentioned
in the articles is identical to that in the reference gen-
ome. How were the other sites treated?
The authors mention that data submission to ORe-

gAnno was “postponed because the upload facility of
ORegAnno was not functional while preparing this
manuscript”. If this is a temporary technical difficulty
with that database, is it of use to the reader to know of
the delay?
Authors’ Response
At the time of writing, Pazar featured two of the binding
sites we compiled, and ORegAnno did not feature any.
The literature references associated with the Pazar sites
were followed up, validated and included. We believe
that the literature search converged based on the obser-
vation that for Oct4/Pou5f1, two recent reviews (Niwa,
2007 [74] and Kang et al, 2009 [75]) list a subset of the
sites we found, but no additional ones. Sites that could
not be validated (nucleotide sequences mentioned in the
articles are not identical to that in the reference genome)
were included and marked clearly (as regions, denoted
“R()” in the table). The problems with OregAnno are
unfortunately persistent. More specifically, before our
annotation work, the UCSC ORegAnno track did not
contain any entries in the regions that we investigated.
Also, we did not find any entries via the ORegAnno web
site.
Pazar lists some entries in the corresponding regions in

three projects ("TFe”, “Pleiades genes”, and “Pluripo-
tency”, the latter is our contribution). Most of the “TFe”
and the “Pleiades genes” entries refer to regions larger
than 150 base pairs. In these cases, our entries are an
improvement, because they contain the exact position of
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TFBSs. For Sox2, there are entries for the regions N3 and
N4. For Pou5f1, one match for NR2F2 is listed with a
PubMed reference [76], which overlaps with our entry
from [77]. The six other annotations for Sox2 are longer
than 150 bp. For Nanog, one of our annotations, the
Sox2 part of the heterodimer TFBS that we have called
“Oct4 Sox2” reported by Rodda [78] and by Kuroda
[79]already existed, split in two entries (one for each
author) in the “Pleiades genes” project. Two predictions
of more than 150 bp in length can also be found.
Presumably because of this technical difficulty, the

authors added the regulatory sites identified via litera-
ture search to the UCSC Wiki Track, and suggest this
as a role model for other researchers to emulate. Is this
really a good idea, though? The UCSC browser already
includes a large number of tracks for specific types of
genomic information, and most users will naturally
search for TFBS data in TFBS tracks (like ORegAnno).
Would it not be counterproductive for researchers to
default to adding their analysis results to the Wiki
Track, instead of attempting to add them to the more
relevant tracks? What would the Wiki Track look like if
thousands of researchers added to it a pot pourri of dif-
ferent data types, many of them redundant with existing
tracks? At which point would the Wiki Track lose its
usability, and by being a catch-all, would the other
tracks become less reliable in their completeness if
researchers opt to dump data into the Wiki Track
instead?
Authors’ Response
As stated towards the end of the article, we believe that
a wiki-based information resource can keep up best with
the large amount of data being generated. But we agree
that the Wiki track must be subdivided, so that our
information must go into a “Wiki TFBS” track. Upon
publication of the article, we will approach the UCSC
Genome browser people with respect to this issue.
We added the following text to the last paragraph of

the article:
To avoid clutter, we suggest that this information is

placed into a dedicated “TFBS Wiki” track. (In fact, the
Wiki track system should eventually support not just
community input to pre-specified Wiki tracks, but it
should permit modifications to its structure, such that a
hierarchy of tracks can evolve, reflecting the needs of the
community.)
Additional comments by section
Abstract, 1st paragraph
“Experimentally validated data on gene regulation are

hard to obtain.”
This claim is unclear, as there are many ways to

obtain gene regulation information (i.e. microarrays,
ChIP-seq).

Authors’ Response
ChIP-seq only considers binding, no regulatory effect.
ChIP-seq combined with microarray data is a high-
throughput approach that delivers data of lower quality,
as compared to the direct small-scale experiments in the
papers that we tracked down.
3rd paragraph
“Based on the expected return on investment for the

community, [...]”
The conclusions didn’t mention the insights obtained

from the promoter analysis and evolutionary conserva-
tion in the promoter regions of the pluripotency-related
genes.
Authors’ Response
We now start the conclusions as follows:
We were able to elucidate some aspects of the evolu-

tion of gene regulation for three genes associated with
pluripotency.
Background, 2nd paragraph
“If transcription factors bind to (some of) these ele-

ments, the amount of transcription may be altered.”
The dynamic of the interactions between TF-CREs is

vaguely described, besides the regulation of the regula-
tors is not presented (i.e. TF translocation, phosphorila-
tion cascades, miRNA regulation of the TF).
Authors’ Response
We write “may be altered” for good reason. Giving more
details would indeed turn this part of the text into a
mini-review.
“Closest to the transcription start site are the core and

the proximal promoter, followed by distal elements.”
This need a reference and some coordinates or lengths

to describe the typical order and size of the sub-regions
in a promoter.
Authors’ Response
We now write “Next to the transcription start site are the
core and the proximal promoter (up to 250 base pairs),
followed by the distal elements (the latter are more than
250 base pairs away from the transcription start site)
[4].“
“Many regulatory elements evolve due to mutations,

insertions and deletions of nucleotides (by selection, or
by random drift), or due to transposable elements.”
Also transposable elements can import new CREs into

a promoter region, and other variation events can occur
affecting the regulatory region (duplication, inversion,
translocation).
Authors’ Response
We now write “Many regulatory elements evolve due to
mutations, insertions and deletions of nucleotides, by
selection, duplication, inversion, translocation or by ran-
dom drift, or due to transposable elements.”
3rd paragraph
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“Genes that have to be regulated synchronously are
expected to share some or all of their cis-regulatory ele-
ments.” and “Concentrating on the subnetwork of early
development, the challenge becomes smaller, even
though due to the pleiotropy, subnetworks in general
are not independent.”
Missing references.

Authors’ Response
While most of these two claims is self-evident, we now
cite Carroll here.
4th paragraph
“Assuming that conservation goes with functional

importance, “phylogenetic profiling"‚ and related meth-
ods [13-22]...”
The number of references could be reduced; 3-4 tool

examples would be enough.
Methods, 1st paragraph
Supplemental Table 1 could be improved by including

the consensus sequence for each motif and the observed
sequence in the promoter.
“The ‘Regulatory Element’ tracks are also available as

text files in the supplement, and can be loaded as cus-
tom tracks at the UCSC browser.”
Supplement number/title is missing.

Authors’ Response
We added Supplement number/title.
2nd paragraph
“Two TFBSs are considered to be homologs, if they

are predicted to be bound by transcription factors
known to be homologous, and share essentially the
same genomic coordinates.”
This need not be enough evidence of homology, as

there are many ambiguous and unspecific matrix motifs
that produce high rate of false positives. Many phyloge-
netic profiling methods use a filtering step calculating a
p-value or entropy of the motif detected using a control
dataset of sequences.
Authors’ Response
Correct, but the prediction method is supposed to take
care of this issue; we consider the E-values provided by
the prediction method.
Results and discussion, 1st paragraph
“Oct4, Sox2 and Nanog evolution”
Evolutionary time could help to understand the origin

and duplication history in all the cases presented.
Authors’ Response
It’s future work to take a close look at evolutionary time.
However, we expect that there is no “molecular clock”, so
insights may be limited.
How do the authors define a “questionable predicted

paralog"?
Authors’ Response
A questionable predicted paralog is a sequence that is
likely due to miss-prediction or miss-assembly. Evidence

for this is that the species is not among the standard spe-
cies for which gene predictions have been validated
extensively, and are based on a high-coverage genome
assembly. Further, the sequence is usually included in
the EnsEmbl gene tree together with another sequence
from the same species carrying the canonical name such
as “Sox2”.
2nd paragraph
“In particular, they seem to be regulated by a med-

ium number of enhancers (three known clusters of
binding sites in case of Oct4, two known clusters in
case of Sox2 and Nanog, see Figures 1 to 6) and by
microRNAs [58].”
A regulatory diagram could help to visualize the regu-

lation of the 3 genes.
4th paragraph
“Thus, our analysis suggests the loss of a binding site

that may be the result of a loss of expression of the
transcription factor that binds.”
Or a change in the sequence specificity of the TF, or a

TF substitution.
Authors’ Response
Correct, it’s correlation (of loss of binding site and loss of
expression of the transcription factor that binds), not
causality, so the interpretation is indeed just a plausible
suggestion.
5th paragraph
“Evolution of Sox2”
A comparison of the conservation of CREs in the

other family members could expand the view of the reg-
ulation of Sox2.

Conclusions
Again, the conclusion is focused exclusively in the meth-
odology used, not in the insight gained in the promoter
analysis of Oct4, Sox2 and Nanog.
References
The number of references could be significantly

reduced for a research article.
Figures
Figure 8 is unnecessary.

Authors’ Response
See above.
Supplemental files
The figures showing expression values need a title

and description besides a scale for the expression
levels/colours relationship.

Authors’ Response
We added these.
We declare that we have no competing interests.
Gustavo Glusman & Juan Caballero
Institute for Systems Biology
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Reviewer’s report 2
Dr. Niels Grabe, TIGA Center (BIOQUANT) and Medi-
cal Systems Biology Group, Institute of Medical Biome-
try and Informatics, University Hospital Heidelberg,
Germany(nominated by Dr. Mikhail Gelfand, Depart-
ment of Bioinformatics, Institute of Information Trans-
fer Problems Russian Academy of Science, Moscow,
Russian Federation)
Previously, it has been shown that the transcription

factors Oct4, Sox2 and Nanog are of key importance in
cellular pluripotency. The authors demonstrate how
DNA binding sites for these transcription factors, which
are extracted from literature, can be further analyzed
with the UCSC genome browser system. For the ques-
tion of the evolution of gene regulatory elements align-
ments of the binding sites were performed and
introduced into the system. The authors generally pro-
pose the scientific community to use the UCSC in com-
bination with wiki approach to collect experimental TF
binding sites.

Comments
1.) Title: I am not sure in how far the sub-title “the case
for wiki tracks at the UCSC” is easily understandable to
a broader readership.
Authors’ Response
We modified the title, now writing “the case for wiki
tracks at genome browsers.” For the intended readership,
we believe this is more understandable.
2.) The Abstract should be improved for a broader

readership: The authors should make clearer what wiki
and custom tracks are. The fact that multiple alignments
have been performed should be included in the abstract.
Also the authors should be more specific in how far
what Carroll’s thesis are and in how far they have been
confirmed.
Authors’ Response
We amended the “Results” section of the abstract as
follows:
We demonstrate the power of integrative bioinformatics

by including curated transcription factor binding site infor-
mation into the UCSC genome browser, using wiki and cus-
tom tracks, which enable easy publication of annotation
data. Data integration allows to investigate the evolution
of gene regulation of the pluripotency-associated genes
Oct4, Sox2 and Nanog. For the first time, experimentally
validated transcription factor binding sites in the regula-
tory regions of all three genes were assembled together
based on manual curation ofdata from 39 publications.
Using the UCSC genome browser, these data were then
visualized in the context of multi-species conservation
based on genomic alignment. We confirm previous hypoth-
eses regarding the evolutionary age of specific regulatory
patterns, establishing their ‘deep homology’. We also

confirm some other principles of Carroll’s ‘Genetic theory of
Morphological Evolution’, such as “mosaic pleiotropy”,
exemplified by the dual role of Sox2 reflected in its regula-
tory region.
3.) Methods section: Paragraph “Literature curated

data": I would suggest to transfer details of the UCSC
handling in 1), 2) and 3) into the supplements of the
manuscript and restrict the descriptions to the general
overall idea.
Authors’ Response
Since there is no page limit, we believe that the text
should be as self-contained as possible.
4.) Methods section: Paragraph “Computational ana-

lyses": The general strategy used here should be made
clearer. For example it is not clear whether ReXSpecies
has actually been used or not.
Authors’ Response
Indeed, this paragraph was not clear at all. At the begin-
ning of the paragraph, we now write:
“As described in [12], there are currently a limited

number of options available to computationally infer the
evolution of gene regulation. In this paper, we focus on the
simple approach to study the evolutionary history as
described by pre-computed UCSC alignments, and we
apply the ReXSpecies software developed in-house. As far
as the authors are aware, ReXSpecies is the only tool
attempting to directly infer the evolution of gene regula-
tion from the DNA perspective (that is, the gain (and loss)
of regulatory elements and modules in phylogenetic his-
tory). The first version of ReXSpecies was published [...]”
At the end of the paragraph, we added the clarification

that:
“ReXSpecies was used to generate Figure 7, “Part of the

Sox2 regulatory region, analyzed using ReXSpecies."”
5.) Results section: As the manually collected binding

sites are central importance for the manuscript, the
authors should think about including the supplementary
tables in the main document.
Authors’ Response
We included the supplementary table in the main
document.

