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Mathématiques
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Avant-propos 
 
 

 Comme toutes les autres éditions depuis 2000, l'édition 2009 de JOBIM est avant tout une 
rencontre : celle de trois disciplines qui se donnent constamment rendez-vous depuis 10 ans, celle 
de plus de 300 chercheurs passionnés de recherches interdisciplinaires, celle de modestes essais et 
de grands résultats mis côte à côte dans un même ouvroir de conquêtes scientifiques. 
  
 Cette année, JOBIM doit beaucoup au groupe de travail de Bio-Informatique Ligérienne (BIL), 
un projet régional dont les participants sont les organisateurs de JOBIM. Regroupant des chercheurs 
des places nantaise et angevine, BIL est synonyme d'une recherche en bioinformatique qui a trouvé 
sa place et ses repères dans les Pays de la Loire. L'organisation de JOBIM est l'un, et pas le 
moindre, des effets mobilisateurs de BIL. 
 
 Nous avons reçu 32 soumissions comme communications longues et 49 soumissions comme 
posters. Le Comité de Programme aidé par quelques relecteurs additionnels a eu comme objectif 
d'identifier les soumissions les plus appropriées pour un exposé à JOBIM en terme (entre autres) de 
caractère novateur, de qualité des résultats, de niveau de présentation. Il a ainsi sélectionné 17 
communications longues et 10 posters avec communication courte. Les soumissions non 
sélectionnées pour une présentation orale donnent lieu à 54 posters. 
 
 Nous avons le plaisir de compter parmi les participants et orateurs six conférenciers invités, 
dont les conférences ouvrent les six demi- journées thématiques. Le premier jour, Christian Gautier 
de l'université de Lyon I discourra sur la sélection et l'aléatoire en évolution, puis Jens Stoye de 
l'université de Bielefeld en Allemagne présentera des méthodes de métagénomique basée sur du 
séquençage haut-débit dans session algorithmique. Le second jour, Philipp Bucher, membre du 
Swiss Institute for Experimental Cancer Research (ISREC) et du Swiss Institute of Bioinformatics 
(SIB) nous montrera comment les expériences d'interaction entre protéine-ADN par séquençage 
(ChIP-seq) éclairent le fonctionnement des facteurs de transcription, tandis que Jean-Pierre Rousset 
de l'université d'Orsay exposera une des subtilités de la traduction d'ARN en protéine qu'est le 
recodage. Durant la troisième journée de JOBIM, Denis Thieffry de l'université de la Méditerranée 
à Marseille développera les modèles des réseaux de régulation et enfin, Gilbert Deléage de 
l'université Claude Bernard de Lyon parlera des programmes d'analyse de séquences et structures 
3D de protéines et de leur intégration. Grâce à eux, la bioinformatique apparaîtra à JOBIM sous son 
meilleur jour, fascinante et pleine de promesses tenues. 
 
 JOBIM existe et se perpétue grâce aux chercheurs, réunis depuis quelques années dans la 
Société Française de BioInformatique (SFBI), et aussi grâce aux contributions financières de nos 
partenaires institutionnels, territoriaux ou industriels. Nous tenons à remercier chaleureusement les 
membres de BIL, la SFBI, les membres du comité de  programme et les relecteurs additionnels, les 
six conférenciers invités qui nous font le plaisir de se joindre à nous. Nous exprimons toute notre 
gratitude aux partenaires de cette aventure : la Région Pays de la Loire, les universités de Nantes et 
d'Angers, l’INSERM, la fédération de recherches AtlanSTIC, le GDR de Bioinformatique 
Moléculaire, ReNaBi, l'unité INSERM U915, le LINA, le LERIA, Biogenouest, les départements 
CEPIA et MIA de l'INRA, Polytech'Nantes, l'entreprise Genomatix Software GmbH, ainsi qu'à la 
Ville de Nantes et la communauté urbaine de Nantes pour son accueil chaleureux. 
 
 
 
Eric Rivals et Irena Rusu 
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Selection and randomness in evolution or selection of ran-

domness in evolution ?

par Christian Gautier, UMR CNRS 5558, Université de Lyon

Biological evolution is based upon two processes, one generates genomic diver-
sity (the mutational process) and one acts as a filter on this diversity (the selection
process). For about fifty years biologists have addressed the question of the rela-
tive role of each of these processes on the patterning of genomes. If one “type” of
mutation is particularly frequent, the filter has a higher probability to retain some
of them but if a mutation is well “adapted” to the filter, even if it appears unfre-
quently, it has also a great probability to be retained. It is therefore mathematically
difficult to discriminate between “mutational bias” and selective advantage.

Knowledge on the mutational process is quickly increasing with the accumu-
lation of results on the cellular functioning. This process appears more and more
complex and is also submitted to biodiversity : all organisms do have not the same
mutational bias. Ecology (in a broad sense) has brought many recent results on se-
lection, adaptation, genetic random drift and their relationships even in complexly
structured populations. However a synthetic view of these two fields is difficult
due to the very different scales both at the level of time (a few days to millions
of years) and of biological organisation (molecules v.s. populations and communi-
ties). Moreover the results belong to very different biological fields and different
biological communities (now in two different CNRS institutes !)

Being neither a cellular biologist nor an ecologist I do not claim that I shall
present a new synthetic view of evolution ! The very modest aim of this talk is to
explore the potentiality of bioinformatics, and particularly modeling, to help inte-
grate population genetics, phylogeny, molecular evolution, cellular and molecular
biology.
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Computational Short Read Metagenomics

par Jens Stoye, Université de Bielefeld, Allemagne

Metagenomics is a new field of research onmetagenomes, where natural micro-
bial communities are studied. The new sequencing techniques like 454 or Solexa-
Illumina sequencing promise new possibilities as they are able to produce huge
amounts of data in much shorter time and with less efforts and costs than the tradi-
tional Sanger sequencing. But the data produced comes in even shorter reads (35-50
base pairs with Solexa-Illumina, 100-300 basepairs with 454 sequencing). CARMA
[1] is a new pipeline for the characterization of the species composition and the ge-
netic potential of microbial samples using 454-sequenced reads. The species com-
position can be described by classifying the reads into the taxonomic groups of
organisms they most likely stem from. By assigning the taxonomic origins to the
reads, a profile is constructed which characterizes the taxonomic composition of
the corresponding community. The CARMA pipeline has already been success-
fully applied to 454-sequenced communities [2,3] including the characterization
of a plasmid sample isolated from a wastewater treatment plant [4].

Using samples from a biogas plant we examined the applicability of this ap-
proach for the ultra-short Solexa-Illumina reads by comparing the results with
those obtained by the 454-sequenced sample [5,6]. Our results using 77 million 50
bp-reads revealed that this approach indeed produces consistent results. Most diff-
ences we have found are in the taxa of higher order, e.g. in the species level, and in
general for species with a very low presence.

In order to apply CARMA to high-throughput sequencing data, we had to im-
prove the accuracy and speed of our method in various ways : A preprocessing
assembly phase using an adapted q-gram index [7] ; adaptation of the pipeline to
take the information of mated reads into account to ”increase” read length ; mod-
ification of the amino acid sequence distance function for the construction of the
phylogenetic tree ; and implementation of a protein-q-gram index over a multiple
alignment for the read-against-Pfam protein family matching.

Références :
[1] L. Krause, N.N. Diaz, A. Goesmann, S. Kelley, T.W. Nattkemper, F. Rohwer,

R.A. Edwards, J. Stoye (2008) Phylogenetic classification of short environmental
DNA fragments. Nucleic Acids Res. 36(7) :2230-2239.

[2] E.A. Dinsdale, O. Pantos, S. Smriga, R.A. Edwards, F. Angly, L. Wegley,
M. Hatay, D. Hall, E. Brown, M. Haynes, L. Krause, E. Sala, S.A. Sandin, R. Vega
Thurber, B.L. Willis, F. Azam, N. Knowlton, F. Rohwer (2008) Microbial Ecology of
Four Coral Atolls in the Northern Line Islands. PLoS ONE 3(2) :e1584.

[3] S.A. Sandin, J.E. Smith, E.E. DeMartini, E.A. Dinsdale, S.D. Donner, A.M.
Friedlander, T. Konotchick, M. Malay, J.E. Maragos, D. Obura, O. Pantos, G. Paulay,
M. Richie, F. Rohwer, R.E. Schroeder, S. Walsh, J.B.C. Jackson, N. Knowlton, E. Sala
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What directs a transcription factor to its target sites ? New in-

sights from ChIP-Seq data analysis

par Philipp Bucher, Swiss Institute of Bioinformatics, Université de Lausanne

Chromatin immunoprecipitation combinedwith ultra-high throughput sequenc-
ing (ChIP-Seq) is revolutionizing research on gene regulation. This new technique
allows for genome-wide mapping of in vivo occupied transcription factor bind-
ing sites in a quantitative manner at near-base pair resolution. Data on new tran-
scription factors are released to the public almost every week. In most cases, com-
putational analysis of the ChIP-Seq data has confirmed that transcription factors
recognize the same DNA sequence motifs in vivo and in vitro. However, it has
also become clear that only a small fraction of high-affinity sites to a transcription
factors are occupied in vivo in a given cell type. Which are the additional determi-
nants causing a transcription factors to bind to some target sites but not to others ?
This is the key question addressed in this talk. Results from my group show that
in vivo transcription factor binding sites are distinct from sequence-wise identical
non- occupied sites in terms of cross-species conservation pattern, chromatin con-
formation, and flanking sequence motif content.
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Le recodage : Qu’est-ce que c’est ? A quoi ça sert ? Comment

ça marche ? Et la bioinformatique dans tout ça ?

par Jean-Pierre Rousset, Institut de Génétique etMicrobiologie, Université Paris-
Sud, Orsay

Identifiés initialement chez les virus à ARN et les transposons, les événements
de décodage non conventionnel de l’information génétique (ou (( recodage ))) ont
depuis été observés chez une grande variété d’organismes. Ils consistent en une
modification locale des règles standards de décodage par un ensemble de signaux,
séquences et structures, sur l’ARNmessager, capables de perturber les acteurs nor-
maux de la synthèse protéique. Ainsi, la machinerie de traduction (ribosome, ARN
de transferts, facteurs variés) va parfois incorporer un acide aminé à l’endroit d’un
codon de terminaison, ou changer de cadre de lecture en permettant, dans la plu-
part des cas, d’éviter un codon de terminaison. Ces événements ont une efficacité
de l’ordre de 2 à 50% et entraı̂nent donc la synthèse de deux polypeptides à par-
tir d’un même ARNm, l’un portant un domaine fonctionnel supplémentaire par
rapport à celui prédit en utilisant le code génétique (( universel )).

Le recodage est utilisé par les cellules et de nombreux virus pour contrôler,
quantitativement ou qualitativement, l’expression de certains gènes. A titre d’ex-
emple, la télomérase de plusieurs levures, l’ADN polymérase de nombreuses bacté-
ries et la transcriptase inverse d’une multitude de virus, dont le VIH, nécessitent
un événement de recodage pour être exprimés. Récemment, notre équipe a montré
qu’un gène contrôlé par un événement de décalage de cadre de lecture en +1 est la
première cible identifiée d’un prion de la levure Saccharomyces cerevisiae.

L’étude de ces événements est intéressante à deux titres. D’une part, elle con-
stitue une approche originale pour comprendre lesmécanismes de la traduction, un
peu sur le même principe que le mutant renseigne sur le fonctionnement normal de
la cellule. Le recodage permet ainsi d’identifier les éléments de la machinerie tra-
ductionnelle qui sont impliqués dans la reconnaissance d’un codon de terminaison
ou le maintien du cadre de lecture. D’autre part, l’étude de l’interaction des signaux
mis en jeu, séquences et structures, avec la machinerie de traduction permet de car-
actériser de nouveaux éléments fonctionnels dont le rôle n’était pas soupçonné.

Finalement, les événements de recodage posent deux types de défis aux bioin-
formaticiens : i) comment identifier des objets biologiquement pertinents à par-
tir d’une connaissance parfois très imparfaite des signaux qui les caractérisent ; ii)
comment reconnaı̂tre les structures de l’ARNm impliquées dans le recodage. L’ac-
cumulation des séquences de génomes complets permet de penser que la génomique
comparative aidera, dans un avenir proche, à résoudre le premier problème. C’est
plus probablement par des approches d’informatique (( dure )) que l’on peut espérer
que viendront les prochaines avancées pour le deuxième aspect qui nécessite de
comparer ou d’analyser la conservation de structures.
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Tackling regulatory networks : from biological models to the-

orems, and vice-versa

parDenis Thieffry, INSERMU928, Université de laMéditerranée, INRIAParis-
Rocquencourt

At Luminy, biologists, computer scientists and mathematicians are collaborat-
ing on the discrete, dynamical modelling of biological regulatory networks since
several years. This talk will describe our modes of collaboration and overview our
main results, from the formulation of mathematical theorems to the design of Petri
nets, and from software development to the specification and analysis logical mod-
els for the control of cell proliferation and differentiation processes.
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[1] Chaouiya C, Remy E, Mossé B, Thieffry D (2003). Qualitative Analysis of Reg-
ulatory Graphs : A Computational Tool Based on a Discrete Formal Framework.
Lect Notes Control Info Sci 294 : 119-126.

[2] Chaouiya C, Remy E, Ruet P, Thieffry D (2004). Qualitative Modelling of
Genetic Networks : From Logical Regulatory Graphs to Standard Petri Nets. Lect
Notes Comput Sci 3099 : 137-56.