Reviewers’ report 3
Review by Dr. Franz-Josef Müller, Center for Regenera-
tive Medicine, The Scripps Research Institute, La Jolla,
CA, USA and University Hospital for Psychiatry and
Psychotherapy (part of ZIP gGmbH), University of Kiel,
Germany(nominated by Dr. Trey Ideker, University of
California San Diego, La Jolla CA, United States).
Fuellen and Struckmann combine proposing a crowd-

sourcing approach to annotate transcription factor bind-
ing sites (TFBS) with a more specific analysis of TFBS
evolution of pluripotency associated transcription
factors.
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Both topics are interesting, yet the combination proves
to be problematic since the resulting review/hypothesis/
data paper hybrid seems to be less succinct and strin-
gent than I would wish for in a scientific manuscript.
I do think, that rigorous focus on fewer key point and a
significant shortening of the manuscript and reduction
of the figure count will benefit the manuscript.
Authors’ Response
We believe that the combination is well-justified: Just
proposing the Wiki approach without highlighting its
benefits would not be convincing. However, based on the
other reviews, we added a clear list of aims at the end of
the “Background” section and we believe that this new
text addresses the concern of “rigorous focus”. Also, we
reduced the number of figures by moving the three figures
regarding the UCSC expression data and the gene trees
into the Supplement.
There are also issues in regard to the main hypothesis:

while the conclusion, that curation efforts such as in a
wiki-track in the scientific community would be highly
desirable, there is currently no realistically viable system
how such an effort could be supported in our current
high impact and grant driven system.
Authors’ Response
We agree on this “political” issue. But we believe that
something should be done now, and that our paper may
get the ball rolling after all. In the medium term, we
believe that it must be a condition for acceptance of a
scientific paper that main results are made available to
the community in a form that is community-editable
and, if possible, computer-readable (and we would like
to stress that the Wiki idea includes track-keeping of all
modifications, so that a common knowledgebase is cre-
ated that includes a “history” enabling credit assign-
ment). In the long term, we believe that community/wiki
resources and scientific publications will converge into a
single multi-faceted interconnected resource.
Would, for example, I put a postdoc on such a cura-

tion effort project?
Most likely not, because how could she/he become an

independent researcher with publications that are ‘just’
metadata curation efforts, which most likely will not be
accepted in any conventional original research journals.
Although it would be desirable in ideal world that such
efforts would be adequately honored, it is not likely that
this will happen anytime soon. The alternative model is
that companies take up the task and professional cura-
tion of literature findings is a pay for service. The most
prominent example is BioBase, which offers the Trans-
fac database for researchers at a reduced fee (~$3000),
which is much less than a postdoc/year.
I really don’t want to get into the copy left/copy right

discussion, I do believe that information should be free
and accessible, especially if its generation was funded by

taxpayers money supporting non-profit research, but
still we have to acknowledge the imperfections in our
scientific systems and how human beings act in it. Thus
I would like to ask the authors to discuss and also com-
pare commercial databases (Transfac is actually pretty
good for the analysis of pluripotent stem cells) as an
alternative and where the authors see their concept in
regard to such existing concepts.
Authors’ Response
Since access to commercial databases is limited, we do
not wish to perform such a comparison. Also, such a
comparison would be problematic because there are
companies offering similar services. We think that there
is room for large-community efforts as well as for com-
mercial data-curation efforts; in particular we expect
commercial data-curation efforts to be more focussed on
specific topics (e.g. disease-related data).
One may argue, that such databases will not contain

TFBS information for, say gorillas, but are such informa-
tion actually relevant beyond a focused study such as
the one by Fuellen and Struckmann?
There are currently several, yet unpublished efforts

under way to reprogram endangered species (sometimes
with only 7 individuals left on this planet). The main
problem, these researchers are facing are actually not
unknown TFBS, but to be able to use the genomic
sequences of the reprogramming factors so these can be
cloned for the reprogramming vectors since these spe-
cies are usually not sequenced.
Looking at this from this angle, shouldn’t we instead

make the case for more high quality sequencing of other
species and improvements in our (functionally relevant)
TFBS-prediction algorithms for an instant online predic-
tion of such sites, if specific question arise?
Authors’ Response
We hope that resources can be allocated to both efforts!

Additional material

Additional file 1: The annotations for Oct4 (also listed in Table 2) as
file in BED format, which can be uploaded to genome browsers.

Additional file 2: The annotations for Sox2 (also listed in Table 2) as
file in BED format, which can be uploaded to genome browsers.

Additional file 3: The annotations Nanog (also listed in Table 2) as
file in BED format, which can be uploaded to genome browsers.

Additional file 4: Supplementary Figure S1 - Gene Tree of Pou5f1.
Ensembl gene tree of Pou5f1.

Additional file 5: Supplementary Figure S2 - Gene Tree of Sox2.
Ensembl gene tree of Sox2.

Additional file 6: Supplementary Figure S3 - Gene Tree of Nanog.
Ensembl gene tree of Nanog

Additional file 7: Supplementary Figure S7 - Gene Expression tracks
for Pou5f1. Gene expression tracks at the UCSC genome browser for
the murine Pou5f1 gene. Green color indicates underexpression, red
overexpression.
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Additional file 8: Supplementary Figure S8 - Gene Expression tracks
for Sox2. Gene expression tracks at the UCSC genome browser for the
murine Sox2 gene. Green color indicates underexpression, red
overexpression.

Additional file 9: Supplementary Figure S9 - Gene Expression tracks
for Nanog. Gene expression tracks at the UCSC genome browser for the
murine Nanog gene. Green color indicates underexpression, red
overexpression.
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browser position chr6:122651991-122658204
track name=regul_elements description="Regulatory Elements" visibility=2 
color=0,128,0 useScore=1
chr6 122657427 122657442 Wu05_15916719_Oct1_ 300
chr6 122657429 122657445 Rodda05_15860457_Kuroda05_15743839_Oct4_Sox2_ 300
chr6 122657408 122657412 Greber10_20207225_Smad2/3/4_ 200
chr6 122657370 122657550 Zhang10_20071344_R(Klf4)_ 100
chr6 122653091 122653100 Suzuki06_16801560_Stat_ 300
chr6 122653135 122653155 Suzuki06_16801560_T_ 300
chr6 122657311 122657341 Pan06_16790525_FoxD3_ 300
chr6 122656935 122656957 Lin05_15619621_p53_RE1_ 300
chr6 122657195 122657221 Lin05_15619621_p53_RE2_ 300
chr6 122652655 122652663 Jiang08_18264089_Klf_ 300
chr6 122657555 122657570 Wu06_16541131_Sp1/3_2_ 300
chr6 122657530 122657539 Wu06_16541131_Sp1/3_1_ 300
chr6 122653837 122653844 Pereira06_16894029_Tcf3_ 300
chr6 122655499 122655511 Gu05_16166633_Gcnf_ 300
chr6 122652629 122652743 Chen09_19564890_R(Cdx2_and_Nanog) 100
chr6 122657340 122657354 Chen08_18687992_Zfp143_revcom_ 300
chr6 122657409 122657418 vdBerg08_18662995_Esrrb_ 300
chr6 122657532 122657539 Parisi08_18653541_Klf5 300
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Bilateria: 114 homologs

ceh-18 Caenorhabditis elegans

Coelomata: 86 homologs

Chordata: 45 homologs

Q4H2X9_CIOIN Ciona intestinalis

POU5F1 Danio rerio

ENSDNOG00000008039 Dasypus novemcinctus

ENSOANG00000013329 Ornithorhynchus anatinus

ENSMEUG00000013221 Macropus eugenii

ENSMODG00000015811 Monodelphis domestica

ENSCPOG00000019282 Cavia porcellus

ENSCHOG00000001211 Choloepus hoffmanni

ENSCJ AG00000010488 Callithrix jacchus

ENSMMUG00000029929 Macaca mulatta

ENSEEUG00000015357 Erinaceus europaeus

ENSDNOG00000003949 Dasypus novemcinctus

ENSTSYG00000007340 Tarsius syrichta

ENSETEG00000002991 Echinops telfairi

ENSOGAG00000000621 Otolemur garnettii

ENSTTRG00000006542 Tursiops truncatus

ENSOPRG00000003926 Ochotona princeps

ENSPCAG00000003699 Procavia capensis

Pou5f1 Mus musculus

ENSPVAG00000007334 Pteropus vampyrus

LOC100050785 Equus caballus

ENSLAFG00000031742 Loxodonta africana

ENSMICG00000001511 Microcebus murinus

ENSTBEG00000013044 Tupaia belangeri

ENSLAFG00000010419 Loxodonta africana

ENSMLUG00000011028 Myotis lucifugus

ENSCAFG00000000485 Canis familiaris

ENSSARG00000013384 Sorex araneus

ENSFCAG00000001078 Felis catus

ENSCJ AG00000019789 Callithrix jacchus

A2ICN2_RABIT Oryctolagus cuniculus

ENSOCUG00000021014 Oryctolagus cuniculus

ENSSSCG00000001393 Sus scrofa

PO5F1_MACMU Macaca mulatta

ENSCJ AG00000022571 Callithrix jacchus

ENSCPOG00000025010 Cavia porcellus

ENSPPYG00000017210 Pongo pygmaeus

ENSDORG00000009549 Dipodomys ordii

ENSDORG00000005697 Dipodomys ordii

ENSCPOG00000009976 Cavia porcellus

ENSBTAG00000032835 Bos taurus

PO5F1_BOVIN Bos taurus

ENSGGOG00000027662 Gorilla gorilla

ENSBTAG00000001873 Bos taurus

PO5F1_PANTR Pan troglodytes

POU5F1P1 Homo sapiens

POU5F1 Homo sapiens

LEGEND
x1 branch length

x10 branch length

x100 branch length

Gene ID current gene

Gene ID within-sp. paralog

speciation node

duplication node

ambiguous node

collapsed sub-tree

collapsed (current gene)

collapsed (paralog)

AA alignment match/mismatch

AA consensus > 66% (mis)match

AA consensus > 33% (mis)match

AA alignment gap
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Bilateria: 145 homologs

Caenorhabditis elegans: 2 homologs

Chordata: 3 homologs

Coelomata: 82 homologs

SoxN Drosophila melanogaster

Euteleostomi: 28 homologs

Euteleostomi: 18 homologs

sox2 Xenopus tropicalis

sox2 Danio rerio

SOX14_CHICK Gallus gallus

SOX2 Oryzias latipes

SOX2 Tetraodon nigroviridis

SOX2 Ornithorhynchus anatinus

SOX2 Gasterosteus aculeatus

SOX2 Taeniopygia guttata

SOX2_CHICK Gallus gallus

SOX2 Monodelphis domestica

Q6WNU1_FUGRU Takifugu rubripes

SOX2 (2 of 2) Takifugu rubripes

SOX2 Callithrix jacchus

SOX2 Loxodonta africana

SOX2 Procavia capensis

ENSSSCG00000000566 Sus scrofa

SOX2 Dasypus novemcinctus

SOX2 Echinops telfairi

SOX2 Canis familiaris

SOX2 Tarsius syrichta

B6VA41_HORSE Equus caballus

SOX2 Cavia porcellus

NP_001136412.1 Macaca mulatta

SOX2 Oryctolagus cuniculus

Sox2 Dipodomys ordii

SOX2 Spermophilus tridecemlineatus

SOX2 Pongo pygmaeus

Sox5 Rattus norvegicus

SOX2 Tursiops truncatus

Sox2 Mus musculus

A2VDX8_BOVIN Bos taurus

Sox2 Rattus norvegicus

SOX2 Sus scrofa

SOX2 Vicugna pacos

SOX2 Homo sapiens

SOX2 Pan troglodytes

SOX2 Gorilla gorilla

LEGEND
x1 branch length

x10 branch length

x100 branch length

Gene ID current gene

Gene ID within-sp. paralog

speciation node

duplication node

ambiguous node

collapsed sub-tree

collapsed (current gene)

collapsed (paralog)

AA alignment match/mismatch

AA consensus > 66% (mis)match

AA consensus > 33% (mis)match

AA alignment gap
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ENSACAG00000015317 Anolis carolinensis

XP_002190766.1 Taeniopygia guttata

XM_001367931.1 Monodelphis domestica

ENSMEUG00000009949 Macropus eugenii

XP_002190732.1 Taeniopygia guttata

ENSCHOG00000000972 Choloepus hoffmanni

ENSLAFG00000012934 Loxodonta africana

ENSTBEG00000000557 Tupaia belangeri

ENSPCAG00000015460 Procavia capensis

ENSFCAG00000001621 Felis catus

XM_543828.2 Canis familiaris

ENSETEG00000004648 Echinops telfairi

ENSPVAG00000006989 Pteropus vampyrus

ENSSTOG00000005483 Spermophilus tridecemlineatus

ENSOCUG00000013783 Oryctolagus cuniculus

ENSEEUG00000013652 Erinaceus europaeus

ENSMLUG00000004671 Myotis lucifugus

ENSOPRG00000007287 Ochotona princeps

ENSETEG00000012318 Echinops telfairi

ENSMICG00000002228 Microcebus murinus

ENSETEG00000017452 Echinops telfairi

LOC100061006 Equus caballus

ENSCJAG00000018999 Callithrix jacchus

Nanog Rattus norvegicus

Nanog Mus musculus

ENSCPOG00000008888 Cavia porcellus

ENSCPOG00000002621 Cavia porcellus

ENSMMUG00000002360 Macaca mulatta

ENSVPAG00000005792 Vicugna pacos

ENSCJAG00000022416 Callithrix jacchus

ENSETEG00000003310 Echinops telfairi

ENSETEG00000019507 Echinops telfairi

ENSSSCG00000004977 Sus scrofa

ENSETEG00000001605 Echinops telfairi

NANOG_BOVIN Bos taurus

ENSMMUG00000032439 Macaca mulatta

ENSGGOG00000023963 Gorilla gorilla

ENSTTRG00000000753 Tursiops truncatus

ENSGGOG00000026545 Gorilla gorilla

XM_001117107.1 Macaca mulatta

XM_001112736.1 Macaca mulatta

ENSMMUG00000029479 Macaca mulatta

A2T7R5_PONPY Pongo pygmaeus

ENSMMUG00000013754 Macaca mulatta

ENSPPYG00000004233 Pongo pygmaeus

NANOG Gorilla gorilla

NANOGP1 Gorilla gorilla

NANOGP1 Homo sapiens

NANG2_PANTR Pan troglodytes

NANOG_PANTR Pan troglodytes

NANOG Homo sapiens

LEGEND
x1 branch length

x10 branch length

x100 branch length

Gene ID current gene

Gene ID within-sp. paralog

speciation node

duplication node

ambiguous node

collapsed sub-tree

collapsed (current gene)

collapsed (paralog)

AA alignment match/mismatch

AA consensus > 66% (mis)match

AA consensus > 33% (mis)match

AA alignment gap
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Abstract

Background: The prediction of transcription factor binding sites is difficult for many reasons. Thus, filtering

methods are needed to find the biologically relevant (true positive) matches in a large amount of computational

predictions that are generated for promoter sequences.