[3] Chaouiya C, Remy E, Thieffry D (2008). Petri net modelling of biological
regulatory networks. J Disc Algo 6 : 165-77.
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Méthodes d’analyse de séquences et de structures 3Dde protéines

et leur intégration au sein de Webiciels

par Gilbert Deléage, IBCP, UMR 5086, CNRS, Université de Lyon

La fonction biologique d’une protéine est intimement liée à sa structure 3D
et à ses interactions. Depuis de nombreuses années, nous développons au sein
de notre équipe à l’IBCP de Lyon (http://pbil.ibcp.fr) , des outils intégrés
d’analyse de séquences de protéines (serveur NPS@ : http ://npsa-pbil.ibcp.fr),
des outils de modélisation moléculaire par homologie en particulier à faible taux
d’identité en utilisant les prédictions de structures secondaires comme Geno3D
(http://geno3d-pbil.ibcp.fr). Cet outil de modélisation s’est récemment
enrichi du pipeline d’annotation structuraleMAGOS, en collaboration avec le grou-
pe d’O. Poch à l’IGBMC, et d’un système de modélisation moléculaire à haut débit
permettant le traitement au niveau d’un protéome entier. Un système de gestion
des modèles 3D a été développé sous la forme d’une base de données afin de
faciliter les mises à jour et les requêtes concernant l’exploitation de ces modèles
MODEOME3D. Ces outils sont intégrés au sein du serveur PIG (Protein InvestiGa-
tor, http://pig-pbil.ibcp.fr). Au niveau des développements méthodolo-
giques, l’outil SuMo (http ://sumo-pbil.ibcp.fr) permet de comparer des struc-
tures 3D de protéines en s’affranchissant du repliement 3D des protéines. Il utilise
une description des protéines de la PDB sous forme de graphes de triplets de
groupements physico-chimiques connectés. Cet outil permet de réaliser une an-
notation fonctionnelle des structures 3D sans fonction connue issues des grands
programmes de génomique structurale. Enfin, des outils de validation de modèles
3D en utilisant des approches expérimentales de spectrométrie de masse ont été
récemment mis au point (http://proteomics-pbil.ibcp.fr). Une revue de
l’ensemble des méthodes et outils développés sera effectuée à travers des exemples
d’applications biologiques.
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Abstract: Naturally occurring mutations in mammalian genomes play a key 
role in evolution and genetic disease but their causes are still poorly 
understood. In particular, nucleotide substitutions occur at strongly variable 
rates along genomes and it is essential to unravel the mechanisms responsible 
of these fluctuations. A number of evolutionary studies have exhibited complex 
correlations between substitution rates and parameters like regional or local 
nucleotide composition, crossover rate or distance to telomeres [1-5]. Here, we 
study the role of replication on neutral substitution rates in the human genome. 
Using replication timing data determined by massive sequencing of replicating 
strands, we show that all non-CpG substitution rates correlate with timing: they 
are minimum in early replicating regions and increase to maximum values in 
late regions. These correlations are still observed after controlling for 
nucleotide composition, cross-over rate and distance to telomeres. These data 
demonstrate for the first time that replication timing plays a key role in shaping 
the profile of mutations along the genome. 

Keywords: human genome, nucleotide substitutions, replication timing. 

1 Introduction 

Mutations are known to occur very heterogeneously along genomes but despite numerous 
studies the causes of these fluctuations remain relatively unknown. Fundamental questions like 
the role of replication-associated processes in these fluctuations remain to be addressed. During 
the last two decades numerous works exhibited an increasing complexity of mutation patterns. 
Substitutions depend on large scale nucleotide composition as in the case of the GC content [6] 
or on the nucleotide flanking the mutated site as for the CpG dinucleotides [7] as well as on 
other nucleotide contexts [8,9]. Recombination correlates with global substitution rate [10] and 
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with the ratio of W (A or T)→S (G or C) to S→W substitution rates [11], this correlation 
likely resulting from biased gene conversion [1-3]. It was hypothesized in precursor studies that 
changes of nucleotide pools during replication would be responsible of mutation rate 
fluctuations along the genome [12] but lack of replication timing data did not allow testing this 
possibility. In this work, we examine the role of replication on substitution rates in the human 
genome. Replication timing was determined along the genome and nucleotide substitutions rates 
were tabulated in the human lineage since its divergence with chimpanzee. Analysis of these 
data show that substitution rates are strongly dependent on the timing values, exhibiting an 
important role of replication on genome evolution.   

2 Results 

In order to determine the fluctuations of substitution rates during replication, the replication 
timing profile of the human genome was determined by immunoprecipitation of nascent 
replicating BrdU-labeled DNA fragments extracted from HeLa cells sorted at different periods 
of the S phase (Materials and Methods). Nucleotide substitutions were tabulated in the human 
lineage since its divergence with chimpanzee using macaque as an outgroup (Materials and 
Methods). The global substitution rate computed in 100 kbp DNA fragments shows strong 
variations with replication timing. Rate computed in non-coding sequences increases from 
minimum values (0.5%) in early replicating regions to 0.62% in late regions (Figure 1a). Several 
parameters are known to correlate with substitution rates, namely nucleotide composition, 
either regional GC content or local nucleotide context [9], crossover rate and distance to 
telomeres. Replication timing strongly correlates with GC content, GC-rich (resp. GC-poor) 
regions replicating mostly in early (resp. late) S phase [13]. We examined the correlations of 
the global rate with timing when controlling for local GC content, crossover rate or distance to 
telomeres (Figure 1b-d). In all cases the global rate increases regularly from early to late timing 
(rate increases in a proportion ranging between 30 and 50%). When further controlling 
simultaneously for all three parameters, the global substitution rate still strongly correlates with 
replication timing, within both repeated elements and non-repeated elements (data not shown). 
We also examined the correlation between human diversity and timing, using SNP data from 
several individual fully sequenced genomes. Similar increase of diversity with timing was 
observed for all genomes examined, further establishing the timing-dependence of substitution 
rates (data not shown). To disentangle the role of the various factors, multivariate regression 
analysis of substitution rates was performed with the 4 predictors, GC content, crossover rate, 
log of distance to telomere and replication timing. Replication timing is the best predictor of 
the variability explained by the model (28%) and explains 9.5% of overall variability in 
substitution rates. 

We further investigated the impact of replication timing on individual substitution rates. All 
rates correlate positively with replication timing when controlling for GC content, crossover 
rate and distance to telomere (Figure 2). Interestingly, S→W and W→W rates show strong 
dependency on replication timing but weak dependency on the three other parameters (Figure 
2a,c,e). Conversely, W→S and S→S rates show a much stronger dependency on these 
parameters (Figure 2b,d,f). Rates increase from early to late regions by a factor ranging from 
1.3 for AT→GC to a maximum 1.8 for CG→AT.  

It is known that substitution rates can depend on the flanking nucleotide context [9]. To 
eliminate possible context effects, we investigated two groups of transitions within a given 
flanking nucleotide context. We examined the two highest transition rates, 
TGT/ACA→TAT/ATA and TAT/ATA→TGT/ACA [9] and observed that they increase with 
replication timing as when flanking nucleotides are not fixed (Figure 3). 
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Figure 1. Correlations between total substitution rate and replication timing. The total rate of non-CpG 
substitutions is the rate of substitutions of all types per nucleotide computed by comparison of human and 
chimpanzee genome sequences (Materials and Methods). In abscissa, timing (TR50) values determined in 100 
kbp windows (Materials and Methods); in ordinate, the mean value of total substitution rate ± SEM in 
percent. (a) Total rate as function of TR50. (b) Same as in (a) with control of the GC content of the analyzed 
segments; black, GC≤38%; dark grey, 38<GC≤43%; light grey, GC>43%. (c) Same as in (a) with control of 
the crossover rate; black, CO≤1 cM/Mb; dark grey, 1<CO≤3 cM/Mb; light grey, CO>3 cM/Mb. (d) Same as 
in (a) with control of the distance to telomeres of analyzed segments; black, DT>80 Mb; dark grey, 
40<DT≤80 Mb; light grey, DT≤40 Mb.  

.  

 

Figure 2. Variations of individual substitution rates with replication timing when controlling for GC content, 
crossover rate and distance to telomeres. Timing values and non-CpG substitution rates are determined as in 
Figure 1. Black, GC≤38%, CO≤1 cM/Mb, DT>80 Mb; dark grey, 38<GC≤43%, 1<CO≤3 cM/Mb, 40<DT≤80 
Mb. For transitions (a,b), pale grey, 43<GC≤55%, CO>3 cM/Mb, DT≤40 Mb; light grey, GC>55%, CO>3 
cM/Mb, DT≤40 Mb. For transversions (c-f), light grey, GC>43%, CO>3 cM/Mb, DT≤40 Mb. 
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Figure 3. Variation of individual substitution rates with replication timing with control of flanking 
nucleotide context. Timing values and substitution rates are determined as in Figure 1. Two groups of 
transitions rates within given flanking nucleotide context as function of TR50 with control of the GC content 
(a,a’), black, GC<38%; dark grey, 38%<GC≤43%; light grey, GC>43%; with control of the crossover rate 
(b,b’), black, CO≤1 cM/Mb; blue, 1<CO≤3 cM/Mb; light grey, CO>3; with control of the distance to 
telomeres (c,c’), black, DT>80 Mb; dark grey, 40<DT≤80 Mb; light grey, DT≤40 Mb.  

A recent analysis showed that overall substitution rate correlates with chromatin structure [14]. 
Rates are lower in genomic regions with open chromatin structure than in regions with closed 
chromatin structure. The authors proposed that this would result from lower accessibility of 
closed chromatin to repair machineries. Replication timing strongly correlates with chromatin 
structure, open (resp. closed) regions replicating mostly in early (resp. late) S phase [15], which 
could explain the correlation observed in the present work. When controlling for the local 
chromatin structure, the global substitution rate still increases with replication timing (data not 
shown) showing that the correlations between rates and timing unlikely result from changes of 
chromatin structure during the S phase. 

3 Discussion 

Analysis of substitutions that occurred in the human lineage since its divergence with 
chimpanzee show that replication timing has a major impact on neutral substitution rates. This 
result assumes that replication timing remained mostly constant since human-chimpanzee 
divergence, a property that likely results from previous observation that timing remained 
mostly constant between human and mouse [16]. Several hypotheses can be considered to 
explain our observations. A possibility is that the increase of substitution rates during the S 
phase reflects a corresponding increase of replication errors. During the cell cycle, the pools of 
dNTPs are finely tuned to ensure the onset of replication [17]. It has been observed that 
alteration of dNTP pools can enhance the rate of replication errors [18]. It is then possible 
that during the S phase, dNTP amounts undergo physiological modulations that would 
ultimately induce the observed increase of substitution rates. Alternatively, increase of 
substitution rates during the S phase could result from a corresponding decrease of DNA repair. 
Correction of replication errors require MMR [19]. MMR is active in all phases of the cell 
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cycle [20] but its activity is enhanced during the S phase compared to G1 and G2 [21]. 
Variations of MMR activity measured during the cell cycle show that G:T mismatches are 
repaired better than G:A (leading to larger proportion of GC→TA) [21]. It is possible that 
MMR activity is highest at the onset of the S phase and then decreases progressively to low 
values in late S phase, correspondingly to the G2 level. According to this model, the rate of 
GC→TA would increase significantly more than GC→AT during the course of the S phase, in 
agreement with our observations (Figure 3c,a). Increase of replication errors and decrease of 
repair activity during the S phase could also contribute simultaneously to the observed increase 
of substitution rates. Clearly, these are only some of several mechanisms that can be 
responsible of the observed correlations. However, the data demonstrate for the first time in 
mammals, an essential role of replication-associated mutation and repair mechanisms in the 
variations of the neutral mutation pattern along the genome. They open new roads to study 
these mechanisms and o quantify their effects. 

4 Material and Methods 

Massive sequencing of BrdU-labeled nascent replicated DNA. Isolation of BrdU-labelled 
nascent strands was adapted from [22]. Asynchronous Hela cells were pulse-labeled with 50 µM 
bromodeoxyuridin (BrdU) for 40 min ; cells were collected in four different periods of S phase 
by FACS, namely S1, S2, S3 and S4. Cells collected during the entire S phase were used as 
control. BrdU-labelled DNA was immunoprecipitated with BrdU antibody. Double stranded 
DNA was obtained from immunoprecipitated DNA samples by random priming. Resulting DNA 
was sequenced using Illumina Solexa sequencing device.  

Calculation of replication timing. Replication timing of a genome region was estimated by 
the time (TR50) at which 50% of reads mapping in this region are obtained (as described in 
[23]). Briefly, at first, we calculated the enrichment of sequence read, D, for each sample 
collected in different time points over the control sample within a given window (e.g. 100kb in 
this study). The enrichment value of each sample corresponds to replication within each 
quarter of the S phase. TR50 was calculated by using a linear interpolation for 50% enrichment 
values. When D=0 for all 4 time points, we did not make a TR50 estimation.  

Determination of substitution rates. Sequence alignments of Homo sapiens (hg18), Pan 
troglodytes (panTro2) and Macaca mulatta (rheMac2) and human genome annotations were 
retrieved from UCSC Genome Brower (http://genome.ucsc.edu). Coding regions were not 
considered in the analyses. Nucleotide substitutions were tabulated in the human lineage since its 
divergence with chimpanzee using macaque as outgroup. To minimize effects of alignment 
artifacts, only isolated substitutions defined as those flanked by sites identical in all three 
species were tabulated. Non-CpG substitution rates were calculated within non-overlapping 100 
kb windows by dividing the number of substitution events of appropriate type by the number of 
potentially mutable sites that meet the same criteria. We also performed 4-ways alignments 
between human and chimpanzee, using macaque and pongo as outgroups, thus ensuring that 
multiple substitutions were neglected. Crossover rate data were retrieved from the HAPMAP 
project (www.hapmap.org). The crossover rate for a given window was computed as a weighted 
average of crossover rates in chromosomal regions overlapping with the corresponding window. 
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Abstract: In this paper, we propose a rigourous method to take into account the uncer-
tainty of sequencing for biological sequences (DNA, Proteins). For example, this method
allows to study the distribution of a pattern of interest in adegenerated sequence defined
on the standard IUPAC DNA alphabet. We first introduce a Forward-Backward ap-
proach to compute the marginal distribution of the constrained sequence and use it both
to perform a Expectation-Maximization estimation of parameters, as well as deriving
a heterogeneous Markov distribution for the constrained sequence. This distribution is
hence used along with known DFA-based pattern approaches toobtain the exact distri-
bution of the pattern count under the constraints. As an illustration, we consider a EST
dataset from the EMBL database. Despite the fact that only1% of the position in this
dataset are degenerated, we show that not taking into account these positions might lead
to erroneous observations, further proving the interest ofour approach.

Keywords: Markov chains, Expectation-Maximization, Posterior distribution, Forward-
Backward, Moment generating function, Deterministic finite automaton

1 Introduction

Biological sequences like DNA or proteins, are always obtained through a sequencing process which
might produce some uncertainty. As a result, such sequencesare usually written in a degenerated
alphabet where some symbols may correspond to several possible letters. For example, the IUPAC [1]
protein alphabet includes the following degenerated symbols: X for “any amino-acid”,Z for “glutamic
acid or glutamine”, andB for “Aspatic acid or Asparagine”. For DNA sequences, there is even more of
such degenerated symbols which exhaustive list and meaningare given in Table 1 along with observed
frequencies in several datasets from the EMBL database [2].

When counting patterns in such degenerated sequences, the question that naturally arise is: how
to deal with degenerated positions ? Since most (usually99%) of the positions are not degenerated, it
is usually considered harmless to discard those degenerated positions in order to get an observation.
Another option might be to simply ignore the problem by considering the degenerated alphabet as a
standard alphabet. Finally, one might come up with somead hoccounting rule like: “whenever the
pattern might occurs I add one1 to the observed count”. However practical, all these solutions remain
quite unsatisfactory from the statistician point of view. In this paper, we want to deal rigourously with
this problem by introducing the distribution of sequences under the uncertainty of their sequencing,
and then by using this distribution to study the “observed” number of occurrences of a pattern of
interest.

1 one might also think to add a fraction of one which correspondto the probability to see the adequate letter at the
degenerated position.
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symbol meaning est pro 01 htg pro 01 htc fun 01 std hum 21
A Adenine 67459 1268408 1347782 1190205
C Cytosine 53294 1706478 1444861 1031369
G Guanine 54194 1719016 1325070 809651
T Thymine 66139 1277939 1334061 1067933
U Uracil 0 0 0 0
R Purine (A or G) 13 0 7 39
Y Pyrimidine (C, T, or U) 6 0 9 37
M C or A 2 0 6 31
K T, U, orG 6 0 5 30
W T, U, orA 6 0 8 26
S C or G 21 0 4 28
B notA 0 0 0 0
D notC 3 0 0 0
H notG 0 0 1 0
V notG, notU 0 0 0 0
N any base 1792 115485 28165 19272

Table 1. Meaning and frequency of the IUPAC [1] DNA symbols in severalfiles of the release 97 of the EMBL
nucleotide sequence database [2]. Degenerated symbols (lowest part of the table) contribute to 0.5% to 1% of
the data.

2 Constrained distribution

Let Xℓ
1 = X1 . . . Xℓ be a order2 d > 1 homogeneous Markov chain over the finite alphabetA such

asν
(
ad

1

) def= P
(
Xd

1 = ad
1

)
andπ(ad

1, b)
def= P(Xi+d = b|Xi+d−1

i = ad
1) for all ad

1
def= a1 . . . ad ∈ Ad,

b ∈ A, and1 6 i 6 ℓ− d. Our objective is to compute the constrained distributionP
(
Xℓ

1|Xℓ
1 ∈ X ℓ

1

)
where allXi ⊂ A are the subset of the possible values taken byXi andX ℓ

1
def= X1 × . . . × Xℓ. If

Xi = {xi}, xi ∈ A for all i, then we get the degenerated distribution concentrated atx; if Xi = A for
all i, then we get the initial unconstrained distribution ofX.

PROPOSITION 2.1 (FORWARD). For all xℓ
1 ∈ Aℓ and ∀i, 1 6 i 6 ℓ − d we define thefor-

ward quantityFi

(
xi+d−1

i

)
def
= P

(
Xi+d−1

i = xi+d−1
i ,Xi+d−1

1 ∈ X i+d−1
1

)
which is computable by

recurrence through:

Fi

(
xi+d−1

i

)
=

∑
xi−1∈Xi−1

Fi−1

(
xi+d−2

i−1

)
π

(
xi+d−2

i−1 , xi+d−1

)
∀i, 2 6 i 6 ℓ− d + 1 (1)

with the initializationF1

(
xd

1

)
= ν

(
xd

1

)
IX d

1
(xd

1) whereI is the indicatrix function3. We then obtain
that:

P(Xℓ
1 ∈ X ℓ

1 ) =
∑

xℓ
ℓ−d∈X ℓ

ℓ−d

Fℓ−d

(
xℓ−1

ℓ−d

)
π

(
xℓ−1

ℓ−d, xℓ

)
. (2)

2 the particular degenerated case whered = 0 is left to the reader for the sake of simplicity.
3 for any setE, subsetA ⊂ E and elementa ∈ E, IA(a) = 1 if a ∈ A andIA(a) = 0 otherwise.
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Proof. We prove Equation (1) by simply rewrittingFi(xi+d−1
i ) as:

Fi

(
xi+d−1

i

)
=

∑
xi−1∈Xi−1

P(Xi+d−1
i−1 = xi+d−1

i−1 ,Xi+d−1
1 ∈ X i+d−1

1 )

=
∑

xi−1∈Xi−1

P(Xi+d−2
i−1 = xi+d−2

i−1 ,Xi+d−2
1 ∈ X i+d−2

1 )︸ ︷︷ ︸
Fi−1(xi+d−2

i−1 )

×P(Xi+d−1 = xi+d−1,Xi+d−1 ∈ Xi+d−1|Xi+d−2
i−1 = xi+d−2

i−1 ,Xi+d−2
1 ∈ X i+d−2

1 )︸ ︷︷ ︸
π(xi+d−2

i−1 ,xi+d−1)IXi+d−1
(xi+d−1)

.

The proof of Equation (2) is established in a similar manner.

PROPOSITION 2.2 (BACKWARD). For all xℓ
1 ∈ Aℓ and∀i, 1 6 i 6 ℓ − d we define theback-

wardquantityBi

(
xi+d−1

i

)
def
= P

(
Xℓ

i ∈ X ℓ
i |Xi+d−1

i = xi+d−1
i

)
which is computable by recurrence

through:

Bi

(
xi+d−1

i

)
=

∑
xi+d∈Xi+d

π
(
xi+d−1

i , xi+d

)
Bi+1

(
xi+d

i+1

)
∀i, 2 6 i 6 ℓ− d− 1 (3)

with the initializationBℓ−d

(
xℓ−1

ℓ−d

)
=

∑
xℓ∈Xℓ

π
(
xℓ−1

ℓ−d, xℓ

)
IX ℓ−1

ℓ−d
(xℓ−1

ℓ−d). We then obtain that:

P(Xℓ
1 ∈ X ℓ

1 ) =
∑

xd
1∈X d

1

ν
(
xd

1

)
B1

(
xd

1

)
(4)

Proof. The proof is very similar to the one of Proposition 2.1 and ishence omitted.

THEOREM 2.3 (MARGINAL DISTRIBUTIONS). For all xℓ
1 ∈ Aℓ we have the following results:

a) P
(
Xd

1 = xd
1,X

ℓ
1 ∈ X ℓ

1

)
= ν

(
xd

1

)
B1

(
xd

1

)
;

b) ∀i, 1 6 i 6 ℓ−d−1, P
(
Xi+d

i = xi+d
i ,Xℓ

1 ∈ X ℓ
1

)
= Fi

(
xi+d−1

i

)
π

(
xi+d−1

i , xi+d

)
Bi+1

(
xi+d

i+1

)
;

c) P
(
Xℓ

ℓ−d = xℓ
ℓ−d,X

ℓ
1 ∈ X ℓ

1

)
= Fℓ−d

(
xℓ−1

ℓ−d

)
π

(
xℓ−1

ℓ−d, xℓ

)
;

d) ∀i, 1 6 i 6 ℓ− d, P
(
Xi+d−1

i = xi+d−1
i ,Xℓ

1 ∈ X ℓ
1

)
= Fi

(
xi+d−1

i

)
Bi

(
xi+d−1

i

)
.

Proof. a), b), and c) are proved using the same conditioning mecanisms used in the proofs of
propositions 2.1 and 2.2. One could note that Equation (4) isa direct consequence of a), while
Equation (2) could be derived from c). Thanks to Equation (3), it is also clear that b)⇒ d) which
achieves the proof.

Like in the Hidden Markov Model (HMM) framework, one may use these marginal distributions
to derive a Expectation-Maximization (EM) algorithm [3] allowing to compute the Maximum Likeli-

hood Estimator (MLE)̂θ = argmaxθ Pθ

(
Xℓ

1 ∈ X ℓ
1

)
with θ

def= (ν, π). To keep this article short, this
point is left to the reader.

From now on we denote byPC(A) def= P
(
A|Xℓ

1 ∈ X ℓ
1

)
the probability of an eventA under the

constraint thatXℓ
1 ∈ X ℓ

1 .

THEOREM 2.4 (HETEROGENEOUSMARKOV CHAIN ). For all xℓ
1 ∈ X ℓ

1 we have:

PC
(
Xd

1 = xd
1

)
∝ ν

(
xd

1

)
B1

(
xd

1

)
(5)
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and∀i, 1 6 i 6 ℓ− d

PC
(
Xi+d = xi+d|Xi+d−1

i = xi+d−1
i

)
∝ π

(
xi+d−1

i , xi+d

)
Bi+1

(
xi+d

i+1

)
. (6)

This means that, underPC , Xℓ
1 is a orderd heterogeneous Markov chain which starting distribution

is given by Equation (5) and transition matrix is given by Equation (6).

Proof. Equation (5) is a direct consequence of Theorem 2.3a) and Equation (4). For Equation (6)

we start by denotingPC
(
Xi+d = xi+d|Xi+d−1

i = xi+d−1
i

)
= P(A|B,C,D) with A = {Xi+d =

xi+d}, B = {Xi+d−1
i = xi+d−1

i }, C = {Xi
1 ∈ X i

1}, andD = {Xℓ
i+1 ∈ X i

1}. Thanks to Bayes’ for-
mula we get thatP(A|B,C,D) ∝ P(D|A,B,C)× P(A|B,C). We finally use the Markov property

to getP(D|A,B,C) = Bi+1

(
xi+d

i+1

)
andP(A|B,C) = π

(
xi+d−1

i , xi+d

)
which achieves the proof.

3 Counting patterns

Let us consider hereW a finite set of word overA. We want to count the numberN of positions
whereW occurs in our degenerated sequence. Unfortunatly, since the sequence itself is not observed,
we study instead the numberN of matching positions in the random sequenceXℓ

1 underPC . Thanks
to Theorem 2.4 we hence need to establish the distribution ofN over a heterogeneous orderd Markov
chain. To do so, we perform an optimal Markov chain embeddingof the problem through a Deter-
ministic Finite Automaton (DFA) as it is suggested in [4][5][6][7]. We use here the notations of [7].
Let (A,Q, s,F , δ) be aminimalDFA that recognizes the language4 A∗W of all texts overA ending
with an occurrence ofW. Q is a finite state space,s ∈ Q is the starting state,F ⊂ Q is the subset
of final states, andδ : Q × A → Q is the transition function. We recursively extend the definition

of δ overQ × A∗ thanks to the relationδ(p, aw) def= δ(δ(p, a), w) for all p ∈ Q, a ∈ A, w ∈ A∗.
We additionally suppose that this automaton is nond-ambiguous5 which means that for allq ∈ Q,

δ−d(p) def=
{
ad

1 ∈ Ad
1,∃p ∈ Q, δ

(
p, ad

1

)
= q

}
is either a singleton, or the empty set.

THEOREM 3.1 (MARKOV CHAIN EMBEDDING). We consider the random sequence overQ de-

fined byX̃0
def
= s andX̃i

def
= δ(X̃i−1,Xi) ∀i, 1 6 i 6 ℓ. UnderPC , (X̃i)i>d is a heterogeneous order

1 Markov chain overQ′ def
= δ(s,AdA∗) such as, for allp, q ∈ Q′ and1 6 i 6 ℓ− d the starting dis-

tribution µd(p)
def
= PC

(
X̃d = p

)
and transition matrixTi+d(p, q)

def
= PC

(
X̃i+d = q|X̃i+d−1 = p

)
are given by:

µd(p) =
{

PC
(
Xd

1 = ad
1

)
if ∃ad

1 ∈ Ad, δ
(
s, ad

1

)
= p

0 else
; (7)

Ti+d(p, q) =

{
PC

(
Xi+d = b|Xi+d−1

i = δ−d(p)
)

if ∃b ∈ A, δ(p, b) = q

0 else
. (8)

Proof. This comes from a direct application of Theorem 2.4 as well as results from [6] or [7].

COROLLARY 3.2 (MOMENT GENERATING FUNCTION). The moment generating functionF (y)
of the random numberN overPC is given by:

F (y)
def
=

+∞∑
k=0

PC (N = k) yk = µd

[
ℓ−d∏
i=1

(Pi+d + yQi+d)

]
1 (9)

4 A∗ denotes the set of all (possibly empty) texts overA.
5 a DFA having this property is also called ad-th order DFA in [6].
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where1 is a column vector of ones and where, for all1 6 i 6 ℓ − d, Ti+d = Pi+d + Qi+d with

Pi+d(p, q)
def
= Iq /∈FTi+d(p, q) andQi+d(p, q)

def
= Iq∈FTi+d(p, q) for all p, q ∈ Q′.

Proof. SinceQi+d contains all counting transitions, we keep track of the number of occurrences
by associating a dummy variabley to these transitions. We hence just have to compute the marginal
distribution at the end of the sequence and sum up the contribution of each state. See [4][5][6][7] for
more details.

4 Example

Let us consider the datasetest pro 01 which is described in Table 1. Here is the transition matrix
over of a orderd = 1 homogeneous Markov model overA = {A, C, G, T} estimated on this dataset
using MLE (though the EM algorithm):

π̂ =


0.3337 0.1706 0.2363 0.2595
0.2636 0.2609 0.1775 0.2980
0.2946 0.2218 0.2666 0.2169
0.2280 0.2413 0.2106 0.3201

 .