Results: ReXSpecies 2 filters predictions of transcription factor binding sites and generates a set of figures

displaying them in evolutionary context. More specifically, it uses position specific scoring matrices to search for

motifs that specify transcription factor binding sites, and digests and filters these. It then identifies potential

transcriptional modules, and generates figures that highlight such modules taking evolution into consideration.

It interacts with genome browsers to enable scientists to analyze predictions together with other

sequence-related data.

Conclusions: Based on ReXSpecies 2, we derive plausible hypotheses about the regulation of pluripotency. Our

tool is designed to analyze transcription factor binding site predictions considering their common pattern of

occurrence, highlighting their evolutionary history.
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Background

The investigation of gene regulation in general, and transcription factor binding in particular is a

challenging task [1–3], and many data sources should be considered. In silico predictions based on position

specific scoring matrices suffer from many matches that may be false positives, since they only rely on a

sequence’s primary structure. For instance, the spatial structure of DNA, which is not only defined by its

sequence, is highly important when considering transcription factor binding. Hence, predictions made

using a sequence’s primary structure only are usually not presumed to be very accurate.

Normally, we expect that similarity between a base sequence and a known motif is a necessary condition

for binding, but it is neither a necessary, nor a sufficient one. Similarity is often measured using a score or

a score-derived E value and it is hard to decide where to set a threshold. On the one hand, transcription

factors can also bind sequences that are quite dissimilar from their known binding motif. On the other

hand, other effects (such as spatial DNA structure) can prevent the transcription factor from binding. In

summary, binding is the result of various influences. Nevertheless, to arrive at a binary

binding/non-binding statement, predictions with a sequence-based similarity score below an arbitrary

threshold are usually discarded. In vitro analyses may likewise not be reliable. That is, even if

transcription factor binding is measured, it does not imply regulatory effects.

Because most methods for the investigation of gene regulation neglect some aspects of binding and

frequently generate a large amount of predictions, a high false positive rate is usually assumed. As we will

discuss towards the end of this paper, an alternative to declaring that most predicted transcription factor

binding sites are false positives is the concept of “ubiquitous but negligible transcription” [4].

To manage this complex situation, we propose to integrate data from different sources [5, 6]. Besides

computational predictions, curated data and gene expression experiments may be considered using genome

browsers such as the UCSC browser [7]. Most importantly, evolutionary conservation of regulatory

modules [6] can help find hypotheses about transcriptional regulation. Based on this premise, using the

conservation of binding sites between species, we developed a tool called ReXSpecies [8, 9].

Here, we present version 2.0 of that tool [9], which offers an array of new features: It provides full

automation; the only input needed are the coordinates of a promoter region. Starting from a precomputed

selection of homologous regulatory regions available via UCSC [10], it automatically searches for

transcription factor binding sites therein, using position specific scoring matrices and the PoSSuM

tool [11]. Also, it has been improved in terms of graphical visualization, interactivity, and usability.

Further, it generates novel hypotheses about cis-regulatory modules, CRMs [5]. Such groups of predicted

2
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transcription factor binding sites are relevant for the study of gene regulation. Their evolutionary

conservation can then be visualized by means of various figures:

1. An annotated alignment, combining sequence and binding site information,

2. An annotated phylogenetic tree, including ancestral states estimated for the transcription factor

binding sites found in today’s species,

3. A combination of alignment and tree,

4. Interactive web pages of 1-3,

5. Interactive genome browser web pages (e.g. UCSC [7]). In particular, ReXSpecies can now write

BED file format [12] that can be visualized using the UCSC genome browser [7] and the EnsEMBL

genome browser [13].

See also in Additional File 1, Part II for an overview of all figure types.

Other approaches to filter transcription factor binding sites using evolutionary conservation

As discussed in [8], there are many redundant or putatively false positive matches of position specific

scoring matrices in eukaryotic genomes. A critical point for filtering by evolutionary conservation is to

identify homology. Such homology should not just hold for the base sequence. Instead, evolutionary

constraints also apply to regulatory effects, which depend on spatial structure and binding affinities (also

weak binding) of transcription factor molecules to the DNA, which classical alignments based on sequence

(Smith-Waterman, BLAST) fail to consider. Regulatory effect is thus ignored by sequence based

alignments, and functional equivalence of different sub-sequences may be retained although the sequence

itself changes heavily.

To overcome some of these difficulties, two approaches are possible in principle. One way is to first search

for transcription factor binding sites, and to afterwards identify homology (alignment free methods). The

other way is to start with finding homologous sequences and their alignment, and then to search for

transcription factor binding sites therein (phylogenetic footprinting). In each case, the first step is crucial.

• Finding transcription factor binding sites first (alignment free) means that it is not possible to use

evolutionary conservation for that step. So, other ways to detect true positives in position specific

scoring matrix matches should be used.

3
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• If analyses start generating an alignment (phylogenetic footprinting), detection of functionally

homologous sequences is hard, because nothing is known about the transcription factor binding sites

found in the sequences.

Of course, combinations of both methods are possible. One current alignment-free method is the

Regulatory Region Score (RRS) proposed by Koohy et al. [14]. It combines gene expression related

features with sequence features and then calculates average scores for sequences (modules) to be bound by

certain transcription factors. It afterwards generates a list of functionally homologous sequences.

Unlike the RRS method, ReXSpecies belongs to the phylogenetic footprinting methods, generating an

alignment first. It does not generate de-novo transcription factor binding site motifs, but instead it

subsequently generates de-novo modules of transcription factor binding sites (CRMs), based on libraries of

binding site descriptions.

Manke et al. [15] published a method that finds transcription factor binding site modules in conserved

regulatory sequences. It is based on gene expression data and gene function (gene ontology [16]) data and

their algorithm does not directly consider a phylogeny, but evolutionary conservation is used.

Similarly, MCAST [17] allows one to search for clusters of motif matches, but without using phylogenic

information. GibbsModule [18] and PhyME [19] provide de-novo detection of motifs and regulatory

modules constituted by such motifs. Compared to these two tools, ReXSpecies uses validated libraries of

position specific scoring matrices [20,21] for finding transcription factor binding sites and searches for sets

of potentially cooperating transcription factor binding sites, using their phylogenetic conservation.

Other important frameworks used to analyze transcriptional regulation are Genomatix [22] with its

FrameWorker module, Transfac [23] and Mapper [24]. Except for Mapper, these tools are only

commercially available. Mapper and Transfac do not search for modules, but for transcription factor

binding sites only. One feature of Mapper is that it provides a user interface to MEME [25], a tool to

generate de novo transcription factor binding site models. Genomatix FrameWorker does not reconstruct

ancestral states, but searches in a set of sequences for common patterns to detect modules.

Many of the approaches listed above only generate lists of putative CRMs but lack the ability to render

sophisticated figures. When these approaches generate figures (Genomatix) or interact with genome

browsers (Mapper), they only show aligned sequences where glyphs (squares/rectangles) below these

sequences represent the predictions, they fail to show the evolutionary history of single transcription factor

binding sites or CRMs. ReXSpecies provides some novel figure types (see “Methods: Output Files
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generated by ReXSpecies”) that were designed to analyze transcriptional regulation, including its evolution.

Results and Discussion

Considering evolution in analyzing regulatory sequences, in ReXSpecies, we used the position specific

scoring matrices from the JASPAR CORE and the Transfac databases [20,21] to find CRMs in the most

conserved elements (PhastCons [26]) of known regulatory sequences of pluripotency related genes. We

chose the CR1 (without the untranslated region of the overlapping first exon) and the CR3 conserved

regions of the murine Pou5f1 gene [27], and the N1 and SRR1 [28,29] regions of the murine Sox2 gene.

CR1 is found at chr17:35,642,919-35,643,044, and CR3 at chr17:35,641,642-35,641,746 in version 9 of the

mouse genome. Likewise, N1 is found at chr3:34,564,105-34,564,403 and SRR1 at

chr3:34,545,031-34,545,378. The SRR1 region is part of the N2 region [28,29]. ReXSpecies was used to

• digest all position specific scoring matrix matches,

• generate figures that help visualize transcription factor binding in an evolutionary context,

• highlight potentially interesting evolutionary patterns of transcription factor binding sites.

We will discuss these highlighted patterns below. We present ReXSpecies figures for all of the regions and

formulate hypotheses about their biological functionality.

Insights into the regulation of two of the core genes of pluripotency, Pou5f1 and Sox2

Here, we provide some interesting insights in the evolution of the regulation of the Pou5f1 and of the Sox2

genes related to pluripotency and give examples accentuating ReXSpecies’ potential. In Table 1, we list the

position specific scoring matrices for those transcription factors listed in [6], that are (a) known to bind in

the regions investigated here, and (b) available to ReXSpecies based on the JASPAR / Transfac [20,21]

libraries.

In the following section we discuss ReXSpecies results for each of these regions. One should keep in mind

that these are hypotheses that need to be further validated, in particular by experiments. Following the

hypothesis of “ubiquitous but negligible transcription” (see “Conclusions”), we suggest that many of the

following interpretations do have a small, but often negligible, probability to hold true in a specific

biological context. Nevertheless, one or more interpretations may emerge as important new links in the

transcriptional regulatory network, if experiments are done.
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Patterns are discussed in order of branch length score [30]. The numbering of patterns in the UCSC tracks

of some figures is not always consecutive; patterns found only in species other than mouse can be included

in the ReXSpecies pattern list for the regulatory region under investigation, but they are not included in a

figure using mouse as the reference genome.

Interpretation 1, the CR3 region (see also Figures 1 and 2 and Additional Files 2 – 5)

The only module found by ReXSpecies in the CR3 region (Figure 1) includes Smad (left) and Klf4/Stat

(right), matching the module proposed in Tomlinson & Chambers (2009) [31], Figure six therein. The

Smad3-Klf4 cooperation was also demonstrated by Hu et al, 2007 [32].

Figure 2 displays transcription factor binding sites specific for Primates (green), as well as transcription

factor binding sites specific for Rodents (turquoise). The specific sites for Primates are Sp1, LRF, LFA1,

MZF1, ZF5, ETF, HNF4, Churchill, MZF114 and Kid3; and the specific sites for Rodents are FOXO1,

CDPCR3, CIZ, FOXO3, FOXD1, Sox5, FOXL1, Kid3/ZNF354 and Prrx2. Since there are very few papers

describing species-specific transcription of Pou5f1 or Sox2, or species-specific usage of transcription factors

involved in pluripotency, currently there is no easy validation of these sites available.

Interpretation 2, the CR1 region (see also Figures 3 and 4 and Additional Files 6 – 9)

Sorting the patterns found for CR1 by branch length score, the first six patterns with one exception (the

forth) are describing “small modules”. The binding sites they include are often also included in the “large

modules” #4, #8, #9 and #12.

Pattern #1 (in Euteleostomi, but not human) is composed of Ets1 and ETF (a.k.a. TEF-4). Notably, it is

long known that Ets1 activity is enhanced by TEF-4 (in COS-7 cells, derived from African green monkey,

Chlorocebus [33]). This leads to activity of CTalpha. CTalpha in turn regulates phosphatidylcholine

biosynthesis, which is implied in mouse embryonic development, [34], as is Oct4/Pou5f1.

Pattern #2 (in Euteleostomi and in Boreotheria) may relate to Vitamin D receptor (Vdr) expression,

which in turn relates to growth and differentiation. It consists of Wt1 and Zeb1, both of which up-regulate

the activity of the Vdr promoter (as does Sp1) [35]. Thus, Vdr activation may go hand in hand with

Oct4/Pou5f1 regulation by way of this module. Moreover, Zeb1 is an EMT inducer [36], and Wt1 is

required for EMT in embryonic stem cells (see [37], their Figure four), providing another possible

connection to pluripotency and Pou5f1.

Pattern #3, ETF (Embryotrophic factor-3) and BRCA1 (Breast cancer type 1 susceptibility protein) in
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Euteleostomi (with few seemingly random exceptions) can readily be related to proliferation, just by their

names. However, investigating the literature and databases (Google Scholar, STRING) does not hint at a

possible cooperation between these two.

Pattern #4 features some of the transcription factors already discussed, as well as some other transcription

factors known to be involved in pluripotency and differentiation (MyoD, Sp1, Zfx, Klf4, E2f1, Gata1).

Notably, the Sp3 site (arrow) matches a literature-curated site (of the wiki track), so it is experimentally

validated.

Pattern #5 is found in all Boreotheria. The transcription factor ACAAT (i.e. Avian C-type CCAAT box)

approximately matches the GATA motif reflected by the overlap of the binding sites of the pattern. It also

shows similarity to the binding motif of the Sox30 protein (5’-ACAAT-3’ [38]). No position specific scoring

matrix for Sox30 is available in JASPAR nor in Transfac (see Table 1). Both, GATA and Sox30 are

involved in differentiation. A role in the differentiation of male germ cells was proposed for Sox30 [38].

Different roles in germ cells are discussed for GATA [39]. It is possible that both differentiation-related

transcription factors are involved in Pou5f1 regulation, supressing its expression in the course of germ cell

differentiation.

Pattern #6 in Boreotheria includes transcription factors that are implied in development of pancreas,

CD44 and photoreceptor cells. If it is functional, it may simply be inhibitory. This pattern also contains

Pax and Gata3, which may work together in regulation of kidney development [40].

Pattern #8 is like Pattern #4 quite noisy. Even though it is predicted for the Boreotheria, only parts of it

are available for many of the Boreotheria including mouse and human. It contains many factors that are

relevant for the control of pluripotency, such as COUP (matching the literature curated site, arrow), Stat,

Gata, and Esrrb, but no clear interpretation is possible.

Pattern #9 (Eutheria, by parsimony) overlaps with the literature-curated known binding site LRH-1

(arrow). At the “far left” (in the UCSC figure), it includes Ets1 and TEF1; this part is not found in mouse

(and not shown in the figure). Since it is not found in some other species either, it is responsible for the

disharmonic TreeLogo (Additional files 6 and 7). LRH-1 may cooperate with some transcription factors in

the pattern but without experimental proof of binding, and with an implication into pluripotency, such as

Klf4 and p300.

Pattern #12 in Murinae yields an interesting hypothesis of the mouse- specific cooperation of Zic2/3,

Mycn, COUP-TF2 (which is experimentally validated, arrow, also known as Arp1), and Yy1.
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Interpretation 3, the N2/SRR1 region (see also Figures 5 and 6 and Additional Files 10 – 13)

Part of the SRR1 region was already analyzed by ReXSpecies in [6] (figure seven). In that analysis, we

zoomed into the small subsection of SRR1 that includes the Stat3 and Oct4/Brn1/2 binding sites

experimentally validated in mouse: this subsection is conserved up to fish. We found patterns including the

Stat3 and Oct4/Brn1/2 binding sites, and two further patterns that combine predicted binding sites of

transcription factors of dual (neural as well as pluripotency) relevance, possibly reflecting the known dual

role (pluripotency and neural development) of the N2/SRR1 region [6]. In Figure 5, we show the patterns

we observe if we zoom out and inspect the entire SRR1 region. In particular, pattern #3 includes matches

to the experimentally validated Oct4/Brn1/2 binding sites, designated Brn2 and OCTx (arrows). In the

earlier zoom-in analysis, the first Oct4/Brn1/2 binding site was out-of-scope and could not be found; this

first site is now found, in pattern #3, together with the second validated Oct4/Brn1/2 binding site, and it

co-localizes with Sox-related binding (Sry) as well as Stat-related binding (Stat5A/6). Pattern #3

includes, besides others, Nobox and Pdx1 binding sites on the left that are missing in mouse (and not

shown in the figure); it is for this reason that not the entire pattern is found in mouse/rat, but it is

estimated by parsimony to be gained first in Tetrapods.

The first two tracks (patterns #1 and #2) are surprising; PU.1 and Gata1 are known as antagonistic

regulators of hematopoiesis [41] and have no known connection with pluripotency or (early) neural

development. Thus, either

1. the patterns are “negligible” (which is the most likely scenario; see “Conclusions”); or

2. PU.1 and Gata1 are involved in pluripotency or early neural development, that is they are

“moonlighting” in addition to their well-known role; or

3. the region under investigation is involved in hematopoiesis (implying with high probability that Sox2

is).

There is a hint of evidence for scenario (2), since the Sox2 N2 region regulates the anterior neural

plate [28] and Rekhtman et al [41] report that after injection of PU.1 RNA, Xenopus “embryos also

displayed defects unrelated to hematopoiesis in the developing dorsal axis, seen first as an uneven neural

plate (not shown) and resulting in abnormally shaped tails.” It should be noted that although the PU.1

pattern (pattern #1) is inferred to be amniotic (same as the GATA pattern, pattern #2), it also appears in

some fish (Percomorpha), where it must have been gained independently, according to parsimony. Then

again, it is more likely that it was gained once in Euteleostomi, but lost in zebrafish and frog.
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In the next two tracks, patterns #4 and #6 are found. They both feature Stat1, which is slightly upstream

of the validated Stat3 binding site. They both feature MOVO-B / Ovol2, which is required for embryonic

development, in particular of the cranial neural tube [42]. Finally, the last two patterns occur in very few

species, reflected by their low branch length score, and if they not false positive, they are likely “negligible”.

Interpretation 4, the N1 region (see also Figures 7 and 8 and Additional Files 14 – 17)

The N1 region regulates the anterior neural plate [28]; it features few binding sites validated

experimentally in mouse (a tandem Lef1 binding site, and a single Fgf binding site [28]). Transfac-based

computational analyses cannot find Fgf binding sites, because there is no model. As reported by [28] (their

Figure six), the first Lef1 binding site is found in all tetrapods they investigated, whereas the second Lef1

binding site was lost (or never gained) in Xenopus frog. In line with this, we infer that patterns with the

second site were gained in amniotes (patterns #7, #10, #17, red arrows), whereas patterns with the first

site are inferred to be gained in tetrapods (patterns #1 and #14, blue arrows). All these patterns include

a variety of other predicted binding sites, with no clear message of overrepresentation of specific groups of

transcription factors. Apart from the group of patterns including Lef1 just discussed, the second group of

patterns worth discussing are patterns #2, #6, #8 and #12, which include Oct and/or Sox motifs (green

arrows). In particular, the Oct/Sox (Sry/Sox5/Oct1) motif of pattern #2 may indicate an involvement of

N1 not just in neural development, but also in pluripotency.

Conclusions
Exploration of regulatory sequences made easier

The examples show that in order to explore regulatory sequences, scientists can benefit from good

visualization and interactive tools. The incorporation of evolutionary considerations in such analyses may

help to identify true positive transcription factor binding site predictions. However, the evolution of

(predicted) transcription factor binding sites is not displayed by common visualization approaches such as

genome browsers.

ReXSpecies helps to explore the large amount of predictions gained by matching classic position specific

scoring matrices. It automates many steps from downloading the data to running position specific scoring

matrix software, and it aligns sequences and predictions in order to find conserved patterns in the output

data. It then converts the results into useful formats (PDF, PS, SVG, WMF, XLS, . . . ). Furthermore, it

interfaces with genome browsers to analyze the conserved patterns in other contexts. Thus, integrative and
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comparative studies with known tracks at UCSC and other genome browsers are made easy and

supplementing results of such regulation studies with other published work is facilitated. Scientists can

therefore find the most relevant transcription factor binding site predictions for their work.

Transcription is not limited to known genes

Exemplifying the advantages of evolution-aware analyses of transcriptional regulation using ReXSpecies,

we have derived some plausible hypotheses for murine Oct4/Pou5f1 and Sox2 regulation. Even for

predictions that do not match known transcription factor binding sites, often reasonable interpretations are

possible. This is in line with recent experiments measuring the amount of transcription, which suggest that

transcription is not confined to the small regions occupied by protein-coding genes. Moreover, just

including transcription of regulatory RNA may not suffice to explain that virtually every nucleotide is

transcribed [4,43], even though often at (extremely) low levels, and usually with negligible biological effect.

(The biological effect may in turn depend on the biological context.) These observations shed new light

onto computational predictions, hypothesizing that most of them are in fact real, as are the modules we

find. We then further hypothesize that in the right biological context, triggering “the right” DNA

structure, DNA accessibility, etc., advantageous for transcription, most computational predictions of

transcription factor binding are not only realized, but many of them may then even be of biological

relevance. We call this hypothesis the “ubiquitous but negligible transcription hypothesis”.

Methods
Prediction of transcription factor binding sites
Sequence based prediction of transcription factor binding sites

Usually, in-silico transcription factor binding site predictions are based on the DNA base sequence of

regulatory sequences. Therefore, a table (position specific scoring matrix) of log-likelihoods (or log-odds) is

used to detect transcription factor binding sites in a regulatory sequence; each column in that table stands

for a position in the binding sequence, and each row represents a base (A, T, C, or G) [44]. The entries in

the table express how often a base occurs at a position in a set of known binding sites of the transcription

factor that the position specific scoring matrix belongs to.

ReXSpecies uses PoSSuM [11] in combination with the freely available JASPAR database [20] for the

purpose of searching for transcription factor binding sites. More transcription factor binding site models

besides JASPAR may be uploaded in Transfac file format [21,45]. For our example analyses, we uploaded

the current Transfac position specific scoring matrix library available from BIOBASE. Table 1 features a
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detailed list of all transcription factor binding sites curated in [6] and investigated here, for which a

position specific scoring matrix exists in our position specific scoring matrix libraries from Jaspar and

Transfac [20,21].

Alignment and clustering of transcription factor binding site predictions

ReXSpecies fetches the regulatory sequence under investigation (e.g. specified by genome coordinates) from

the UCSC genome browser. There, the multiz alignment tracks [10] (currently, hg18 and mm9 are available

in ReXSpecies) provide homologous sequences of other species. Alternatively, users may upload

homologous sequences of their own. The multiz-alignment was pre-calculated by UCSC for 30 different

species in the mouse genome and 17 in the human genome. This alignment (or the uploaded one) is used

by default as the sequence alignment. If activated, ReXSpecies can employ several sequence alignment

tools (per default muscle [46] is used) to redo the alignment.

Then, ReXSpecies aligns the transcription factor binding site predictions such that their sequence

coordinates are converted to alignment coordinates considering gaps, which have been introduced by the

alignment tool as described in [8]. Afterwards, ReXSpecies tries to identify homologous transcription factor

binding sites. Two binding sites are considered to be homologous if they essentially overlap and if they are

bound by homologous transcription factors (based on HomoloGene [47]). “Essentially overlapping” means

that the beginning or the ending of the aligned predictions overlap. The start position in the alignment

plus the length of the binding site in base pairs is called “beginning”. The “ending” is calculated in the

same way, that is the end position minus the length of the binding site in base pairs. These calculations are

done to prevent predictions with binding sites with larger gaps, i.e., disrupted binding sites containing

insertions gained during evolution, from being considered homologous to all binding sites for similar factors

within that insertion. (Of course, such larger gaps could also be the result of alignment errors.) Each

prediction is then assigned a branch length score as proposed in [30]. Predictions can be filtered based on

different scores (matrix similarity score [22], branch length score [30], E-value) or based on other features

(target species / clade of the model, name of the transcription factor).

Finally, considering each species separately, redundant predictions are identified. Predictions are clustered

if they share at least the start, middle (middle = b start+end
2 c) or end (alignment-)coordinate, their length

in base pairs is the same and at least one of the following conditions is true:

• The names of the transcription factor binding sites predicted are similar (not considering

upper/lower case, spaces, numbers).
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• The predictions are made for homologous transcription factors (based on HomoloGene [47]).

The clustering of predictions of factors of similar name was implemented, because many overlapping

matches for paralogous transcription factor binding sites are gained from the PoSSuM tool, but we often

cannot distinguish paralogous binding factors by their binding motif only, see Figure 9. ReXSpecies tries to

identify redundancy by removing numbers from the transcription factor names (Sox2 → sox, Sox17 → sox)

and comparing the resulting strings (sox). The rigid matching rule (same start, middle or end coordinate

plus same length), however, prevents the clustering of predictions that are not redundant, since there may

be overlapping transcription factor binding sites with similar names that are not paralogs. However, the

user can completely turn off paralog clustering. In two cases predictions may also be joined if they simply

overlap (relaxed matching rule): a) if they are made for the same binding transcription factor, or b) if they

are at least made for a homologous transcription factor based on HomoloGene [47]. (Note that the joining

of homologous predictions is distinct from the clustering of redundant predictions, which is done right after

detection, see above.) Joined predictions are assigned a combined name e.g., Sox for the Sox2/Sox17

predictions. Likewise, synonyms such as Pou5f1 and Oct4 are assigned a name comparable to

Pou5f1 Oct4. If needed, manual joining is also possible.

Phylogenetic tree with labelling by inferred ancestral transcription factor binding site predictions

After the generation of position specific scoring matrix-based transcription factor binding site predictions

for the sequences, ReXSpecies labels a phylogenetic species tree [48–50], Figure 10, using the binding site

predictions as labels for the leaves of the tree and employing the Fitch parsimony [51] method to

reconstruct the labels for the ancestral species in the tree. Thus, the extant species are labelled with the

binding site predictions and the inner nodes are inferred by parsimony. Alternatively, the common tree

originating from either the NCBI taxonomy browser [52], the tree used for the multiz alignment [49], or a

user-provided tree can be labelled.

The parsimony method minimizes the number of changes that have to be assumed to explain the data

given for the extant species in a phylogenetic tree. There are also statistical methods (e.g. Bayesian

statistics [53] and maximum likelihood methods [54]) to predict ancestral states (and to calculate

phylogenies as well, as parsimony does), but they do not always predict fewer false positives [55]. Since it is

quite fast and generates results even if data is noisy and sparse, we decided to use the parsimony method.

Nevertheless, parsimony-generated models of binding site evolution tend to overfit so that ReXSpecies also

suffers from that overfitting. Interpretations of ReXSpecies output must take care of this fact. In
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particular in combination with the noisy underlying alignment data this causes erroneous predictions of

losses, if parts of the alignment are wrong or missing.

Finding groups of transcription factor binding sites gained / lost together

Once the tree has been labelled, ReXSpecies finds patterns of transcription factor binding sites (modules,

CRMs). A pattern consists of two or more transcription factor binding sites that are separated by a

specific number of base pairs. Such transcription factor binding site patterns consist of binding sites, all of

which are either gained or lost (alternatively present or absent) at the same node of the phylogenetic tree.

In other words, the transcription factor binding sites making up a module must have the same conserved

distance (in base pairs) in all species where they are present. See also Additional File 1, Part I for the

pattern detection algorithm. We call such patterns gain/loss patterns. By default, we focus on

transcription factor binding site gains only, because we consider gains more informative than losses. The

patterns are then ranked using a branch length score as proposed in [30].