Since only1% of the dataset is degenerated, we observe little differencebetween this rigorous esti-
mate and one obtain though a rough heuristic (like discarding all degenerated positions in the data).

However, this result should not be taken as a rule, especially when considering more degenerated
sequences (e. g.with 10% degenerated positions) and/or higher order Markov models (e. g.d = 4).

pattern naive count lower bound 5%-percentile median 95%-percentile upper bound
GCTA 715 715 727 733 740 824
TTAGT 197 197 201 205 209 253
TTNGT 839 853 874 881 889 1005

TRNANNNSTM 472 477 488 493 498 535

Table 2. Distribution of patterns in the degenerated IUPAC sequences fromest pro 01. The “naive count”
of pattern occurrences is the one obtained by discarding alldegenerated positions in the dataset. Since the
observed distribution is discrete, percentiles and medianare rounded to the closest value.

Using this model, it is possible to study theobserved distributionof a pattern in the dataset
by computing though Corollary 3.2 the distribution of its random number of occurrenceN under
the constrained probabilityPC . Table 2 compares a “naive” number of occurrences (obtainedby
discarding all degenerated positions in the data) to the observed distribution. Despite the fact that
only 1% of the data are degenerated, we can see that there is a great differences between our naive
approach and the real observed distribution. For example, if we consider the simple patternGCTA
we can see that the naive count of715 occurrences lies well outside the90% credibility interval
[727, 740]. And we have similar results for the other considered patterns. For more complex patterns
like TTNGT the difference between the naive count and the observed distribution is even more dramatic
since839 does not even belong to the support[853, 1005] of the observed distribution. This is due
to the fact that thestring TTNGT actually occurs853 − 839 = 14 times in the dataset. Since our
naive approach discard all positions in the data where a symbol other thanA, C, G or T appears, these
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14 occurrences are hence omitted. Finally, let us point out that thanks to the optimal Markov chain
embedding provided by the DFA-based approach presented above, we are here able to deal with
relatively complex patterns likeTRNANNNSTM. One might suggests otherad hoccounting heuristics
than the “naive” one introduced above. For example, one can preprocess the dataset by replacing all
degenerated symbols by the most frequent letter in the corresponding subset. In our example, such
an approach leads to the following countings:732 for GCTA, 211 for TTAGT, 853 for TTNGT, and505
for TRNANNNSTM. If this heuristic gives an interesting result for the first pattern (counting close to the
median), it is unfortunately not the case for the other ones.Moreover, it is difficult to predict the bias
introduced by this particular heuristic since it can eitherlead to under- or over-coutings depending on
the pattern.

5 Conclusion

In this paper, we provide a rigorous way to deal with the distribution of Markov chains over a finite
alphabetA under the constraint that each positionXi of the sequence belongs to restricted subset
Xi ⊂ A. We provide a Forward-Backward framework to compute marginal distributions and derive
from it a EM estimation procedure. We also prove that the resulting constrained distribution is a
heterogeneous Markov chains and provide explicit formulasto recursively compute its transition ma-
trix. Thanks to this result, it is possible to apply known DFA-based methods from pattern theory to
study the distribution of a pattern of interest in this constrained sequence, hence providing a trustful
observed distribution for the pattern number of occurrences. This information may then be used to
derive a p-valuep for a pattern by combiningpn the p-value of the observation ofn occurrences in a
unconstrained dataset with the observed distribution through formulas likep =

∑
n pnPC(N = n).

One should note that the approach we introduce here may have more application than just counting
patterns in IUPAC sequences. For example, one might use a similar approach to take into account
the occurrences positions of known patterns of interest thus allowing to derive distribution of pat-
terns conditionnally to a possibly complex set of other patterns. One should also point out that the
constraintXi ∈ Xi should easily be complexified, for example by considering a specific distribution
overXi. For instance, such a distribution may come from the posterior decoding probabilities of a
sequencing machine.From the computational point of view, it is essential to understand that the het-
erogeneous nature of the Markov chain we consider forbid to use classical computational tricks like
power computations. The resulting complexity is hence linear with the sequence lengthℓ rather that
logarithmic. However, one should expect a dramatic improvement of the method by restricting the
use of heterogeneous Markov models only in the vicinity of degenerated positions.
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Abstract: The number of studies dealing with complete bacterial genome 
comparisons steadily increases. They allow us to gain insight into the molecular 
mechanisms involved in the evolution of bacterial genomes such as DNA 
exchanges. There exist several software tools and methods to align complete 
genomes and to determine conserved and variable regions. However, statistical 
methods to evaluate these tools are lacking. To fill this gap, two local scores for 
measuring the robustness of the comparisons of bacterial genomes are proposed. 
The calculation procedures of these scores are first presented and their interest is 
then discussed from two illustrative examples. 

Keywords: Comparative genomics, bacteria, conserved/variable segments, 
robustness, complete genome. 

1 Introduction 

The number of complete bacterial genome sequences available in public databases has considerably 
increased since the publication, in 1995, of the genome of Haemophilus influenzae that was the first 
bacterium to be completely sequenced [1]. There are currently more than 700 bacterial genomes 
entirely sequenced, representing about 250 distinct genera, and more than 1,200 other genomes will 
be available soon (see: http://www.ncbi.nlm.nih.gov/Genomes/, December 2008). Comparison of 
these genomes allows us to address new questions about their structure and their evolution [2]. 
Moreover, since the publication of a second strain of Helicobacter pylori in 1999 [3], the 
availability of genomes of closely related bacterial strains has rapidly increased. This offers new 
opportunities to gain insight into the understanding of short-term evolutionary processes, especially 
at the molecular level. 
 A comparison of two closely related bacterial genome sequences was performed by Hayashi et 
al. in 2001 [4]. An alignment of the two complete genomes of the enterohemorrhagic Escherichia 
coli O157:H7 Sakai strain and the E. coli K-12 MG1655 laboratory strain was performed. It allowed 
the determination of a highly conserved sequence between the two genomes, called the conserved 
backbone of the E. coli chromosome, which was interrupted by several DNA segments that were 
variable from one strain to the other. The backbone/variable segment structure is named 
segmentation. Its analysis is of great interest to study the molecular mechanisms involved in the 
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dynamics of bacterial genome evolution. Thus, for example, segments from the conserved 
backbone, which may correspond in large part to the common ancestral strain, have been shown to 
be enriched in functional DNA motifs [5]. Variable segments that may be associated to strain-
specificities, are particularly relevant to study horizontal transfers, as they are probably associated 
to mobile elements such as prophages [6]. Consequently, the segmentation (backbone/variable 
segments) must be accurately determined. There exist various software tools to compare and to 
align bacterial genomes [2] and several databases store pre-computed comparisons such as xBASE 
[7] and MOSAIC [8]. 
 The success of sequence alignment methods, such as BLAST or FASTA, lies, in part, in the 
evaluation of the statistical significance of the alignment score they provide. The genome 
comparison tools cited above generally suffer from a lack of statistical methods to evaluate their 
results [9]. To fill this gap, we propose two local scores measuring the robustness of the 
segmentations of bacterial genomes. In this paper, the calculation procedures of these two scores are 
first presented and their interest is then stressed from two illustrative examples.  

2 Measuring the Segmentation Robustness 

Here we present a method to measure the robustness of a segmentation (i.e., a backbone/variable 
segment structure) obtained from the comparison of two genomes. Our method is based on a 
simulation process that aims at randomly perturb the original genomes. 

2.1 Simulation Process 

The determination of bacterial genome segmentation is generally based on the detection of the 
common elements between the compared sequences. Thus, to measure the robustness of such a 
procedure, it is relevant to perturb only conserved regions rather than random sequences chosen 
from the whole genomes. We therefore focus on maximal exact matches (MEMs), which 
correspond to common sequences between the compared genomes that cannot be extended (whose 
length is maximal). It is noteworthy that MEMs are frequently used as anchors to align complete 
genomes [10]. The nucleotides corresponding to a user defined proportion of these MEMs are 
randomly perturbed. Three types of perturbations are defined: 1) Deletions, MEM’s positions are 
simply deleted; 2) Inversions, a MEM sequence is reverse-complemented and reinserted at the same 
position; 3) Double translocations, two MEM sequences are switched. Perturbations are applied 
separately in each compared genome, so that the process is symmetrical. The segmentation of the 
perturbed genomes is then computed and stored in a database. The process is repeated a sufficient 
number of times to ensure the statistical reliability of the scores defined below. 

2.2 Score Definition 

The measurement of robustness is based on the evaluation of the differences between the original 
segmentation (i.e., the backbone/variable segment structure) and the segmentations computed with 
the perturbed genomes. Two scores are derived, one focusing on the nucleotide robustness, the other 
one on the robustness of the segments. Considering the nucleotide i from one of the original 
genomes (either from a backbone or a variable segment of the original segmentation), the nucleotide 
score is defined as follows: 
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It is equal to the proportion of simulations in which the nucleotide i is assigned in a variable 
segment. Thus, Snuc varies between 0 and 1. Its interpretation is the following: if Snuc(i) is near 1 then 
i is likely to belong to a variable segment. 

 Considering the segment g of the original segmentation (i.e., the non-perturbed segmentation), 
the segment score is defined by: 
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where |g| denotes the number of nucleotides in segment g. It is equal to the average of the nucleotide 
scores of the nucleotides belonging to segment g. Thus, if Sseg(g) is close to 1 then the segment g is 
likely to be a robust variable segment. 

3 Application to Two Segmentations in the Escherichia coli Species 

3.1 Dataset Selection 

We first compared the E. coli enterohemorrhagic O157:H7 Sakai strain and the E. coli K-12 
MG1655 laboratory strain. The corresponding segmentation is available in the MOSAIC database 
(http://genome.jouy.inra.fr/mosaic/). This choice relies on the fact that this segmentation has been 
intensively studied and compares well to a manually curated dataset [4]. We also used a second 
segmentation based on the comparison of two E. coli K-12 strains: K-12 MG1655 and K-12 
W3110. The segmentation was performed using the strategy developed for the MOSAIC database. 
Because these two genomes are almost identical, this segmentation is expected to be roughly 
constituted by a unique backbone segment. Surprisingly, it is not the case as 40% of the genomes 
appear in variable segments. This suggests that the segmentation strategy might need to be modified 
for such closely related genomes (see below). These two E. coli segmentations were used here to 
illustrate the interest of the two scores. 

3.2 Nucleotide Score 

For each selected segmentation, Snuc was computed. After a preliminary investigation, it was 
decided to perturb 33% of the MEMs using a combination of the three types of perturbations 
described in section 2.1 and to perform 100 simulations. Snuc values were then plotted for all the 
nucleotides of each genome. Three examples representative of the different score profiles are shown 
in Fig. 1. 

 Fig. 1A shows a first example for the K-12/Sakai strain segmentation, which is focused on a 
5,000 bp variable segment. Along this region, Snuc is equal to 1 for the variable segment and sharply 
decreases at the surrounding backbone segments. This strongly suggests that the nucleotides of the 
focused segment really belong to a variable segment. Fig. 1B displays another variable segment 
from the K-12/Sakai strain segmentation. Values of Snuc indicate that although the assignment of the 
nucleotides to this variable segment is globally robust, the assignment for those located at the 
boundaries of the segment is less robust than for the others. 

 Fig. 1C depicts Snuc results for a variable segment of the comparison between the two E. coli K-
12 strains. The very low Snuc values along this segment reveal that the later is not robust and lead to 
suppose that it cannot be considered as a variable segment. 

 These three above examples of Snuc profiles indicate that the nucleotide score allows us to 
precisely analyze the robustness of a segmentation along each nucleotide of a genome. It facilitates 
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the detection of non or partially robust segments. Similar analyses were done along backbone 
segments (not shown) and indicate that this score is also useful to analyze backbone segments. 

 
Figure 1. Nucleotide scores for three variable segments along the E. coli K-12 MG1655 
genome from the segmentation of K-12/Sakai strains (A and B) and from the 
segmentation of the two K-12 strains (C). The axis at the top gives the nucleotide 
positions, the black and gray line shows the computed segmentation, and the curve 
(varying from 0 to 1) displays the nucleotide scores. 

3.3 Segment Score 

Computation of the segment scores (Sseg) was also performed on the two selected segmentations of 
the E. coli species. Fig. 2A displays the histogram of Sseg values for all the segments of K-12 
MG1655 from the comparison of K-12/Sakai strains. This segmentation contains 617 variable 
segments and 618 backbone segments. The score distribution presents two peaks, one for the 
variable segments and the other for the backbone segments. Most of the variable segments (in gray 
in Fig. 2A) have a score between 0.99 and 1, indicating that they are robust. The backbone segments 
(in black in Fig. 2A) most often have a score ranging between 0.3 and 0.4. They are also probably 
robust. Indeed, the backbone being mainly constituted of MEMs, their percentage of perturbation 
will determine the expected value of a robust score for a backbone segment. Because in this study 
33% of the MEMs were perturbed, robust backbone segment scores are expected to be around 0.33. 
Thus, from a rapid inspection of Fig. 2A, we can easily conclude that the whole segmentation of K-
12/Sakai strains is robust. 

 Conversely, it is not the case for the segmentation of the two substrains of E. coli K-12 strains 
(Fig. 2B). This figure clearly shows that for most of the variable and backbone segments, the score 
values correspond to a low robustness. This is in agreement with the fact that the predicted 
segmentation contains unexpected variable segments while a unique backbone segment was 
expected. As a result we can conclude that the whole segmentation of the two substrains of E. coli 
K-12 strains is not robust. 
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Figure 2. Segment scores for the segmentations of the E. coli K-12 MG1655 from the 
comparison of K-12/Sakai strains (A) and from the comparison of the two K-12 strains 
(B). 

4 Concluding Remarks 

To our knowledge, this study is the first attempt to statistically determine the robustness of bacterial 
genome segmentations. The two proposed scores, routed on classical statistics are simple to 
compute and easy to interpret. The examples presented here show that the proposed scores are able 
to distinguish robust and non robust segmentations. A statistical test will then be designed for this 
purpose. The nucleotide score (Snuc) also allows to detect short non robust regions among a 
generally robust segmentation.  