Furthermore, by default we ignore gains and losses in the extant species, because of the large amount of

spurious binding site matches in these. We expect far fewer spurious matches if we base our analysis on

parsimony reconstruction of ancestral labels in the species tree, because parsimony-based reconstructions

for an inner node are based on two or more predictions for the leaves (the extant species). As described in

the last section, these reconstructions may nevertheless be dominated by noise.

As an alternative to gain/loss patterns, ReXSpecies 2.0 supports the calculation of branch length scores as

proposed by Stark et al. [30] for each transcription factor binding site prediction (as well as for gain/loss

patterns), and to use only these scores for ranking and filtering transcription factor binding site predictions.

Output Files generated by ReXSpecies

ReXSpecies generates different files, especially figures that allow users to visualize regulatory sequences

and that highlight gain/loss patterns. All figures can be exported in PDF format. Depending on a file’s

content (table or figure), it can also be exported in different spreadsheet formats (ODF, XLS), or in

common graphic formats (PNG, TIFF, BMP, SVG, EPS, PS). Additionally, ReXSpecies can write BED

files [12] (and extended BED files), which can be imported to a genome browser (UCSC [7,56] and

EnsEmbl [57]). Here, we will concentrate on three types of output files.

First, ReXSpecies can generate BED files [12] (optionally extended BED files with STRING [58,59] and

iHOP [60,61] information about the transcription factor proteins) that are input files for genome browsers
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such as UCSC [7] or EnsEMBL [13]. The genome browser can then be used to generate figures of the

transcription factor binding site predictions made by ReXSpecies, with extended annotations available via

the user interface of the genome browser as clickable links. (See Figures 1, 3, 5 and 7.)

Second, ReXSpecies can generate a figure that shows an annotated alignment with color-coded species,

which is an illustrational overview of the annotated sequences. (See Figure 2.)

The third type of output file is a table (available as Excel sheet, as OpenDocument sheet or as PDF) that

lists all gain/loss patterns with additional information. (See Additional Files 2, 3, 6, 7, 10, 11, 14, and 15.)

Additional output files are systematically presented in Additional File 1, Part II.

BED files

Using UCSC [7] and EnsEMBL [13], custom annotation tracks may be uploaded in BED (Browser

Extensible Data) format [12]. Therefore, we implemented export of results generated by ReXSpecies as

BED files [12]. These files can be uploaded to the UCSC genome browser and to EnsEMBL. UCSC can

also directly be opened from ReXSpecies with the BED file already uploaded, enabling scientists to analyze

ReXSpecies predictions in a familiar manner together with other data concerning regulation as proposed

in [6]. (See Figures 1, 3, 5 and 7.) ReXSpecies can also write a “BED detail format”, so that information

about each transcription factor acquired from the STRING database [58,59] and the iHOP

database [60,61] is directly available through the web interface of UCSC.

As specified by the user, BED files may contain either all transcription factor binding site patterns or all

transcription factor binding sites above a given branch length score threshold. Thus, the BED files contain

either transcription factor binding sites as parts of gain/loss patterns or highly conserved transcription

factor binding sites based on their individual branch length score.

Annotated Alignment (Homology based)

In genome browsers, figures are generated in a sequence-centered way and annotations are usually plotted

below the sequence. Additionally, a detailed sequence-centered figure is generated by ReXSpecies

visualizing the transcription factor binding sites species-by-species as in [8] (see Additional File 1, part II).

However, because we usually consider many homologous sequences, which often contain many predictions,

we would generate very large images if we consider all species in the alignment separately. Since

ReXSpecies “clusters” homologous predictions, the size of the figure can be reduced to fewer glyphs
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(squares/rectangles) by eliminating redundant ones. Only one glyph is then used per homolog, instead of

many different ones for each species. To generate such figures, we implemented a homology based

rendering where each prediction is shown only once, see Figure 2. For each transcription factor binding site

prediction, all species in which homologous transcription factor binding sites occur are color coded. In

Figure 2, the species tree is plotted left from the predictions and its nodes are colored the same way as the

predictions are.

We developed a color assignment algorithm that assigns similar colors to closely related species and

different colors to distant species. This algorithm implements the following principles:

• The color hue of the nodes follows a gradient along the leaves of the tree, so that evolutionary distant

nodes are assigned dissimilar colors while evolutionary close nodes are similarly colored.

• Nodes close to the root get darker colors than nodes close to the leaves.

Homology-based figures highlight evolutionary highly conserved predictions in a natural way since they are

rendered in many colors, because they are present in many species. (Such highly conserved homologs are

also reflected by high branch length scores.) Also, it is now easy to find predictions that are present in two

distant regions of the species tree, because for each region, a block of similar colors is shown. Such

predictions present in two distant regions often form a gain/loss pattern.

As in all types of figure (sequence- and tree-based figures), gain/loss patterns can be highlighted using the

pattern color option. If activated, the pattern colors are shown in the left half of each prediction box in the

alignment, while node-(gradient)-colors of the transcription factor binding site prediction (with colors

denoting the species) are plotted to the right of the pattern colors. The nodes are then split in half, where

the left half shows the pattern colors, and the right half shows the node (gradient) color.

Table with all Details about Patterns

The most extensive output is a list of patterns. Each pattern is shown with its branch length score, its

gain/loss nodes, its transcription factor binding sites, and two logos:

• The pattern logo (PatternLogo) shows the pattern as it would occur in the alignment view. That is,

it shows a small alignment view where only the transcription factor binding sites incorporated in the

pattern are drawn.

• The tree logo (TreeLogo) shows the species tree. In this tree, the ancestral inner gain/loss nodes of
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the pattern as found by parsimony (as described earlier) are highlighted in the pattern color.

Furthermore, all leaves of extant species, where the full pattern is present, are drawn in that color.

The TreeLogo is strongly related to the branch length score. More specifically, the branch length

score increases when there are more highlighted leaves and when the evolutionary distance separating

the leaves is greater. The branch length score corresponds to the summation of all branch lengths of

the subtree, in which all leaves are highlighted.

The pattern table can also be downloaded in Excel [62] or OpenOffice calc OpenDocument format [63], as

a PDF, or XML, that could be processed further, using XSL transformation [64].

A long version of the pattern table includes sequence logos [65] for each sequence motif, that is part of the

pattern. Furthermore, direct links to different databases are provided, to

• the NCBI EntrezGene entries for the genes that code for the transcription factors,

• the STRING network of all transcription factors and the target gene of the regulatory sequence,

• a Google search for the genes of the transcription factor proteins of the pattern and the protein of the

target gene of the regulatory sequence,

• iHOP searches for the transcription factor names, especially for those that are not mapped to any

gene identifier.

Each match can easily be found in the figures generated by ReXSpecies using a JavaScript function that

highlights the corresponding elements, using the ReXSpecies web site.

Pattern tables can be found in the supplement as Additional Files 2, 3, 6, 7, 10, 11, 14 and 15.

Future work

We plan to integrate some more genomes from UCSC [7]. Furthermore, we plan to implement a software

module that finds homologous promoter sequences by running BLAST searches in genome data or using

the HomoloGene database [47], or based on alignment-free promoter search [14,22]. We would like to be

able to predict gene transcriptional regulation networks that could be analyzed using tools such as

Cytoscape [66] and ExprEssence [67], and that could be viewed using Cytoscape or VANLO [68].

Availability and requirements

Project name: rexspecies
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Project home page: http://sourceforge.net/projects/rexspecies

Operating system: Web application running on Linux [9]

Programming language: Perl

Other requirements: bioperl, muscle, mysql, ldap, MrBayes, PoSSuM

License: GNU LGPL [69]
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Figures
Figure 1 — CR3 pattern at UCSC

The pattern found in the murine CR3 region at the UCSC genome browser. The pattern is shown as one

track, more patterns would be in a new track each. The tracks are sorted by branch length score

(BLS [30]), which is shown in the track description. The color and the number in the track description is

unique for each pattern, the ancestral species that are predicted to be the origins of the pattern are also

given in the track description. (If all transcription factor binding sites of a pattern are predicted for mouse,

this is denoted using an exclamation mark in the track description.) If a pattern does not occur for mouse
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at all, it is not shown in the UCSC figure. The color gradient of the glyphs (squares/rectangles) that

represent the binding sites follows the matrix similarity score of the position specific scoring matrix match

that yielded the mouse transcription factor binding site prediction. Below the prediction tracks, the wiki

track is shown. That track contains annotations that we have listed in [6]. The wiki track entries are linked

with the PubMed [47] entries of the papers that published the corresponding transcription factor binding

site. On the bottom of the figure, sequence conservation is shown. We analyzed the PhastCons [26] most

conserved elements only; also we did not analyze the untranslated regions of genes.

The very first track lists the nucleotide bases; stop codons (*) in the “amino acid track” indicate that the

region is non-coding.

CR3/UCSC 220211.pdf

Figure 2 — CR3 pattern, Homology based figure

The pattern and the transcription factor binding sites found in the murine CR3 region. As explained in the

main text, the species, for which a homolog of a transcription factor binding site is predicted, are

highlighted by colors. In the species tree, a plus “+” is denoted, if for that node gains of transcription

factor binding sites are predicted by parsimony; this helps identify evolutionary change. The left half of the

nodes shows the color of the patterns that are predicted to be gained at this node by parsimony, the right

half indicates the node color. Next to the extant species leaves, the colors of those patterns are shown,

whose transcription factor binding sites all are predicted to exist in those species. In case of CR3, only one

pattern is found, hence we see only the dark pink boxes for this one pattern. On top, alignment

coordinates and genome coordinates of the reference genome (mm9 in this case) are shown. The

transcription factor binding sites (i.e., usually, clusters of transcription factor binding sites) are labelled

using their cluster name that contains the name of the transcription factor, the strand (if identical for all

transcription factor binding sites clustered and all homologs), the (middle) position in alignment

coordinates and the length of the transcription factor binding site in base pairs (without gaps), if identical

for all clustered transcription factor binding sites and homologs. The transcription factor binding sites

have colored overlays that represent the species where homologs of that transcription factor binding site

are predicted. The thicker part of these overlays (curvy pink arrows) at the left indicates the patterns

(sharp edges, left) or inner nodes (round corners), in which the transcription factor binding site cluster

participates. The thin part at the right half indicates extant species (leaves), in which the transcription

factor binding site cluster participates. In the legend below, all colors are explained.
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To keep the figures readable, by default, only the first 10 patterns (ordered by branch length score) are

shown in the homology based figures.

CR3/annAlnAllInOnePattern 280211(1).pdf

Figure 3 — CR1 patterns at UCSC

The patterns found in the murine CR1 region at the UCSC genome browser. See Figure 1 for further

explanations.

CR1/UCSC 240211.pdf

Figure 4 — CR1 patterns, Homology based figure

The patterns and the transcription factor binding sites found in the murine CR1 region. See Figure 2 for

further explanations.

CR1/annAlnAllInOnePattern 010311.pdf

Figure 5 — SRR1 patterns at UCSC

The patterns found in the murine SRR1 region at the UCSC genome browser. See Figure 1 for further

explanations.

SRR1/UCSC 240211.pdf

Figure 6 — SRR1 patterns, Homology based figure

The patterns and the transcription factor binding sites found in the murine SRR1 region. See Figure 2 for

further explanations.

SRR1/annAlnAllInOne 010311.pdf

Figure 7 — N1 patterns at UCSC

The patterns found in the murine N1 region at the UCSC genome browser. See Figure 1 for further

explanations.

N1/UCSC 240211 modified.pdf

Figure 8 — N1 patterns, Homology based figure

The patterns and the transcription factor binding sites found in the murine N1 region. See Figure 2 for

further explanations.
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N1/annAlnAllInOnePattern 010311.pdf

Figure 9 — Different Sox transcription factor binding site motifs

The sequence logos [65] for different Sox paralogs from different sources (JASPAR and Transfac [20,21])

are shown. Transfac uses a slightly different color coding (colors of A and T are switched). Obviously, Sox5

and Sox9 match nearly the same motifs, Sry matches a closely related one. The reverse complement of the

ACAA core of these motifs is furthermore part of the other JASPAR motifs (TTGT in Sox2, Sox10 and

Sox17). TTGT is also part of the two Transfac motifs shown and ACAA is part of two of the three

Transfac Sry motifs.. The Transfac Sox-Motif is a family motif that is assigned to many different

Sox-paralogs (Sox2, Sox3, Sox4, Sox5, L-Sox5, Sox6, Sox6 isoforms, Sox8, Sox9, Sox10, Sox11, Sox12,

Sox13, Sox14, Sox15, Sox18, Sox20, Sox21, SRY, SoxLZ, Sox-xbb1) from different taxa (Mouse, Rat,

Chicken, Human, the whole Mammalia taxon, and some more less known model species).

Sox Motifs-Seite001.pdf

Figure 10 — The taxonomic tree used by ReXSpecies by default

The tree is based on the taxonomic trees published in [48–50].

taxTree.pdf

Tables
Table 1 - Transcription factor binding sites from our wiki track annotation [6], for which at least one
position specific scoring matrix model exists in JASPAR or Transfac databases

Transcription factor binding sites from Fuellen & Struckmann 2010 [6] that are available in JASPAR [20]

or the commercial version of Transfac [21] as of 2010. “-” indicates that a position specific scoring matrix is

not available, “+” indicates that it is.
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Available
Transcription factor JASPAR Transfac Note
Gli2 - +
Stat3 + +
Oct4 + +
Brn1 - +
Sp1 + +
Sp3 - +
Nr2c1 - -
TR2 - -
Ear2 - -
Nr2f6 - -
RARE - - but retinoic receptor RARA and RAR-gamma
SF1 - +
COUP-TF2 - +
Nr2f1 + +
COUP-TF1 + +
Nr2f2 - +
Nr6a1 - -
GCNF - +
LRH-1 - +
Nr6a2 - -
Fgf - -

Additional Files
Additional File 1 — Supplementary methods and results

The pattern search algorithm is described. Furthermore, all additional output files that are not described

in the main article are listed here.

Supplement.pdf, Portable Document Format, PDF

Additional File 2 — CR3 pattern

The pattern found in the murine CR3 region. See also Additional File 3 for a more detailed version of this

table.

CR3/Patterns 250211.xls, ExcelTM sheet with tabular data

Additional File 3 — CR3 pattern

The pattern found in the murine CR3 region, detailed version of Additional File 2.

CR3/PatternsExtended 250211.xls, ExcelTM sheet with tabular data
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Additional File 4 — CR3 pattern, Alignment based figure

The pattern and the transcription factor binding sites found in the murine CR3 region. In principle, the

elements of this figure correspond those in Figure 2. Obviously, the alignment figures are much larger than

their homology based version. In contrast to the homology based figure type, the leaves of the species tree

on the left are replaced by the sequences of the corresponding extant species. The sequences are shown in a

sequence alignment and the transcription factor binding site predictions are plotted below the sequences.

Because the species belonging to each prediction is obviously determined by its vertical position (the leaves

are not color coded here), only the thicker part of the colored overlays (see Figure 2) is shown.

To keep the figures readable, only the first 10 (by default) patterns (ordered by branch length score) are

shown in the alignment based figures.

CR3/annAlnFullPattern 090211.pdf, Portable Document Format, PDF

Additional File 5 — BED detail format file with the annotations for the CR3 region

This file can be uploaded to UCSC. It contains the transcription factor binding site pattern found in the

conserved murine CR3 region near the Pou5f1 gene. All transcription factor binding sites are annotated

with their STRING [58,59] and their iHOP [60,61] annotations, if available.

CR3/customTrack CR3chr1735641642356417461131 190111.detail.bed.txt, Browser Extensible Data Detail

Format, BED. BED files can be uploaded to genome browsers, especially to the UCSC genome browser

http://genome.ucsc.edu/.

Additional File 6 — CR1 patterns

The patterns found in the murine CR1 region. See also Additional File 7 for a more detailed version of this

table.

CR1/Patterns 250211.xls, ExcelTM sheet with tabular data

Additional File 7 — CR1 patterns

The patterns found in the murine CR1 region, detailed version of Additional File 6.

CR1/PatternsExtended 250211.xls, ExcelTM sheet with tabular data
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Additional File 8 — CR1 patterns, Alignment based figure

The patterns and the transcription factor binding sites found in the murine CR1 region. See

Additional File 4 for an explanation.

CR1/annAlnFullPattern 220211.pdf, Portable Document Format, PDF

Additional File 9 — BED detail format file with the annotations for the CR1 region

This file can be uploaded to UCSC. It contains all transcription factor binding site patterns found in the

conserved murine CR1 region near the Pou5f1 gene. All transcription factor binding sites are annotated

with their STRING [58,59] and their iHOP [60,61] annotations, if available.

CR1/customTrack CR1achr17356429193564298011 240211.txt, Browser Extensible Data Detail Format,

BED. BED files can be uploaded to genome browsers, especially to the UCSC genome browser

http://genome.ucsc.edu/.

Additional File 10 — SRR1 patterns

The patterns found in the murine SRR1 region. See also Additional File 11 for a more detailed version of

this table.

SRR1/Patterns 250211.xls, ExcelTM sheet with tabular data

Additional File 11 — SRR1 patterns

The patterns found in the murine SRR1 region, detailed version of Additional File 10.

SRR1/PatternsExtended 250211.xls, ExcelTM sheet with tabular data

Additional File 12 — SRR1 patterns, Alignment based figure

The patterns and the transcription factor binding sites found in the murine SRR1 region. See

Additional File 4 for an explanation.

SRR1/annAlnFull 220211.pdf, Portable Document Format, PDF

Additional File 13 — BED detail format file with the annotations for the SRR1 region

This file can be uploaded to UCSC. It contains all transcription factor binding site patterns found in the

conserved murine SRR1 region near the Sox2 gene. All transcription factor binding sites are annotated

with their STRING [58,59] and their iHOP [60,61] annotations, if available.
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SRR1/customTrack SRR1chr33454503134545378111 240211.txt, Browser Extensible Data Detail Format,

BED. BED files can be uploaded to genome browsers, especially to the UCSC genome browser

http://genome.ucsc.edu/.

Additional File 14 — N1 patterns

The patterns found in the murine N1 region. See also Additional File 15 for a more detailed version of this

table.

N1/Patterns 250211.xls, ExcelTM sheet with tabular data

Additional File 15 — N1 patterns

The patterns found in the murine N1 region, detailed version of Additional File 14.

N1/PatternsExtended 250211.xls, ExcelTM sheet with tabular data

Additional File 16 — N1 patterns, Alignment based figure

The patterns and the transcription factor binding sites found in the murine N1 region. See

Additional File 4 for an explanation.

N1/annAlnFullPattern 070311.pdf, Portable Document Format, PDF

Additional File 17 — BED detail format file with the annotations for the N1 region

This file can be uploaded to UCSC. It contains all transcription factor binding site patterns found in the

conserved murine N1 region near the Sox2 gene. All transcription factor binding sites are annotated with

their STRING [58,59] and their iHOP [60,61] annotations, if available.

N1/customTrack N1chr33456410534564403171 240211.txt, Browser Extensible Data Detail Format, BED.

BED files can be uploaded to genome browsers, especially to the UCSC genome browser

http://genome.ucsc.edu/.
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7. Algorithm that assigns colors to the
nodes of a species tree

7.1. Background

To find intuitive colors for a species tree, we follow two principles. First, the evolutionary
distance to the root should be reflected by the brightness of the node, whereas, second,
the region in the species tree should be indicated by its hue. Thus, we decided to use the
intuitive hue-saturation-value (HSV) color space [70], where the hue directly is available
as one coordinate, while the brightness is indirectly available in the combination of
saturation and value coordinates.

In fact, this color space is a cone. Its tip is black, and the rest of the middle axis
follows a gray-gradient from black to white. The saturation axis is the radius of the
cone. The value axis is the middle axis of the cone. The hue is the angle. See Figures
7.1(a) (aerial perspective), 7.1(b) (the cone from its “red” side, i.e. viewing from the
direction/angle that corresponds to the hue “red”), 7.1(c) and 7.1(d) (two transverse
sections of the cone parallel to the base) for a sketch of that color space.

7.2. Method

7.2.1. Idea

Because the tree often is broader than high, we decided, to use the saturation value
rather for the region (sub-clade or set of tightly related sub-clades) than for the distance
to the root, and to encode the latter in the value coordinate V only, although value and
saturation are somehow counterparts in making a color less bright (higher saturation
makes the color more bright, lower value more dark).

Thus, we let V be directly proportional to the length of the path to the root, if branch
lengths are available, and to the level otherwise.

To optimize the distribution of the remaining colors, we split the tree in sub-trees, that
are assigned different hues (H). Within these sub-trees, we assign different saturation
(S) values. See also Figure 7.2.

The only difficult step is to find the sub trees, so that their hues remain distinguishable.
We assume, a hue difference of 40◦ is still visible by eye, we could have 360◦/40◦ = 9
different sub trees. Thus, we have to choose 9 or fewer nodes, so that none of them is
contained within a sub tree that has its root among these nodes (so that all sub trees
are disjoint). We call these nodes “seed nodes”.
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Hue, H

(a) Aerial perspective view of the
HSV cone

Hue, H

(b) The HSV cone at its red side
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(c) Transverse section of the HSV
cone parallel to the base

SaturationSaturation
SS

Hue, H

(d) Transverse section of the HSV
cone parallel to the base

Figure 7.1.: The HSV color space
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* Candidate seed node with its 

assigned hue

Figure 7.2.: The threshold is moved from left to right to find a point, where not more
than 9 seed nodes are found. In the depicted state, 4 candidate seed nodes are too few,
so the algorithm would continue, moving the threshold to the right.

7.2.2. Implementation

Finding the seed nodes

To find the seed nodes, we move a line (we call that line threshold, because it limits the
number of candidate seed nodes, see below) from the root (left) to the leaves (right) and
calculate a corresponding set of candidate seed nodes. Each node right from the threshold
but not exactly on the threshold, having its parent left from the threshold or exactly on
the threshold is called a “candidate seed node”. See also Figure 7.2, where 4 candidate
seed nodes for a certain position of the sweeping threshold are shown. Furthermore,
each leaf left from the threshold is also called “candidate seed node”, because, in the
end, we want to color each leaf of the tree, either as seed node or as descendant of a
seed node. Since, they are left from the threshold, they cannot be descendants of a seed
node left from the threshold. In the end, we will only color descendants from the seed
nodes. When the algorithm stops, the candidate seed nodes become the seed nodes. The
algorithm stops as soon as the largest number of candidate seed nodes below or equal
to 9 has been found.

To find the candidate seed nodes, we use a depth-first recursion over the tree, so that
we find a candidate seed node, when we find a node, that’s (pre-calculated) distance to
the root is greater than but not equal to the current threshold, or when we find a leaf. If
a candidate seed node is found, the recursion stops, because there cannot be any other
seed node in that sub tree.

The threshold is moved in iteration until we find our desired number of up to 9 seed
nodes. In the first iteration, the threshold crosses the root (i.e. the threshold is set to

129



7.3. FUTURE WORK CHAPTER 7. COLOR GRADIENT ALGORITHM

0). Thus, the root is on the threshold, and there is no candidate seed node.

Before each iteration, the number of candidate seed nodes is counted. If it is below
the wanted number of 9 seed nodes, another iteration is necessary. The threshold is
moved to the next existing path length from the root to the nodes (it is increased by
the smallest branch length among all candidate seed nodes, or by one level, if no branch
lengths are available).

The set of seed nodes will grow, because the tree becomes broader on the right: More
nodes have edges, that cross the threshold. Besides all leaves left from the threshold that
remain candidate seed nodes, each node that looses its candidate seed node property will
be replaced by at least its children. So, even for (the degenerated case of) nodes, that
have only one child, the number of candidate seed nodes cannot decrease.

The algorithm has to check, whether there still are nodes right from the threshold.
If not, all leaves become seed nodes, and the algorithm can finish moving the threshold
and iterating. Otherwise the algorithm stops to iterate, as soon as the set of candidate
seed nodes becomes larger or equal to 9. If it is larger than 9, the algorithm goes back
one iteration, so that it returns a maximum number of seed nodes below or equal to 9.

Coloring the tree

After finding the seed nodes, they get a hue value in the same order they are shown
in the tree layout. The first seed node will have a hue value of 0◦, the next seed node
gets 0◦ + sh, the next one gets 0◦ + 2 · sh and so on, where sh is the slope calculated as
sh = 360◦

#{Seednodes}+1 . Once, each seed node has its hue value, all its descendant leaves
get that hue value and a saturation, that is assigned to these leaves similar to the hue
was to the seed nodes: the first leaf gets a saturation of 1.0. The next one gets 1.0− ss,
the third one gets 1.0−2 ·ss and so on, where ss is the slope as ss = 0.7

#{descendants} . This
avoids a saturation below 0.3, because a saturation below this value would be to close
to white. If a seed node is a leaf itself, it gets a saturation of 1.

Finally, all nodes need a V - value, and all inner nodes, that are not seed nodes need
a hue. To avoid inconsistencies, the seed nodes will also get a new hue now. In order
to do this, the algorithm recursively traverses the tree, and each node is assigned the
hue, that is (h1 + hn)/2, where h1 is the hue of the first child of a node (children are
ordered as they will be visible in the tree layout) and hn is the hue of the last child. The
value is always calculated as p

pmax
·0.65 + 0.35 where p is the length of the path from the

root to the node (or the level, if no branch lengths are given) and pmax is the maximum
branch length from the root to the evolutionary “newest” species / rightmost leaf (or
the number of levels in the tree in case of absence of branch length values). This is then
normalized to [0.35, 1] to avoid a value V of 0, that is black, for the root.

7.3. Future work

The algorithm could update the seed node set dynamically, so that it never would have
to be calculated completely new: If a new node is added after moving the threshold, its
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parent has to be deleted from the set, because it is located left from the threshold then.
The only difficult step then would be going back one iteration in case of having more
than 9 seed nodes in the end. Because the trees we have to visualize are not very large
(they have about 40 nodes), we decided, not to optimize the color assignment for speed.
Maybe, if the trees become larger, there may be a need to do so.
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8. Algorithm that finds gain/loss patterns

The algorithm itself is also included in the supplement of [7].

8.1. Purpose

The following algorithm was designed to find all sets of gains and/or losses of certain
TFBSs that occur at least along two edges in the species tree. Please see Figures 8.1
and 8.3. 8.1 shows some of the patterns, we consider to be interesting: A, B, C, and D
are genomic sequences of different species (extant or ancestral, maybe reconstructed by
Fitch parsimony). Interesting patterns are highlighted in green, orange, and magenta.
Below the image, the sets of species are shown, where the patterns occur at. 1, 2, and
3 are different changes in the TFBSs that occur along the evolutionary edge, leading to
the corresponding species node: E. g. 1 may be the gain of a Sox2 site, 2 may be the
loss of a Nanog site, and so on.

First, we concentrate on finding patterns of TFBS gains/losses that occur at exactly
the same alignment positions. We call such patterns “absolute patterns”. This is shown
in Figure 8.1.