 Such encouraging results have been also obtained from the analysis of several other 
segmentations from the MOSAIC database (data not shown). This suggests that the scores 
developed here could be used at a larger scale, for example on all comparisons stored in the 
MOSAIC database. To further validate our approach, we are also performing simulation studies on 
artificial genomes for which the segmentation is known. 

 Comparison of multiple strains of a single species has also yielded the concept of species pan-
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genome as a measure of the whole gene repertoire that can pertain to a given bacterium [11]. 
Briefly, genes of the pan-genome are divided into three categories. The core-genome groups genes 
shared by all the strains, the dispensable genes correspond to those that are not present in each strain 
and last, the specific genes are observed in only one strain. In this context, it should be interesting to 
see whether genes of the core-genome belong to robust backbone segments as determined by the 
score calculations. This will be investigated in future works. 
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Abstract: Whole genome alignment is a challenging problem in computational
comparative genomics. It is essential for the functional annotation of genomes,
the understanding of their evolution, and for phylogenomics. Many global align-
ment programs are heuristic variations on the anchor based strategy, which relies
on the initial detection of similarities and their selection in an ordered chain.
Considering that alignment tools fail to align some pairs of bacterial strains, we
investigate whether this is intrinsically due to the strategy or to a lack of sensi-
tivity of the similarity detection method. For this, we implement and compare 6
programs based on three different detection methods (from exact matches to local
alignments) on a large benchmark set. Our results suggest that the sensitivity of
well known methods, like MGA or Mauve, can be greatly improved in the case of
divergent genomes if one exploits spaced seeds at the detection phase. In other
cases, such methods yield alignments that cover nearly the whole genome. Then,
we focus on global reliability of alignments: should an aligned pair of segments be
included in the global genome alignment? We investigate this reliability accord-
ing to both the segment ”alignability” and to inclusion of orthologs. Again, we
provide evidence that for both close and divergent genomes, one of our programs,
YH, achieves alignments with sometimes a lower coverage, but a higher inclusion
of orthologs. It opens the way to the first reliable alignments for some highly
divergent species like Buchnera aphidicola or Prochlorococcus marinus.

Keywords: Global genome alignment, anchor based strategy, spaced seeds

1 Introduction

Whole genome comparisons offer a unique opportunity to investigate globally the mechanisms
of evolution in closely related species, are a key to the inference of functional elements in both
coding and non coding regions, and serve as a basis in phylogenomics [1,2]. In particular, the
conserved parts of genomes, forming the so called backbone segments, indicate the biological
components common to several species or strains, while differences in sequences, variable seg-
ments, are likely responsible for what distinguishes them (e.g., pathogenic islands). Genome
alignment can deliver both at once.
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Due to the genome sizes and to the task complexity, genome alignment tools implement
heuristic algorithms. The most used scheme is the anchor based strategy (e.g., [3,4,5]),
which operates in four phases. It starts by detecting an initial set of pairwise similarity regions
(phase 1) and, through a chaining phase, selects a non-overlapping maximum-weighted subset
of those similarities (phase 2), called anchors. Phases 1 and 2 are recursively applied to each
pair of yet unaligned regions (phase 3). The last phase consists in systematically applying
classical heuristic alignment tools (e.g., ClustalW) to all short region pairs still left unaligned.

The Mosaic database stores the alignments of backbone segments for every pair of strains
of the same bacterial species. The backbones are obtained by first aligning the genomes with
either MGA or Mauve (two anchor based tools), then by post-processing the alignment to
remove segment pairs whose percentage of identity falls below 76%. This post-processing,
although based on an arbitrary threshold, is still applied to avoid unreliable alignments.
Moreover, some pairs of strains are absent from the database because the backbones covered
less than 50% of the genome. It is unanswered whether cases of small coverage are due to a
lack of sensitivity of the methods or to an intrinsic limitation of the strategy.

Here, we investigate this issue by implementing and comparing six methods that combine
three similarity detection methods and two chaining algorithms, and by comparing the results
on a large benchmark made of all pairwise intra-species bacterial genomes. As they simulate
the first 2 phases of the strategy, those methods can also be compared to MGA and Mauve
results. It turns out that one of the programs that exploits spaced seeds to search for similarity
regions, YH, allows to align divergent collinear genomes, for which MGA and Mauve failed to
produce reliable alignments. Moreover, when comparing the proportion of orthologous genes
included in the alignments, YH seems to overcome some reliability problems encountered by
other methods, including on well-known cases like E. coli.

In the sequel, Section 2 presents our programs, the benchmark data, and establishes a
protocol for the evaluation of global alignment. In Section 3, we evaluate the performance
of those methods from both computational and biological view-points, while we discuss the
results in Section 4.

2 Methods

Genome Alignment Programs MGA and Mauve are two archetypal anchor based alignment
tools, are widely used, documented and proved to be more accurate than MUMer and SLagan
[5,6]. They differ by two aspects: in phase 1, MGA searches for similarity regions that are
maximal exact matches (MEMs) with the program Vmatch [3], while Mauve finds approxi-
mate matches using a special type of spaced seeds [4]. In phase 2, MGA executes Chainer
[7], a program that selects the highest scoring non-overlapping set of collinear matches (con-
sistent chain [5]); Mauve uses a greedy breakpoint elimination algorithm [8] that generates
an approximate solution to the maximum-weighted non collinear anchoring problem. Hence,
MGA treats collinear genome pairs, while Mauve handles rearrangements.

Our 6 programs combine one of 3 similarity detection methods (Vmatch, Blast v2, Yass)
and one of 2 chaining algorithms (Chainer and Hierarchical chainer). Contrarily to Vmatch,
Blast v2 and Yass find similarities that are local alignments with either contiguous or spaced
seeds [9]. We named our 2 × 3 combinations by the initials of the methods they combine:
VC, BC and YC with Chainer, VH, BH and YH with Hierarchical Chainer. By comparing
those, we can measure the impact of each element on the final alignment.
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The Hierarchical chainer implements a greedy chaining that allows for limited overlaps,
in place inversions, and privileges region pairs with stronger similarities [10]. Similarities
are ordered by decreasing numbers of identities (nid) and processed in groups according
to several intervals of nid, starting with the largest ones. In each group, we consider first
similarities located on the dotplot main diagonal (i.e., shift of 0) and continue with increasing
shifts. collinear similarities are being chained from the left end on the reference sequence, in
a greedy manner.

Genome Sequences and Comparisons We considered all (236) pairs of bacterial strains of the
same species whose complete genomes are available in GenomeReviews database as of mid-
2008 [11]. The Mauve and MGA alignments, and the backbone segments positions for each
pair were obtained from the Mosaic database [12], except for 37 pairs corresponding to five
divergent species (Buchnera aphidicola, Prochlorococcus marinus, Pseudomonas fluorescens,
Rhodopseudomonas palustris and Synechococcus sp) that were recomputed with the same
protocol, since excluded from the database due to poor backbone coverage. For all pairs, we
compute the alignments with our 6 programs. For 13 pairs, Vmatch yields erroneous results
(detects non existing MEMs), which were excluded from further analysis. The backbone
according to YH is the intersection of the set of anchors on each genome.

Criteria for Evaluation To compare alignments, all genome aligner publications use global
quantitative criteria like the percentage of identity (%id) and the coverage, however not
necessarily with the same definition. The usual definition of the %id, percentage of identical
base pairs over the total alignment length (as in Mosaic), makes it incomparable between
alignments. We define the coverage as the total length of aligned segments, and the %id as
the ratio of identical bases in aligned segments (of the coverage) over the genome length.

To measure the reliability of the genome alignments, we compare their intersection with
the sets of orthologous genes as defined in the OMA database [13]. We retrieved from OMA
the list of orthologous genes and their positions for 12 pairs. For each, we compute the
number and % of the genomic sequence of orthologous genes included in the backbone.

3 Results

The six programs were applied on every pair of intra-species bacterial genomes (see Section 2).
The results were compared to those obtained using MGA, Mauve (collected from Mosaic)
with respect to the criteria defined above. Result tables and additional information can
be found at the following location: http://www.lirmm.fr/˜uricaru/Appendix JOBIM09.html
(Appendix).

Present Achievements
The first striking result lies in the difference of coverage between different species obtained
by MGA and Mauve. For some species all pairwise alignments cover more than 90% of the
genome (e.g., on Streptococcus thermophilus), while in others the coverage is below 10% (e.g.,
Synechococcus sp). One also observes, but more rarely, species for which the coverage of both
methods varies greatly among pairs of strains (for P. marinus, the coverage of MGA varies
in [0, 78]% and that of Mauve in [6, 96]%).

It is clear that these programs succeed in aligning some genome pairs and fail in others,
which could be due either to a high level of divergence that makes the sequences unalignable
(see Appendix) or to a methodological failure in detecting similarity regions or in chaining.
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Local Similarities (LS) vs MEMs

The similarity detection phase is mainly responsible for the sensitivity of an anchor based
method. Indeed, the chaining phase only discards potential anchors, however it may be
unadapted to the type of similarities used. Here, to assess the impact on sensitivity, we
compare the genome coverage obtained after the phases 1 and 2 of three different similar-
ity detection methods combined with two chaining algorithms on a large panel of genome
comparisons. Similarities are either short exact matches (MEMs), BLAST local alignments
or local alignments based on spaced seeds (YASS). Figure 1 shows the difference of genome
coverage between pairs of methods as box plots.

The left plot, which compares the effect of MEMs versus spaced seeds LS combined with
Chainer, demonstrates that a classical chaining algorithm is unadapted to LS. This is due to
overlaps between long local similarities, which are prohibited in the chain and cause Chainer
to discard large alignment regions, especially for highly similar genomes. We thus designed
a new chaining method allowing for overlaps, called Hierarchical chaining (see Section 2).

The central part of Figure 1 shows which chaining method suits a given type of similarities.
Chainer does well with MEMs (VH-VC), Hierarchical performs in average better than Chainer
with BLAST LS (BH-BC), and always surpasses it with spaced seeds LS (YH-YC). The right
part compares the combination YH with the other best combinations. It clearly shows that
YH surpasses all other methods in coverage and can even achieve important differences. Let
us take the case of P. marinus strains CP000111 GR vs CP000095 GR as a running example
of divergent strains: YH obtains 57% coverage, while BH covers 3% of the genome and VC
not even 1%.

Our comparisons provide clear evidence that using spaced seeds in the similarity detection
phase improves the coverage, and therefore the global sensitivity of the anchor strategy. Thus,
in some cases, alignment failure was due, indeed, to a lack of sensitivity of the anchor detection
phase.

Figure 1: Boxplots of

genome coverage differences

between methods over

236 genome pairs. E.g.,

YH−YC means, for each

pair, the genome coverage

of YH method minus that

of YC in %. In a boxplot,

circles are outliers. Left

part: YC−VC coverage.

Central part: comparison

of each similarity detection

method combined either

with Chainer or our Hier-

archical chaining. The 4th

boxplot plus the right part:

YH compared to other

combinations; YH obtains

larger coverage in the vast

majority of cases over all

four other combinations.
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YH vs MGA/Mauve
Although MGA and Mauve execute two additional steps compared to our programs, the
comparison of their results allows to see which proportion of the genome can be aligned
solely with the chain of anchors and how it contributes to the percentage of identities.

On the 236 genome pairs, the coverage difference YH-MGA varies from −17% to 99%,
with an average of 7.2%, and is zero or positive for 140 pairs and < −2% for only 10 pairs.
The difference in %id varies from −16% to 99% with an average of 7%, and is zero or positive
for 183 pairs and < −2% for only 2 pairs. Hence, the hierarchical program either achieves a
result similar to MGA or improves on it in both aspects: coverage and %id.

In average, over the 236 genome pairs, the alignments of Mauve cover 13% more nu-
cleotides than that of YH (variation within [−14, 69]%) and have nearly 10% more identities.
This is mostly due to its ability to handle rearrangements. However, as detected in Mosaic,
a high coverage sometimes hides unreliable alignments. The segments that are aligned with
ClustalW in the fourth phase (these are termed aligned gaps by Mauve) do not necessarily
share sequence similarity and are often unreliably aligned. We investigated whether unreliable
segments have a high impact on the coverage especially for highly divergent strains.

Our running example with a pair of P. marinus strains is in fact a typical situation for
the divergent bacterial cases. In this case, Mauve covers in average with 27% more than
YH (84%, corresponding to 1491kb vs 57% corresponding to 1012kb), while the difference in
identity percentage is only of 8% in its favour. As both the coverage and the %id are ratios
over the genome length, we can say that it covers 27 additional % (479kb) of the genome
with only 8% more identities (142kb). It suggests that some pairs of aligned segments could
well be false positives (i.e., should not be part of the alignment). Indeed, by plotting the
cumulative coverage with segments below a given threshold of %id, we found that Mauve
covers 22, resp. 30%, with segments whose %id lies ≤ 50, resp. ≤ 55%.

Finally, we looked at the reliability and the accuracy of our backbones with a biological
view-point. For this we compared the percentage of nucleotides from orthologous genes and
the number of such genes included in YH, MGA, or Mauve backbones. In our P. marinus
example, 60% of the nucleotides are part of YH backbone, compared to only 7% for Mauve
and 3% for MGA. Even for the well studied E. coli comparison (K12 vs Sakai), where all
three tools report a coverage 80% on Sakai genome, YH completely includes in its backbone
8% more orthologous genes than the other tools do. Even if it can be improved, this suggests
that YH gives accurate and reliable backbones, with more precise segment bounds.

4 Discussion

In this work, we conducted one of the first evaluations of anchor-based genome alignment
methods on a large set of intra-species bacterial genome alignments. For this, we propose a
protocol and implement several programs performing only the first two steps of the anchor
based strategy.

First, it appears that even for short, closely related, and sometimes collinear genomes,
pairwise alignment is incompletely solved by nowadays programs. Second, the anchor chain
they compute can be improved by using local alignments instead of shorter exact or ap-
proximate matches as similarities, provided that the chaining algorithm authorises overlaps
between adjacent anchors. This improvement measured in terms of genome coverage and of
%id is more pronounced if local alignments are detected with highly sensitive spaced seeds
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[9]. Third, even if Mauve often achieves higher coverage than our method YH, the reliability
of some of its regions aligned in the fourth phase is questionable, and their %id argues in
favour of discarding them from the output (see the P.marinus example).