8.2. Definitions

Besides their verbal definition, the following terms are visualized in Figure 8.3 also.

• The species tree T = (V,E), E ⊆ {(v1, v2)|v1, v2 ∈ V } is a rooted tree (with root
r ∈ V ). The elements of V are called vertices, each representing a species. All
edges in E are directed, so that for each edge (v1, v2) the first vertex v1 is the one
that is closer to the root.

• An event is the gain or loss of a TFBS at a certain position in the alignment
along the lineage from one species to another. It is denoted as a triple (s, i, l), s ∈
{−1,+1}; i, l ∈ N, where (s = +1) means gain and (s = −1) means loss of the
transcription factor i at position p in the alignment. Then, Ω = {(s, i, l)|s ∈
{−1,+1}; i, l ∈ N} is the set of all possible events.

• Based on the parsimony annotation of the edges, the pattern Ψ(v) of a vertex
v ∈ V is a subset of Ω. It is the set of all gains and losses of TFBSs along the
edge (∗, v) pointing to the species at vertex v.
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The letters A – D stand for different species. The numbers 1 – 3 represent binding sites
of different transcription factors 1 – 3 (or, generalized, presence or absence of binding

sites of transcription factors 1 – 3). For factor (state) 1, in particular, two binding sites
exist in species A – C.

Figure 8.1.: “Interesting” absolute patterns in the alignment
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sites of transcription factors 1 – 3). For factor (state) 1, in particular, two binding sites
exist in species A – C.

Figure 8.2.: “Interesting” relative patterns in the alignment
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{(+,1,8)}

{(+,2,8)}

Species D

Species C

Species B

Species A

Species I

Species H

Species E

{(+,3,32),
(+,1,42)}

∅

∅
Species F

{(-,1,8)}

{(-,1,8),
(+,4,52)}

∅

v1

v2

Species G

common SpeciesC ,Species E ={−,1 ,8}∩{−,1 ,8 ,,4,52}={−,1 ,8}

Species D

Species C

Species B

Species A

Species E

ATTG--CTTATTCTGCTT---AATTTAACTGGCATTTT--TTTTAA-CCC

12345678901234567890123456789012345678901234567890

ATTG--CTTATTCTGCTTAAAAATTTAACTGGCATAAT--TTTTAA-CCC

ATTGGGCTTATTCTGCTT---AAAAAAACTGGCATTTT--TTTTAAACCC

ATTG--CTTATTCTGCTT---AATTTAACTGGCATTTTCCTTTTAA-CCC

ATTG--CTTA-TCTGCTT---AATTTAACTGGCATTTT--TTTTAACCCC

TFBS: TF1

TFBS: TF4

TFBS: TF1TFBS: TF3

TFBS: TF1

TFBS: TF2

TFBS: TF2

TFBS: TF2

TFBS: TF1

∅

0        1         2         3         4         5
i=1, p=8 i=3, p=22

Figure 8.3.: “Interesting” patterns in alignment and tree, definitions visualized
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2nd Redundancy: C∩D

2

3
1

2

3
1

2

3
1

∩ =

C ∖ leftmost0 D∖ leftmost0
(I)

3
1

3
1

3
1

∩ =

C ∖ leftmost0∖ leftmost0 
(II)D ∖ leftmost0 ∖ leftmost0

1

2

1

2

 II ⊂I  , but v II =v  I ⇒ II  is not maximum!

1st Redundancy:

C, D:

C0∩D0

C ∖ leftmost0∩D ∖ leftmost0

C0∩D0 0=C ∖ leftmost0∩D∖ leftmost0

The missing elements at position 0 identify that kind of duplicates
An efficient way to identify them is to have a set of Z all zero-
Elements (-,-,0)

LC0∩LD 0∩Z=∅⇒Redundand set

1

1

2

3

3

1

2

3

1

2

3

1

2

3

C ∖ leftmost0

D0

C0

1

2

3

D∖ leftmost0

1

2

3

1

2
1

2

Figure 8.4.: Two types of redundancy in the relative pattern algorithm. Please see
Definition 8.5 for a definition of the function ν
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• The common pattern of a set of vertices U ⊆ V is a function:

common(U) 7→
⋂

v ∈ UΨ(v);U ⊆ V

By definition a common pattern is maximal, i.e. it includes all events shared by
the patterns of the individual vertices.

8.3. Algorithm

The following algorithm find common patterns finds all common patterns in the species
tree T for all subsets of vertices U ⊂ V

INPUT: {Ψ(v), ∀v ∈ V }

1. F0 := {Ψ(v)|v ∈ V };m := 0

DO {

2. Ftmp := Fm;

3. Fm+1 := Fm ∪ {A ∩B|A 6= B ∧A,B ∈ Fm}; m := m+ 1

}

WHILE Ftmp 6= Fm

OUTPUT: F := Fm

We will write that a pattern is found by find common patterns, if it is included in F .

In step 3, find common patterns adds all sets A∩B, with A 6= B and A,B ∈ Fm, i. e.
it adds all intersections of each two sets in the current family Fm. The algorithm stops
as soon as no new set is generated by step 3, so the closure with respect to intersection
is returned.

8.4. Correctness of find common patterns

8.4.1. Claim: find common patterns finds exactly all common patterns in
the tree T = (V,E):

A pattern Ψ ∈ P(Ω) is found by find common patterns ⇔ Ψ is a common pattern(8.1)
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8.4.2. Proof:

Claim, Part 1 – A pattern called Ψ ∈ P(Ω) is found by find common patterns
⇒ Ψ is a common pattern:
Each pattern Ψ found by find common patterns is generated by a succession of inter-

sections of patterns, therefore,

∃U ⊆ V : Ψ =

⋂
v ∈ UΨ(v)

and, by definition Ψ is a common pattern.

Part 2: Ψ ∈ P(Ω) is a common pattern⇒ Ψ is found by find common patterns:

Suppose: ∃Ψ 6∈ F,Ψ is a common pattern

Since Ψ is a common pattern, this implies that ∃U ⊆ V :
⋂
v∈UΨ(v) = Ψ holds.

where

⋂
v ∈ UΨ(v) = Ψ(v1) ∩Ψ(v2) ∩Ψ(v3) . . .Ψ(vn), vi ∈ U

= (. . . ((Ψ(v1) ∩Ψ(v2)) ∩Ψ(v3)) ∩ . . .Ψ(vn)).

Therefore,
⋂
v∈UΨ(v) is the result of a succession of intersections of patterns of vertices,

thus it is found by find common patterns, and we obtain a contradiction to the assump-
tion Ψ 6∈ F .

8.5. Relative patterns

This algorithm can be generalized to find all sets of gains/losses of certain TFBSs along
two or more edges in the species tree but with relative positions as shown in Figure 8.2.
Relative means, that within such a set, the distances between its TFBSs are the same
for each occurrence in the species tree, but the absolute start position in the alignment
may differ, e.g. a pattern would be the gain of a Sox2 site followed by that of an Oct4
site 8 base pairs downstream from the Sox2 site, and a loss of a c-Myc site 16 base pair
downstream from the Sox2 site then. An absolute pattern as referred to above would be
the gain of a Sox2 site at position 209 followed by the gain of an Oct4 site at position
217 and the loss of a c-Myc site at position 225.

In order to do that generalization, a pre-processing step and some post processing is
introduced. For each element of F0, all suffixes are generated and added to F0. Running
the same algorithm then finds (after removing certain redundancies introduced by the
pre-processing) also such relative sets.
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8.5.1. Definitions

First, we need some definitions. The function leftmost assigns to each pattern Γ ∈ P(Ω)
the set of its elements with minimum position in the alignment (see Figure 8.4 for a
graphical explanation of leftmost):

leftmost : P(Ω)→ P(Ω)

leftmost(Γ) 7→ {(s, i, l′) ∈ Γ | l′ = min
(s,i,l)∈Γ

l} (8.2)

Next, we define a shift operation denoted by superscript shift distances:

n ∈ Z \ {0},Γ ∈ P(Ω) : Γ(−n) = {(s, i, l − n) | (s, i, l) ∈ Γ} (8.3)

Another shift operation needed is a shift to the zero position:

Γ ∈ P(Ω) : Γ(∗0) := Γ(−n) for n = min
(s,i,l)∈Γ

l. (8.4)

Some definitions for convenience: The set of vertices, for that given common pattern
is part of their patterns, is the image of the function ν:

ν : P(Ω)→ V

ν(Γ) 7→ {v ∈ V |Γ ⊆ Ψ(v)}. (8.5)

The set of patterns, that occur at one or more nodes in the tree (start sets, node
labels):

ΓV = {Ψ(v)|v ∈ V } ⊆ P(Ω) (8.6)

Finally we need some helper definitions for the proof: A truncate operation removing
all elements that were moved to a negative position by a shift operation:

Γ ∈ P(Ω) : Γ̊ = {(s, i, l) ∈ Γ|l ≥ 0} (8.7)

⇒ Γ̊ ⊆ Γ (8.8)

Two relations Rp and Qp, each related to a pattern p, expressing, that the pattern
p is shared by all patterns that are part of the relation. Qp additionally needs to be
complete, i.e. there is no more pattern p ∈ ΓV , that could be included in Qp:

The relation Rp : p ∈ P(Ω) \ ∅, i = 1 . . . n,Γi ∈ ΓV

(Γ1, . . . ,Γn) ∈ Rp
⇔

∃m1, . . . ,mn ∈ Z : p = p(∗0) and p(mi) ⊆ Γi (8.9)

So, all start sets / node labels in the relation Rp share the subset/pattern p. For the
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relation Qp, we additionally claim that no other start set / node label Γi exists that
contains (is superset of) the pattern p.

The relation Qp : p ∈ P(Ω) \ ∅, i = 1 . . . n,Γi ∈ ΓV

(Γ1, . . . ,Γn) ∈ Qp
⇔

∃m1, . . . ,mn ∈ Z : p = p(∗0) and p(mi) ⊆ Γi ∧
∀Φ ∈ ΓV \ {Γ1, . . . ,Γn},∀a ∈ Z : p(a) 6⊆ Φ (8.10)

= (Γ1, . . . ,Γn) ∈ Rp ∧ ∀Φ ∈ ΓV \ {Γ1, . . . ,Γn},∀a ∈ Z : p(a) 6⊆ Φ (8.11)

8.5.2. Algorithm find relative common patterns

1. F := {Ψ(v)(∗0)|v ∈ V }

DO {

2. x := |F |

3. F := F ∪ {(Γ \ leftmost(Γ))(∗0) |Γ ∈ F}

4. }

WHILE (x 6= |F |) (While new sets were generated by step #3)

5. Fpreprocessed := F

6. Run modified version of find common patterns

a) F0 := F ; m := 0 – (Different input)

DO {
b) Ftmp := Fm;m := m+ 1

c) Fm := Fm−1 ∪ {A ∩B|A 6= B ∧A,B ∈ Fm−1}
d) }

WHILE Ftmp 6= Fm (While new sets were generated by step #6c)

7. Fresult := Fm

In this algorithm two kinds of redundancy exist (see Figure 8.4). The first one (1st

Redundancy in 8.4) is hidden in the intersection step: If two (or more) patterns Γi have
suffixes with common non-empty intersections but their prefixes differ, the resulting sets
will be added twice: First by the preprocessing as suffixes of those Γi and second by the
intersection step, as intersections of these Γi, that will remove the different prefixes too.
Thus, we simply could move the intersections to zero again as shown below.
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Another sort of redundancy results from the different input (2nd Redundancy in 8.4):
Because of the new patterns generated as suffixes of patterns, we get all suffixes of
patterns, even if they are not maximum (have not maximum number of TFBSs) for any
set of vertices. This is addressed by a new postprocessing step (see below). Changes are
marked by an asterisk (*).

1. F := {Ψ(v)(∗0)|v ∈ V }

DO {

2. x := |F |

3. F := F ∪ {(Γ \ leftmost(Γ))(∗0) |Γ ∈ F}

4. }

WHILE (x 6= |F |) (While new sets were generated by step #3)

5. Fpreprocessed := F

6. Run modified version of find common patterns

a) F0 := F ; m := 0 – Different input

DO {
b) Ftmp := Fm;m := m+ 1

c) * Fm := Fm−1 ∪ {(A ∩B)(∗0)|A 6= B ∧A,B ∈ Fm−1}
d) }

WHILE Ftmp 6= Fm (While new sets were generated by step #6c)

7. * Fintersected := Fm

Postprocessing: Remove all patterns that are subpatterns of a pattern that is
denoted at exactly the same vertices

a) F := Fm \ {Γ1 ∈ F |∃Γ2 ∈ F, z ∈ Z : Γ1 ⊂ Γ
(z)
2

(†) ∧ ν(Γ1) = ν(Γ2)(‡)}

8. Fresult := F

A more efficient way to handle the first kind of redundancy is not to add the redundant
sets generated by the intersection step, because they are not zero shifted, which can be
detected easily as their intersection with all zero-positioned elements will be empty. This
detection works faster than moving a subset to zero, because the sets are coded as a bit
vector internally (a list of zeros and ones; a one at the n-th position in that vector means,
that the n-th element is part of the coded set); intersection of two sets thus is simply
done by the logical AND operation while moving a pattern to zero needs decoding of
a bit vector, changing the position information and re-encoding of that vector again
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(during the preprocessing, the decoding step is not necessary because the encoding is
done after shifting elements).

The algorithm with that additional modification is shown below. Changes are marked
by an asterisk (*).

1. F := {Ψ(v)(∗0)|v ∈ V }

DO {

2. x := |F |

3. F := F ∪ {(Γ \ leftmost(Γ))(∗0) |Γ ∈ F}

4. }

WHILE (x 6= |F |) (While new sets were generated by step #3)

5. Fpreprocessed := F

6. Run modified version of find common patterns

a) F0 := F ; m := 0 – Different input

DO {
b) Ftmp := Fm;m := m+ 1

c) * Fm := Fm−1 ∪ {A ∩ B|A 6= B ∧ A,B ∈ Fm−1 ∧ A ∩ B = (A ∩ B)(∗0))}
(Only add intersections of patterns from Fm−1, that do contain a (·, ·, 0))

d) }
WHILE Ftmp 6= Fm (While new sets were generated by step #6c)

7. Fintersected := Fm; Postprocessing: Remove all patterns that are subpatterns of a
pattern that is denoted at exactly the same vertices

a) F := Fm \ {Γ1 ∈ F |∃Γ2 ∈ F, z ∈ Z : Γ1 ⊂ Γ
(z)
2

(†) ∧ ν(Γ1) = ν(Γ2)(‡)}

8. Fresult := F

8.5.3. Correctness of the find relative common patterns algorithm

Claim

find relative common patterns exactly returns G = {p ∈ P(Ω) : (∃P1, . . . , Pn ∈ P(Ω) :
(P1, . . . , Pn) ∈ Qp) ∧ (∀q ∈ P(Ω), i ∈ Z with ν(q) = ν(p) : p 6⊆ q(i))}
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(A) Claim: find relative common patterns returns only patterns p ∈ G First, we
show, that only patterns p ∈ H are returned by find relative common patterns. H :=
{p ∈ P(Ω) : ∃P1, . . . , Pn ∈ P(Ω) : (P1, . . . , Pn) ∈ Rp ∧ ∀q ∈ P(Ω), i ∈ Z with ν(q) =
ν(p) : p 6⊆ q(i)}

In step 1, the algorithm adds all Ψ(v)(∗0), v ∈ V , obviously all of those satisfy RΨ(v).

In step 3, patterns are included, that are subset of a pattern Ψ(v)(∗0) (they are generated
by removing elements from patterns, that are already included in F , and thus are subset
or equal to a pattern Ψ(v)(∗0). These patterns also meet p = p(∗0), because (∗0) is applied
to them before adding. ⇒ ∀p ∈ Fpreprocessed : p ∈ H

The set H is closed with respect to intersections that the algorithm does in step 6:

p, q ∈ H
p ∩ q = ({(pk, ik, rk)|k = 1, 2, . . . , a}) ∩ ({(pl, il, rl)|l = 1, 2, . . . , b})

= {(s, i, r)|(s, i, r) ∈ p, (s, i, r) ∈ q ∧ (∃(s, i, 0) :

(s, i, 0) ∈ p ∧ (s, i, 0) ∈ q, see next line for the reason)}
(p ∩ q) = (p ∩ q)(∗0)

(the algorithm does not add patterns without that condition in step 6c)

⇒ ∃(P1, P2, . . . , Pn, Q1, . . . , Qm) ∈ Rp∩q
⇒ p ∩ q ∈ H

After applying step 7, the algorithm gains G by removing subsets:

Let p ∈ Rp, but p 6∈ Qp
⇒ ∃q ∈ Qp, a ∈ Z : p ⊂ q(a), p 6= q(a) ∧ P1, . . . , Pn = Q1, . . . , Qn

⇒ p is deleted in step #7, because † obviously and

ν(p) = {P1, . . . , Pn} = {Q1, . . . , Qn} = ν(q) ⇒ ‡

(B) Claim: All patterns p ∈ G are returned by find relative common patterns
Suppose ∃p ∈ G, but not returned by find relative common patterns:

143



8.6. OPTIMIZATION CHAPTER 8. GAIN/LOSS ALGORITHM

⇒ (by definition of G)∃p ∈ P(Ω) ∧ p = p(∗0),

P1, P2, . . . , Pn ∈ ΓV ,m1,m2, . . . ,mn ∈ Z :

∀i ∈ 1, 2, . . . , n : p(mi) ⊆ Pi
⇒ p ⊆ ˚

P
(−mi)
i ; (

˚
P

(−mi)
i ∈ Fpreprocessed)

⇒ p ⊆
⋂

i = 1, 2, . . . , n

˚
P

(−mi)
i (∈ Fintersected)

Now we show p = ∩ ˚
P

(−mi)
i

Suppose p 6= ∩i=1,2,...,n
˚

P
(−mi)
i

⇒ ∃q = ∩i=1,2,...,n
˚

P
(−mi)
i , p ⊂ q, q(mi) ⊆ Pi

� (Postprocessing in step #7,

because such p match the conditions (†) and (‡) in step #7)

⇒ p ∈ Fintersected

8.6. Optimization

8.6.1. It is enough to intersect elements of F with start sets Si ∈ F0, to
decide, if the algorithm find common patterns can stop

Definitions

I ⊆ N and J ⊆ N are index sets.

Let S1, S2, . . . , Ss := F0, the start sets (8.12)

The number of start sets s := #Startsets S (8.13)

All intersections gained in step t:

F t := {∩j∈JSj , j ⊆ {1, . . . , s}, |J | = t+ 1} (8.14)

The cumulative set of all intersections gained until step t:

Ft = ∪j=0,...,tF
j ⇒ F t ⊆ Ft (8.15)

Stop-Condition

find common patterns has stopped in step t ∀A ∈ F t,∀Si ∈ F 0 : A ∩ Si ∈ Ft, i ∈
IA, IA := the index set that selects all the start sets that generate A by intersection
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Assumption #1

Stop-Condition is fulfilled, but ∃B ∈ Fs : A ∩B 6∈ Ft

A = ∩i∈IASi (8.16)

B = ∩j∈IBSj (8.17)

n := |IB|, n ≤ s (8.18)

w.l.o.g.: IA ∩ IB = ∅

Induction-start

i := n (8.19)

A ∩B 6∈ Ft (8.20)

A ∩ (SB1 ∩ SB2 ∩ . . . ∩ SBi) 6∈ Ft (8.21)

Induction-step

Does X := A ∩ (SB1 ∩ SB2 ∩ . . . ∩ SBi−1) 6∈ Ft hold?

Assumption #2

X ∈ Ft

Case #1

X ∈ F t (8.22)

X ∩ SBi ∈ Ft Stop-condition (8.23)

Case #2

X ∈ Ft \ F t (8.24)

⇒ X ∈ F τ , 0 ≤ τ < t (8.25)

⇒ X ∩ SBi ∈ F τ+1 ⊆ Ft because stop condition was false in step τ (8.26)

Contradiction

X ∩ SBi ∈ Ft is a contradiction to Assumption 1. If Assumption 1 is wrong, q. e. d.,
otherwise Assumption 2 is wrong ⇒ X 6∈ Ft ⇒ . . .⇒ A 6∈ Ft ⇒ A 6∈ F t. The latter is a
contradiction to the stop condition.
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It is enough to intersect elements of Fm, the family of intersections
gained in the latest step, with start sets Si ∈ F 0, to decide, if the algorithm
find common patterns can stop

All sets of F i, i < m have been intersected with all start sets in step i.

8.7. Complexity of find common patterns and
find relative common patterns

In the following, the time complexity of the pattern algorithm will be discussed, because
a better understanding usually helps to improve the speed of algorithms.

8.7.1. Run-time of elementary steps

Within each step of find common patterns, one intersection is calculated. Afterwards,
the resulting set is put into the family of result sets, which is implemented as a Perl
associative array; Perl internally uses well-optimized hash look-ups for associative arrays.
If the elementary set of events Ω has a power of n, each intersection use dn/arche
CPU cycles (“AND” operations on a arch-bit machine). Each set is represented by an
integer of dn/arche × arch bits. So the updating of that family data structure needs
the calculation of a hash value from data of that size. The exact run-time of hash-value
calculations in CPU cycles is not documented for Perl.

Generally, one step of the pattern algorithm (intersection plus update of the family
of sets) can be considered to be of constant run-time (scaling bit-wise depending on the
number of elementary events in Ω) and to be so fast, that its replacement by another
hash look-up operation (dynamic programming) would not be essentially more fast; the
author did not find any redundancies in the intersection steps, such, that the dynamic
programming could work without hash look-ups.

8.7.2. Pre-processing of the input

The extension of find common patterns by find relative common patterns is executed as
a pre-processing step, which increases the input of find common patterns: Each set of
size n in the input of find relative common patterns ends up in n sets as input for its
find common patterns-step. If the largest set in the input of find relative common patterns
has n elements and the number of such input sets is m, the size of the input for
find common patterns is O(n×m).

Run-time depends on the number of steps

find common patterns works stepwise. In each step s, not more than ms−1 × m0 sets
are created (ms is the number of sets generated in step s, m0 is the number of sets in
the input F0 of find common patterns).
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m0 := |F0| (8.27)

So in the first step, at most m0 ·m0 = m2
0 sets are generated. In the next step, not

more than m0 ·m1 = m0 ·m0 ·m0 sets are generated, and so on. Finally it turns out,
that in step s, at most m1+s

0 sets are generated. So, the number of intersections grows
exponentially with the number of steps (the maximum number of intersections in steps
t < s is dominated by the maximum number of intersections in step s). So, the number
of intersections to be performed, γ, is

γ ∈ O(m1+s
0 ) (8.28)

Number of steps and run-time

Because the result of an intersection cannot be larger than the sets that are intersected,
not more than µ := |Ω| steps are possible. Indeed, the intersection of the largest start set
Smax0 with the second largest start set Smax1 cannot have more than |Smax1 | elements.
Sets with the same power cannot be gained, because such a set would be identical to
Smax0 , an so, it would be already in the family of sets.

µ := |Smax1 | (8.29)

In step 0, the power of the largest set is |Smax0 |, then in step 1 it is not larger than
Smax1 = µ. Intersecting sets having at most Smax1 elements with the start sets, no set
larger than |Smax1 | can be gained. Again, if a set of the power |Smax1 | is gained here, this
is the same as one of the intersected sets and thus not new. So, for the new sets in step 2,
the largest set gained must have strictly less elements than |Smax1 | ⇒ |Smax1 | > |Smax2 |.
This induces the lemma

|Smaxi | >
∣∣Smaxj ∣∣ ∀i < j, i, j ∈ N (8.30)

In other words, the size of the largest set is strictly decreasing in each step of the
algorithm find common patterns. So, it must at least be decreased by 1 in each step. If
once, in step l, the largest set generated has no elements, the algorithm must obviously
terminate. So the following holds:

l ≤ µ (8.31)

So, not more than µ + 1 steps (remember, the fist step has number 0) are necessary
for the algorithm to terminate.

Furthermore, the algorithm must terminate, as soon as all possible intersections of
any number of start sets are found. There are all intersections of two start sets in F1

after one step, all intersections of three start sets in F2 after two steps, all intersections
of i start sets in Fi−1 after i steps. So, after i = |F0| (number of start sets) steps, all
intersections of up to i start sets are found and stored in F = ∪ij=0Fi. Because there
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are not more than i = |F0| start sets in the input, the algorithm cannot find any new
set then, and must terminate at least after ν := |F0| steps.

ν := |F0| = m0 (8.32)

So, we have two upper bounds for the number of steps, and the less of both is still an
upper bound for the step number. This leads us to the fact:

l ≤ min(µ, ν) (8.33)

Plugging this upper bound in the formula for the number of intersections needed
generates:

find common patterns ∈ O(f) (8.34)

f := m1+s
0 = m1+l

0 (8.35)

O(f) ⊆ O(m
1+min(µ,ν)
0 ) (8.36)

⊆ O(m
1+min(|Smax1 |,m0)

0 ) (8.37)

(8.38)

So, the run time of the algorithm is exponential depending on the number of start
sets or, if lower, the power of the second largest start set.

Average run-time

In average, the algorithm stops early, because the typical input contains small sets and
similar sets that do not generate many new intersections. If the input sets are small, the
number of all possible intersections obviously must be small too (see also above). If the
sets are quite similar, not many intersections are possible:

A ⊆ Ω (8.39)

B = A ∪ x1, x1 ∈ Ω (8.40)

C = A ∪ x2, x2 ∈ Ω, x2 6= x1 (8.41)

A ∩B = A ∩ C = B ∩ C = A ∩B ∩ C = A (8.42)

Unfortunately, the distribution of input sets is hard to find. Many test runs show,
that for more than about 40 start sets or more than about 500 predictions per species,
the algorithm becomes slow (for less than 40 start sets, it takes some hours, for more, it
takes some days) on current hardware (2 Intel(R) Xeon(R) QuadCore CPUs E5320 with
1.86GHz, 12 GByte RAM). Typical problems (about 25 species and 500 predictions per
species) lead to an input of 25 start sets (all ancestral species inner nodes in a nearly
binary tree with 25 extant species leaves; extant species are ignored in the default setup,
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see [7]). Because addition of one or two species does not dramatically increase the number
of inner nodes, the algorithm runs fast enough for its typical input. In future, larger
alignments with more than 20 start sets are planned (alignments with about 40 species
became available during the development of ReXSpecies; improving input using other
homology searches is planned also in future). Thus, the algorithm should be improved
in future.

8.8. Other idea to find patterns

Besides completely different types of conserved patterns (see section 2.2), for the gain/loss
patterns as defined in this work (see [7] and subsection 3.1.3), one approach could be
to “swap” the input sets, i.e. instead of using sets of transcription factor binding sites
gained or lost at a certain node for input, to use sets of nodes where a certain transcrip-
tion factor binding site was gained or lost. Probably this leads to a similar algorithm, so
we have not yet investigated this further. Maybe, a reduction of the number of start sets
based on potentially redundant structures could be performed, but its costs are probably
as high as its benefits.
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