With its publication, Mauve opened the way to a better handling of rearrangements;
nonetheless our results suggest the similarity detection could be improved, and thereby the
global reliability of the complete alignment. The comparison of the coverage of known or-
thologs between MGA, Mauve, and YH corroborates these findings. Interestingly, our pro-
gram YH performs drastic improvements where both MGA and Mauve fail: on species with
highly divergent strains like B. aphidicola, P.marinus.

Besides this gain in coverage and percent identities over MGA or sometimes Mauve,
YH runs faster (a maximum running time of 102 s. and an average of 10 s.) and brings
qualitative ameliorations. Its chain contains 150 anchors in average vs several thousands for
MGA and Mauve, making it simpler to visualise and to grasp. Moreover, all local alignments
it includes have an associated E-value that lies above a given threshold, ensuring they are
statistically significant, which is not the case in MGA or Mauve alignments. Altogether, YH
could be useful to automatically determine the backbone (a goal of Mosaic) without further
post-processing based on an arbitrary threshold.
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Abstract: An increasing number of sophisticated control algorithms become available
in the current literature to optimize the HIV therapy. Unfortunately, the pharmacoki-
netics and pharmacodynamics of antiretroviral drugs are ignored and these algorithms
remain purely theoretic. This issue is investigated explicitly in this paper. An elemen-
tary pharmacodynamics model is combined with a non linear feedback control computed
from standard engineering methods. It is shown that it results in the design of a realistic
dosage regimen which drives the immunological system close to the healthy equilibrium
state. Although the problem is dealt as a single input system, it is argued that the proce-
dure can be extended to a multitherapy design or to any available control law.

Keywords: HIV, nonlinear systems, input-output linearization, pharmacokinetics, phar-
macodynamics

1 Introduction

Les mod̀eles math́ematiques de l’infection par le VIH qui existent de nos jours décrivent les
dynamiques des lymphocytes T-CD4+ sains (principales cibles du virus), des lymphocytes T-CD4+
infect́es, de la charge virale et parfois des cellules CD8+. Les premiers travaux en ce sens datent des
anńees 90 [1,2,6,7]. Ils ont permis par exemple d’estimer les durées de viein vivo du virus et des
cellules infect́ees [7,6]. Des travaux plus récents mettent l’accent sur l’identification des paramètres
des mod̀eles math́ematiques [10,11,8] ou encore sur l’application des théories de la commande pour
l’optimisation des traitements antirétroviraux [3,4,5].

Les multi-th́erapies qui existent actuellement se composent essentiellement des Inhibiteurs de la
Prot́ease (PI) qui perturbent la maturation des nouveaux virions et des Inhibiteurs de la Transcriptase
Inverse (RTI) qui emp̂echent la production de nouveaux virions en bloquant la transcription inverse de
l’ARN viral en ADN. D’un point de vue d’automaticien, les traitements sont lesentŕees du système.

Nous introduisons ici des concepts de pharmacocinétique (PK) et de pharmacodynamique (PD)
des antiŕetroviraux (ARV) qui permettent d’affiner la modélisation de l’entŕee de commande, aspect
jusque l̀a ńegligé dans les travaux de commande. Nous illustrons ce travail en dérivant un ŕegime
thérapeutique« réaliste» baśe sur la commande par linéarisation entŕee-sortie du mod̀ele mono-
entŕee. L’organisation de ce papier est comme suit : en Section 2, nous reprenons le mod̀ele de base de
la dynamique de l’infection par le VIH. Une loi de commande par linéarisation partielle est calculée
en Section 3. La Section 4 introduit les principes de base de la pharmacocinétique et de la pharma-
codynamique utiliśes en Section 5. Cette dernière pŕesente la contribution majeure de ce papier, qui
consistèa calculer une posologie optimale en tenant compte de la pharmacologie des ARV. Enfin, la
Section 6 conclut.
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2 Modélisation

Nous pŕesentons dans cette section le modèle de base d́ecrivant la dynamique de l’infection par le
VIH. Ce mod̀eleà trois dimensions introduit dans [7], fait intervenir trois grandeurs caractéristiques :
la population de cellules CD4+ saines(T ) en(CD4/mm3), la population de cellules CD4+ infectées
(T ∗) en(CD4/mm3) et la charge virale(V ) en(copiesd′ARN/ml).

Ṫ = s− δT − βTV,

Ṫ ∗ = βTV − µT ∗,
V̇ = kT ∗ − cV.

(1)

Ce mod̀ele suppose que les CD4+ sains sont produitsà un taux constants et meurent̀a un tauxδ. Ils
sont infect́esà la« vitesse» βTV proportionnellèa leur nombre et̀a la charge virale(V ). Les CD4+
infect́es meurent̀a un tauxµ et les virus̀a un tauxc. Les virions sont produits par les CD4+ infectésà
un tauxkT ∗. Une analyse des données cliniques [9] indique que le traitement influe essentiellement
sur le param̀etrek. Cetteétude n’est pas reprise dans ce papier faute de place. Cependant, nous en
retenons le ŕesultat principal : le mod̀ele 3D est un mod̀ele mono-entŕee qui s’́ecrit :

Ṫ = s− δT − βTV,

Ṫ ∗ = βTV − µT ∗,
V̇ = (1− u(t))kT ∗ − cV.

(2)

u(t) (0 ≤ u(t) ≤ 1) est l’entŕee de commande unique affectant le paramètrek. u(t) repŕesente
l’efficacité globale de la th́erapie,i.e la superposition des effets des RTI et des PI.

3 Commande du mod èle mono-entr ée

3.1 Lin éarisation ent ée-sortie

La linéarisation entŕee-sortie est une technique standard dans la commande des systèmes non
linéaires. Soit le système non lińeaire :

ẋ = f(x) + g(x).u
y = h(x)

(3)

Selon la th́eorie de commande non linéaire, l’approche consistèa trouver un changement de coor-
donńees (diffeomorphisme)z = P (x) et un retour d’́etatu(t) = a(x) + b(x)v qui transforme le
syst̀eme non lińeaire entŕee-sortie en un système lińeaireéquivalent. Apr̀es cette transformation, un
régulateur est calculé pour le mod̀ele linéaire obtenu.

3.2 Application au mod èle (2)

La commandeu(t) devrait ramener le système au point d’́equilibre(T0 = s/δ, T ∗
0 = 0, V0 =

0). En choisissanty = h(x) = (T − T0) + T ∗, le syst̀eme a un degré relatif 1 égal à 3 et est
compl̀etement lińearisable. Nous calculons alors le difféomorphismez = P (x) ainsi que l’expression

1 le degŕe relatif d’un syst̀eme est le nombre de fois qu’il faut dériver la sortiey pour obtenir une d́ependance explicite de
l’entréeu.
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de la commande lińearisanteu(t). Ces expressions ne sont pas explicitées dans ce papier par manque
de place, mais le lecteur peut se référer à [9] pour plus de d́etails. Cependant, la simulation de la
linéarisation complète ńecessite la manipulation d’expressions assez compliquées. Nous avons alors
choisi la lińearisation partielle du système avec une dynamique de zéro stable, commande qui assure
la convergence asymptotique vers le point d’équilibre d́esiŕe. Notons que le choix de la linéarisation
partielle est aussi légitime que tout autre choix, celui-ci pouvantêtre aussi une commande linéaire
fondée sur l’approximation lińeaire autour d’un point d’équilibre [8].

Soit y = h(x) = T − T0 la sortie lińearisante. Dans ce cas, le système a un degré relatif 2 et est
partiellement lińearisable. Les expressions du changement de coordonnées partiel, de la commande
linéarisante et de la dynamique de zéro dans le cas de la linéarisation partielle ne sont pas décrits ici
mais se trouvent aussi dans [9]. La figure 1(a) est une simulation de la linéarisation partielle après un
placement de p̂oles convenable. La commandeu(t) est repŕesent́ee sur la figure 1(b). Le traitement est
administŕe entre les jours 50 et 375 (u(t) 6= 0 pour 50 ≤ t ≤ 375 ). Les param̀etres et les conditions
initiales de simulation sont :s = 9 mm−3d−1, δ = 0.009 d−1, β = 4.1×10−6 mld−1, µ = 0.3 d−1,
k = 75 mm3ml−1d−1, c = 0.6 d−1, c1 = −0.0013, c2 = −0.17, T (0) = 1000 CD4/mm3,
T ∗(0) = 1 CD4/mm3, V (0) = 50 copies/ml.
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Fig. 1. Commande de la dynamique de l’infection par linéarisation entŕee-sortie

Un avantage majeur de cette loi de commande est sa capacité à conduire le système vers le point
d’équilibre d́esiŕe par le biais d’une efficacité de traitement variable au cours du temps. En d’autres
termes, si l’efficacit́e du traitement est liéeà la dose administrée, on peut dire qu’une dose complète
n’est pas ńecessaire tout le temps (voir Section 5).

4 Notions de pharmacologie

La pharmacocińetique (PK) d’un ḿedicament est d́efinie comméetant la relation qui existe entre
la posologie de ce ḿedicament et sa concentration dans le plasma alors que la pharmacodynamique
(PD) repŕesente la relation entre la concentration plasmique du médicament et son effet final.

1. Modèle pharmacocińetique
Souvent, les ḿedicaments sont administrésà doses constantes età intervalle de temps constant.
En ńegligeant le ph́enom̀ene d’absorption, la quantitéX(t) de ḿedicament dans le corps est régie
par l’équation diff́erentielle du1er ordre suivante :

Ẋ = −KX pour nτ < t < (n + 1)τ (n ∈ N) (4)
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où K est la constante de temps d’élimination du ḿedicament du1er ordre. Au d́ebut de chaque
intervalle de dosage, la condition initiale s’écrit :X0(nτ+) = X(nτ−) + D0(nτ) où D0(nτ) est
la dose administŕeeà l’instantnτ . Ce mod̀eleà un compartiment est le modèle pharmacocińetique
le plus simple pŕesent́e dans [12,13].

2. Modèle pharmacodynamique
La relation entre la ŕeponse th́erapeutique ou l’efficacité du ḿedicament (η(t)) et la concentration
plasmiqueC(t) est empiriquement approxiḿee par ([13,14]) :η(t) = ηmax

C(t)s

C(t)s+1/Q .
Souvent,s = 1, ηmax = 1 et 1/Q = C50, concentration plasmique pour laquelle le médicament
est efficacèa 50%. Ainsi, en termes de quantité de ḿedicament dans le corps, nous avons :

η(t) =
X(t)

X(t) + X50
(5)

où X(t) = C(t)× Vd, X50 = C50 × Vd, etVd le volume de distribution du ḿedicament.

5 Calcul de posologie

5.1 Le principe de la m éthode

Cette ḿethode consiste en deuxétapes :

1. Calcul de la commande nominale continue du modèle (2) selon les diverses techniques de com-
mande non lińeaire telles que la lińearisation entŕee-sortie,

2. Calcul de la posologiéechantillonńeeéquivalentèa la posologie continue. Cetteéquivalence est
fondée sur la mod́elisation pharmacologique et est détaillée ci-dessous.

Reprenons la commande de la section 3.2 Figure 1(b), et supposons que lepatient est sous mo-
noth́erapie. Alors,u(t) = ηdésiré(t). D’après l’équation (5), on peut calculer la quantité d́esiŕee de
médicament dans le corpsà chaque instant t :Xdésiré(t) = X50

ηdésiré(t)
1−ηdésiré(t)

. Sur une ṕeriode interdose

de longueurτ donńee, la quantit́e de ḿedicament dans le corps qu’il faut est
∫ (n+1)τ
nτ Xdésirédt. Nous

calculons alors la quantité de ḿedicamentX0(nτ) qu’il faut avoir au d́ebut de chaque intervalle de
dosage de sortèa garantir la quantité totale de ḿedicament dans le corps calculée pŕećedemment sur
cet intervalle. Selon le modèle pharmacocińetique (4), nous devons avoir :∫ (n+1)τ

nτ
X0(nτ)e−K(t−nτ)dt =

∫ (n+1)τ

nτ
Xdésirédt (6)

X0(nτ) =
K

1− e−Kτ

∫ (n+1)τ

nτ
Xdésirédt (7)

Les dosesD0(nτ) sont donńees par

D0(nτ) = X0(nτ)−X(nτ−) = X0(nτ)−X0((n− 1)τ)e−Kτ ≈ X0(nτ).

La quantit́e X(t) de ḿedicament ŕeellement pŕesente dans le corps est la réponse du système du
premier ordre (4) au train d’impulsionsX0(nτ). L’ équation (5) permet de calculer l’efficacité ŕeelle
η(t) du traitement. Nous discutons dans la section 6 la validité du principe pour les multith́erapies.
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5.2 Le cas de la monoth érapie

Consid́erons le cas de la monothérapieà la zidovudine (ZDV). Les param̀etresin vivo de ce
médicament sont donnés dans [14] :K = 0.35h−1 et C50 = 0.8 mg/L. D’après [15], le volume
de distribution parkg de la zidovudine estvd = 1.6L/kg. Pour une personne de masse corporelle
moyenneM = 70kg, on aX50 = C50 × vd ×M = 89, 6mg.
La Figure 2 montre la posologie de ZDV calculée selon la ḿethode d́ecrite à la Section 5.1 pour
τ = 0, 5 jour. On remarque sur cette figure que les dosages calculés sont compris entre 61.9 mg et
434.5 mg pour une moyenne de 190.3 mg. Ces valeurs sont en cohérence avec la dose administée
en trith́erapie standard, soit 300 mg b.i.d. D’autre part, la Figure 3 illustre l’évolution de l’infection
(charge virale, figure 3(a) et CD4 sains, figure 3(b)) pour une monothérapieà la ZDV une fois par jour
(τ = 1jour), deux fois par jour (τ = 0, 5jour) et trois fois par jour (τ = 0.3jour). Nous rappelons
qu’à chaque fois, la posologie (X0(nτ)) est calcuĺee selon le principe de la Section 5.1. Sur cette
figure, nous pouvons voir que plusτ diminue, plus la ŕeponsèa la th́erapie s’approche de la réponse
optimale et du point d’́equilibre d́esiŕe. Ceci justifie l’́echec de la prise de ḿedicament une fois par
jour faceà des administrations quotidiennes multiples.
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6 Conclusion et perspectives

Dans ce papier, une loi de commande de linéarisation par bouclage est calculée pour le mod̀ele
3D de la dynamique de l’infection par le VIH. Cette loi ramène le syst̀eme vers l’́etat d’́equilibre
désiŕe, à savoir, un taux de CD4 sains voisin de1000 CD4/mm3 et une charge virale indétectable.
Par ailleurs, l’incorporation des modèles PK et PD des ARV ainsi que la« discŕetisation» de la loi
de commande selon le principe décrit à la Section 5.1 ont permis de déduire pour une première fois
un ŕegime th́erapeutique pragmatique en termes de posologie.

La suite de ce travail consisteà traiter le cas de la multithérapie. Pour cela, sip médicaments sont
administŕes nous prenonsu(t) = ηdésiré(t) = 1−∏p

i=1(1− ηi désiré). Il suffit alors de poser(p− 1)
autreśequations ind́ependantes de la formef(η1 désiré, η2 désiré, . . . , ηi désiré, . . .) = 0 pour calculer
lesηi désiré. Nous revenons ensuite au cas dep monoth́erapies.

Remerciement

Nous remercions les patients qui ont consentià participerà cetteétude dont le CHU de Nantes
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co-occurrence : application à Plasmodium falciparum
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Abstract: Hidden Markov Models (HMMs) have proved to be powerful for protein do-
main identification. However, numerous domains may be missed in highly divergent
proteins. This is the case for the proteins of Plasmodium falciparum, the main causal
agent of human malaria. Here, we propose a method that uses domain co-occurrence to
increase the sensitivity of the approach while controllingits false discovery rate. Applied
to P. falciparum, our method identify (with an error rate below 20%) 590 new domains
(versus 3683 in Pfam Database), which involve 283 new GO annotations.

Keywords: Hidden Markov Models, Protein Domains, Gene Ontology, Malaria.

1 Introduction

Les mod̀eles de Markov cach́es (HMM [1]) se sont révélés être un outil puissant pour l’identi-
fication de domaines protéiques grâce à leur capacité àcapturer l’information spécifique à chaque
position. Chaque HMM représente un domaine donné.Étant donné une nouvelle séquence protéique,
l’approche probabiliste permet de calculer un score qui reflète la probabilité que le HMM ait généré
la séquence. Ce score peut aussi être utilisé pour calculer une E-valeur, espérance du nombre de
séquences ayant un aussi bon score dans une base de séquences aléatoires. La base de données en
ligne Pfam (version 23.0) [2] propose une large collection de HMM modélisant des familles de do-
maines couvrant plus de 73% des protéines d’Uniprot [3]. Uncertain nombre de domaines Pfam sont
annotés dans laGene Ontologyou GO [4]. L’annotation d’un domaine correspond aux informations
communes à toutes les protéines ayant ce domaine [5], ce qui permet, lorsqu’un nouveau domaine est
identifié dans une protéine, de transférer les annotations GO du domaine à la protéine. Pfam fournit
avec ses modèles des seuils permettant d’affirmer la présence du domaine si le score de la séquence est
supérieur au seuil. Cependant, chez certaines protéinesfortement divergentes, cette approche n’est pas
assez sensible pour permettre l’identification des domaines composants la protéine. Appliquée àP. fal-
ciparumpar exemple (l’agent responsable de la forme létale de la malaria humaine), cette stratégie se
révèle incapable de détecter le moindre domaine dans 47%de ses protéines, tandis que de nombreux
domaines semblent absents du répertoire deP. falciparum(seulement 1421 domaines distincts ont pu
être identifiés).À titre de comparaison 2369 domaines sont répertoriés chez la levure, et concernent
76% des protéines. Une des explications à ces difficultésréside dans le fort biais compositionnel des
protéines deP. falciparum, induit par la composition à 80% de A+T de son génome. Relâcher les
seuils requis pour la détection des domaines permettrait de plus nombreuses annotations, mais au prix
d’un nombre d’erreurs important. Une solution est alors d’utiliser des informations supplémentaires
pour filtrer parmi ces domaines potentiels ceux qui ont le plus de chance d’être réellement présents.
Dans cet article nous proposons d’utiliser la co-occurrence de domaines pour cela.
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Les différentes études publiées concernant la combinatoire des compositions en domaines des
protéines révèlent un certains nombre de propriétés.Les protéines composées des mêmes domaines
ont généralement une fonction similaire [6]. La conservation de groupes de domaines au cours de
l’évolution a été mise en évidence par plusieurs études montrant que le nombre de combinaisons de
domaines identifiés dans la nature est infime en comparaisondu nombre de combinaisons possibles :
les domaines protéiques n’apparaissent qu’avec un nombrenombre limité d’autres domaines favoris
au sein des protéines [7].

Nous présentons dans un premier temps notre méthode de recherche par co-occurrence ainsi
qu’une procédure permettant de contrôler le taux d’erreur de la méthode. Nous validons ensuite notre
approche grâce à des simulations sur la levure, puis nous présentons les résultats obtenus lorsqu’elle
est appliquée à un organisme fortement biaisé commeP. falciparum.

2 Méthode

Nous proposons d’utiliser les propriétés de co-occurrence des domaines pourcertifier la présence
d’un domaine potentiellement présent dans une protéine `a partir de la présence avérée d’un autre
domaine. Notre approche consiste dans un premier temps à identifier parmi toutes les protéines de
Uniprot, les paires de domaines montrant une co-occurrenceforte (vérifiée par un test statistique) dans
de nombreuses protéines. Ces paires de domaines conditionnellement dépendants (PDCD) forment
alors une liste de référence qui est utilisée de la manière suivante. Considérons une protéine de notre
organisme cible (par exempleP. falciparum) pour laquelle un ou plusieurs domaines sont déjà connus.
En relâchant les seuils de score, les HMM de Pfam détectentun ou plusieurs nouveaux domaines
potentiels. Si l’un de ces domaines forme, avec au moins un des domaines connus de la protéine,
une paire faisant partie de la liste desPDCD de référence alors il est considéré comme certifié. Pour
appliquer cette méthode de certification par co-occurrence, on a donc besoin de connaı̂tre, pour chaque
protéinei de l’organisme étudié, l’ensemble de ses domainesavérés (Ai) et potentiels(Pi). Il faut
aussi établir à l’aide de l’ensemble des protéines de composition connue, la liste de paires de domaines
co-occurrents de référence, notéePDCDqui permet de certifier un domaine potentielx ∈ Pi, grâce à
un domaine avéréy ∈ Ai, si (x, y) ∈ PDCD.

L’ensemble des domaines potentiels (Pi) se construit à partir des résultats de la recherche des
HMM de Pfam sur la séquence protéiquei grâce au logicielhmmer [8]. Elle est paramétrée pour
fournir l’ensemble des domaines dont l’E-valeur est inférieure à une valeur beaucoup moins stringente
que la valeur seuil proposée par Pfam. Les résultats sont ensuite traités pour obtenir un ensemble de
domaines non-recouvrants. Cette opération est effectuée grâce à un algorithme de pavage qui conserve
en priorité les domaines possédant la meilleure E-valeur. À l’issue de cette phase, on conserve pour
chaque protéinei l’ensemble des domaines potentiels non redondantsPi.

La base de connaissance des domaines avérés (Ai) peut être construite de différentes manières. La
plus sûre est d’extraire directement des bases de donnéesdédiées aux organismes, les domaines Pfam
dont la présence a été certifiée par des experts, par exemple la base PlasmoDB [9] (version 5.5) pour
P. falciparum. Elle peut aussi être obtenue en effectuant une recherche `a l’aide des HMM de Pfam sur
l’organisme cible en respectant les seuils proposés par Pfam. Cependant, d’autres bases de connais-
sance complémentaires peuvent être envisagées. On peutpar exemple s’appuyer sur l’ensemble des
domaines Interpro [5] répertoriés dans notre organisme cible (issus de PlasmoDB pourP. falciparum).
L’utilisation de l’intégralité des bases de données d’Interpro permet alors de disposer d’informations
issues de 9 bases de domaines protéiques supplémentaires(SMART, PROSITE, Gene3D, Superfa-
mily, PANTHER, Tigrfams, PRINTS, PIRSF, ProDom). En étendant de cette manière notre base de
connaissances et en apprenant une liste dePDCD spécifique où chaque paire est composée d’un do-
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maine Pfam et d’un domaine Interpro (non-Pfam), nous espérons pouvoir certifier plus de domaines,
même dans des protéines où aucun domaine Pfam n’est connu. Néanmoins, comme pour la base
Pfam, cette base limite la certification par co-occurrence `a des protéines où au moins un domaine est
déjà connu. Une autre base de connaissance complémentaire est de considérer les domaines potentiels
(Pi) eux-mêmes comme base de connaissance. Dans cette solution, on essaye de certifier un domaine
potentiel par un autre domaine potentiel (au risque d’un taux d’erreur plus important) afin de détecter
des domaines Pfam dans des protéines où aucun domaine n’est connu.

La liste des paires de domaines conditionnellement dépendants est calculée à partir de l’ensemble
des paires qui ont déjà été observées dans les protéines d’Uniprot chez d’autres organismes. Ces paires
étant utilisées pour certifier la présence potentielle d’un domaine grâce à un autre domaine, elles
doivent révéler une dépendance conditionnelle entre ces domaines,i.e. la présence de l’un doit être
un indice fort de la présence de l’autre. Toutes les paires observées dans Uniprot ne satisfont pas ce
critère. Par exemple, si deux domaines fréquents apparaissent avec de nombreux domaines différents
(très versatiles), ils ne forment pas une paire conditionnellement dépendante. Tester la dépendance
conditionnelle des paires de domaines revient à mesurer l’association de deux variables. On doit
effectuer un test de comparaison entre deux proportions correspondant à l’observation simultanée
de deux caractères différents sur les mêmes individus. Les individus sont lesN protéines multido-
maines d’Uniprot dont la composition en domaines est connue. Les deux caractères observés dans
ces protéines sont la présence (ou l’absence) des domaines formant chaque paire. Une solution à ce
problème peut être apportée par un test de corrélation de typeχ2. Nous avons choisi d’appliquer un
test exact de Fisher, plus adapté pour de petits échantillons comme c’est le cas ici. Pour chaque paire
de domaines une P-valeur peut donc être calculée. Si cetteP-valeur est inférieure à un certain seuil
(typiquement 1%) l’hypothèse nulle est rejetée, les domaines sont considérés comme conditionnelle-
ment dépendants, et la paire est ajoutée à la liste desPDCD.

Contrôle du taux de faux positifs :À partir des domaines potentiels, des domaines avérés et de la
liste desPDCD, on est capable de certifier un certain nombre de domaines in´edits. Une question est
alors de pouvoir estimer le nombre de domaines certifiés parerreur par notre approche. Pour cela
nous proposons d’estimer l’espérance du nombre de nouveaux domaines que notre approche certi-
fierait sous l’hypothèseH0 où tous les domaines potentiels étaient prédits de mani`ere aléatoire. Cela
peut être réalisé par simulation, à l’aide d’une procédure de permutation aléatoire des différents do-
maines potentiels des protéines. Permuter les différents domaines crée une situation dans laquelle
les domaines potentiels sont indépendants des domaines avérés, tout en préservant la distribution de
ces domaines, ainsi que la distribution du nombre de domaines potentiels et avérés par protéine. La
procédure de permutation est la suivante. Dans un premier temps, l’ensemble des domaines avérés
associés aux protéines est fixé. Puis on collecte l’ensemble des domaines potentiels de toutes les
protéines, et on les redistribue aléatoirement à travers les différentes protéines en créant de nouveaux
ensembles de domaines potentielsP ∗

i de même taille que les ensemblesPi originaux. On applique
ensuite notre méthode sur ces domaines potentiels, et on comptabilise le nombre de domaines poten-
tiels qu’elle certifie. On réitère cette procédure un grand nombre de fois (typiquement 1000), et on
moyenne les résultats. Ce nombre moyen de domaines certifi´es sous l’hypothèseH0 est comparé au
nombre de certifications réalisées sur les données originales. Le taux de faux positifs (estimation du
False Discovery Rate, ouFDR) de la méthode est estimé par le ratio :

F̂DR =
espérance du nombre de certification sousH0

nombre de domaines certifiés sur les données originales
.

En jouant sur le seuil d’E-valeur utilisé pour définir les domaines potentiels, on peut donc, grâce à
cette procédure, contrôler leFDRassocié à nos prédictions.
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3 Résultats

La première expérience réalisée consistait à nous assurer de la capacité de la méthode à trouver
les domaines qui échappent aux seuils de Pfam à cause d’unedérive trop importante des séquences
protéiques. Le principe est le suivant. Les HMM de Pfam sontutilisés avec leurs seuils de score
pour déterminer l’ensemble des domaines de référence chez S. cerevisiae, organisme choisi pour la
qualité de ses annotations. On fait ensuite subir aux séquences de la levure une évolution rapide
vers la composition deP. falciparumà l’aide du programmeseqgen [10]. Nous avons ainsi créé
4 jeux de séquences protéiques artificiels de divergence croissante (grâce à des tauxt de substitu-
tion de 0.1, 0.25, 0.5 et 0.75, une matrice de substitution,WAG, et une distribution d’acides aminés
cible : la distribution moyenne chezP. falciparum), sur lesquelles on applique la procédure suivante.
Dans un premier temps, chaque HMM est utilisé avec son seuilde Pfam pour détecter les domaines
présents. On s’attend à ce qu’un certain nombre de domaines de référence ne soient plus détectés à
cause de la dérive des séquences. Dans un second temps, nous relâchons les seuils (à une E-valeur
de 10) et appliquons la méthode de certification par co-occurrence en utilisant les domaines encore
détectés par les seuils de Pfam comme base de connaissance. On espère ainsi retrouver une partie
des domaines précédemment perdus. Les résultats sont présentés dans le tableau 1. Par exemple,
pourt = 0.5, des 907 domaines perdus, 645 sont potentiellement retrouvable (i.e. sont présents dans
une protéine pour laquelle au moins un autre domaine est encore détecté), et 491 sont effectivement
retrouvés. De plus, 60 inédits (absents des domaines de r´eférence) sont également détectés. Pour
les taux de substitution élevés, on remarque que la proportion d’inédits parmi les domaines certifiés
(i.e. Domaines inédits

Domaines retrouvés+ Domaines inédits) est proche du taux d’erreur estimé par notre procédure,
ce qui tend à valider cette procédure. Pour les taux bas, par contre, on remarque que la proportion
d’inédits est sensiblement plus haut que le taux d’erreur estimé. Une question est alors de savoir si
parmi ces inédits une certaine partie ne serait pas de ”vrais” domaines non encore référencés chez la
levure. Pour vérifier cette hypothèse, nous avons calcul´e parmi les domaines retrouvés qui possèdent
une annotation GO, la proportion possédant une annotationnon référencée chez la protéine (dernière
colonne du tableau 1). On constate que la proportion de domaines ayant une annotation GO inédite est
beaucoup plus basse que la proportion de domaines inédits,et plus proche de notreFDR. Les autres
domaines (apportant des annotations déjà connues) qui constituent l’essentiel des domaines inédits,
sont concordants avec les annotations connues de la protéine. Cela semble indiquer que les ”vrais”
inedits (apportant des annotations GO inédites) sont en effet rare, comme on peut s’y attendre chez
la levure, et donc qu’une partie des domaines inédits ne sont pas des faux positifs mais des domaines
réellement présents que nous certifions grâce à notre approche.

Taux Domaines de Domaines Potentiellement Domaines Domaines FDR Proportion
substitution référence perdus retrouvable retrouvés inédits Estimé nvx GO

0.1 2407 149 145 134 274 11.5% 15%
0.25 2407 346 301 265 171 9.2% 7.8%
0.5 2407 907 645 491 60 5.4% 3.1%
0.75 2407 1436 747 501 12 4% 0.3%

Tableau 1. Résultats sur la levure après évolution. ”Taux substitution” indique le taux de divergence des
séquences, ”Domaines de référence” les domaines des protéines multidomaines de la levure originale, ”Do-
maines perdus” correspond aux domaines non retrouvés par les seuils de Pfam sur les séquences divergentes,
”Domaines retrouvés” les domaines perdus que l’on retrouve par notre méthode de certification, ”Domaines
inédits” le nombre de domaines inédits à l’ensemble de r´eférence trouvé en plus par notre méthode, et ”Propor-
tion nvx GO” la proportion de domaines ayant une annotation GO inédite vis à vis de la protéine.
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Fig. 1. Évolution du nombre de certifications, de l’estimation du nombre d’erreurs et duFDR en fonction de
l’E-valeur (en abscisse). Le nombre de domaines certifiés (ligne épaisse) et le nombre d’erreurs estimées (ligne
fine) évoluent en ordonnées sur l’axe de gauche, et leFDR (en pointillés) sur l’axe de droite.

Nous avons ensuite appliqué notre méthode àP. falciparumen utilisant les trois sources d’in-
formation détaillées en introduction : les domaines Pfamconnus, les domaines Interpro non-Pfam
connus, et les domaines potentiels eux-mêmes. La figure 1 présente les résultats obtenus pour différents
seuils d’E-valeurs (en abscisse), en utilisant les domaines Pfam référencés dans PlasmoDB [9] et en
utilisant une liste dePDCDselectionnée avec une P-valeur seuil de 1%. On constate comme attendu
que le nombre de domaines certifiés ainsi que leFDRaugmentent avec le seuil d’E-valeur utilisé pour
la sélection des domaines potentiels. On peut donc, suivant que l’on désire un plus grand nombre
de domaines certifiés ou unFDR faible, jouer sur le seuil d’E-valeur pour générer un ensemble de
prédictions en accord avec l’objectif privilégié.

Le tableau 2 présente l’ensemble des résultats obtenus enutilisant les trois bases de connais-
sances pour différents seuils deFDR : les prédictions ayant unFDR inférieur à 10% et celles ayant un
FDR inférieur à 20%. Par exemple, pour unFDR inférieur à 20%, 590 nouveaux domaines sont cer-
tifiés, parmi lesquels 516 correspondent à l’identification d’une nouvelle famille de domaines Interpro
dans la protéine. Ils représentent un apport de 16% de domaines par rapport à l’ensemble des 3683
domaines Pfam connus chezP. falciparum. Les domaines Pfam connus permettent de certifier 406
nouveaux domaines, les domaines Interpro 329, et les domaines potentiels eux-mêmes 167 (avec du
recouvrement, certains domaines étant certifiés par 2 ou 3de ces bases). De plus, ces domaines cer-
tifiés avec unFDR inférieur à 20% ont permis la découverte de 191 types de domaines qui n’avaient
jamais été observés dans une protéine deP. falciparumauparavant. Ces domaines vont s’ajouter au
1421 types de domaines connus chezP. falciparum(cf. section 1), soit une augmentation du nombre
de domaines d’environ 13%. Enfin, parmi les nouveaux domaines certifiés chezP. falciparum, un
certain nombre possèdent des annotations GO inédites quipeuvent être transférées aux protéines. Par
exemple pour unFDR inférieur à 20%, les domaines certifiés apportent un total de 283 nouvelles
annotations GO chezP. falciparum(soit 3,3% d’annotations supplémentaires si l’on se rapporte aux
8312 annotations GO deP. falciparum), 189 provenant d’un nouveau domaine ayant été certifié par
co-occurrence avec des domaines Pfam connus, 109 avec des domaines Interpro connus et 68 avec
les domaines potentiels. Nous avons notamment identifié dans la protéine MAL7P1.12, les domaines
drsm et ResIII annotés par les termes GObinding to double stranded RNA, DNA binding, ATP bin-
ding et hydrolase activity, ce qui laisse supposer un rôle dans des processus cellulaires tels que la
régulation/signalisation par ARN double-brin, ou un mécanisme de défense contre des pathogènes,
ou encore un contrôle des niveaux d’ARN de la cellule du parasite au cours de son cycle de vie. Il
serait important de préciser ce rôle compte tenu des débats actuels concernant la régulation des gènes
deP. falciparumpar l’ARN (phénomènes deRNA decay) plus que par des facteurs de transcription.
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FDR <10% <20%
Base connaissance Pfam Interp. Pot. ToutesPfam Interp. Pot. Toutes
Domaines certifiés 298 191 109 400406 329 167 590
Nvlles Familles Interpro 246 160 101 337349 282 155 516
Domaines inédits chezPf 99 67 47 130 139 103 64 191
Nvlles annotations GO 106 50 35 145189 109 68 283

Tableau 2. Tableau récapitulatif des résultats surP. falciparumpour différents tranches deFDR. ”Base
connaissance” correspond aux bases de connaissance des domaines avérés utilisées pour la certification :
”Pfam”, ”Interp.” pour Interpro, ”Pot.” pour les domaines potentiels et ”Toutes” pour les résultats cumulés
des trois bases. ”Nvlles annotations GO” indique le nombre de nouveaux termes GO transférés aux protéines.

4 Conclusion

Nous avons présenté une méthode améliorant la sensibilité de la détection de domaines protéiques
par des modèles probabilistes, en s’appuyant sur les propriétés de co-occurrence des domaines. Cette
méthode qui a été initialement développée pour l’étude d’organismes dont l’annotation est pauvre
(dûe à un protéome à fort biais compositionnel), peut aussi s’appliquer à des organismes déjà bien
annotés. Nos résultats montrent qu’elle permet de certifier un nombre important de domaines, tout en
contrôlant le taux d’erreur en fonction de l’objectif privilégié (nombreux nouveaux domaines ouFDR
stringent). Appliquée àP. falciparum, elle permet par exemple de certifier 590 nouveaux domaines
avec unFDR inférieur à 20% et d’apporter 283 nouvelles annotations GO à ses protéines.
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Abstract: This work aims at developing a method to detect multifunctional proteins, i.e.
proteins performing several apparently unrelated functions. We consider a network of
binary direct interactions between proteins that we decompose in an overlapping class
system using a criteria based on graph topology and extending Newman’s modularity. As
a result, some proteins are found in several final classes meaning that they are interacting
with several groups of proteins apparently functionally unrelated. These proteins are
thus good candidates for multifunctionality. In this paper, we first introduce the concept
of multifunctionality, then explain the method, and finallypresent the preliminary results
obtained by applying the method to a large human protein interaction network.

Keywords: Overlapping class system, protein interaction network, moonlighting protein.

1 Introduction

Certaines protéines assurent des fonctions très différentes dans la cellule. Par exemple, la protéine
alpha-cristalline humaine est à la fois un composant structural du cristallin et elle est impliquée dans
la réponse au choc thermique lorsqu’elle est exprimée dans d’autres tissus. Ces protéines qualifiées de
multifonctionnelles ou ”moonlighting proteins” (to moonlight = cumuler deux emplois) peuvent, de
par leur singularité fonctionnelle, jouer des rôles régulateurs importants, permettre de comprendre la
complexité de certains phénotypes ou les effets secondaires de certaines drogues [1]. Cependant leur
découverte ne s’est faite, jusqu’à présent, que fortuitement : les approches expérimentales déterminant
la fonction des protéines étant dirigées par des hypoth`eses, leur identification en tant que protéines
multifonctionnelles n’a pu se faire que par la convergence non anticipée de résultats expérimentaux.
Il existe donc un besoin méthodologique pour l’identification de telles protéines qui soit sansa priori
et à grande échelle.

Les réseaux d’interactions protéine-protéine (=IPP) correspondent à l’ensemble des interactions
physiques détectées entre les protéines d’un organisme[2]. Leur analyse pourrait contenir des infor-
mations fonctionnelles pertinentes pour l’identificationde protéines multifonctionnelles (=PMF). En
effet, les protéines interagissant spécifiquement avec d’autres partenaires protéiques pour assurer leur
fonction, il est attendu que des protéines ayant plusieursfonctions interagissent avec des groupes de
partenaires différents au sein du réseau, selon la fonction considérée. Comme les réseaux d’IPP sont
représentés par des graphes simples dans lesquels les sommets correspondent aux protéines et les
arêtes aux interactions directes, des méthodes de partitionnement de graphe d’IPP ont été proposées
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ces dernières années pour la mise en évidence de groupes de sommets fortement connectés (pour
une revue, voir [3]). Ces méthodes ont contribué à l’identification de modules fonctionnels regrou-
pant des protéines impliquées dans la même voie ou le même processus cellulaire. Cependant, elles
aboutissent à des partitions strictes du graphe n’autorisant pas l’affectation d’un sommet à plusieurs
classes, alors que cette possibilité est nécessaire pourune PMF. En effet, étant impliquée dans des
fonctions différentes, elle doit pouvoir participer à des modules fonctionnels différents.

Nous voulons donc rechercher les PMF dans les intersectionsde classes chevauchantes construites
à partir des graphes d’IPP. Dans cet article, nous présentons dans un premier temps une méthode
permettant de recouvrir un graphe par un système pertinentde classes chevauchantes. Cette méthode
est ensuite appliquée à un réseau d’IPP humaines (24 000 interactions). Au sein des intersections de
classes chevauchantes, nous recherchons alors un ensemblede PMFs identifiées à partir de l’analyse
de la littérature et évaluons les performances de la méthode.

2 Méthode de Construction du Syst ème de Classes Chevauchantes

Les systèmes de classes chevauchantes sont apparus dans les années 80 par le biais d’études
théoriques sur des familles de distances (pour une revue, voir [4]). Hormis dans le cas des pyramides,
très liées à l’existence d’un ordre total sur les sommets, l’application de ces modèles à des données
réelles n’a pas connu le même succès que les méthodes hi´erarchiques ou celles de partitionnement.

2.1 Choix du Crit ère : Modularit é M(P ), Modularit é étendue Q(α)

L’objectif de déctecter des groupes de protéines densément connectés et patageant des fonctions
communes est traduit mathématiquement par celui de fabriquer des classes ayant un grand nombre
d’arêtes internes relativement aux cardinaux des classes. Parmi les critères récents introduits dans ce
but, la notion de modularité, définie par Newman dans le cadre de partitions strictes [5], permet de
quantifier le surcroı̂t d’arêtes internes par rapport à ceque l’on obtiendrait avec une partition aléatoire
du graphe ayant les mêmes cardinaux des classes.

Soit G = (V,E) un graphe simple connexe àn sommets etm arêtes(|V | = n, |E| = m) et
P une partition deV en p classes :P = {V1, V2, ..Vp}. Soit eij le pourcentage d’arêtes ayant une
extrémité dans la classeVi et l’autre dans la classeVj : eij = |E ∩ (Vi × Vj)|/m. La probabilité
qu’une arête tirée au hasard ait une extrémité dans la classeVi est alors :ai = eii + 1/2

∑
j 6=i eij et

la modularité de la partitionP est définie par :

M(P ) =
∑

i=1..p

(eii − a2
i ).

Très récemment, plusieurs auteurs ont établi des critères équivalents qui permettent d’étendre la mo-
dularité aux systèmes de classes, c’est à dire aux recouvrements par un ensemble de classes che-
vauchantes [7,8]. Soitdx le degré du sommetx dansG et A sa matrice d’incidence(Axy = 1 ssi
(x, y) ∈ E). On noteB la matrice de terme généralBxy = 2mAxy − dxdy. Les valeurs deB as-
sociées aux arêtes deG (Axy = 1) sont positives ou nulles, sauf sidxdy > 2m, et inversement toutes
les valeurs deB correspondant aux paires de sommets non connectés sont négatives. On admettra
dans la suite que toutes les arêtes sont à valeur positive dansB.

Un système de classes est défini par une relation binaireα : V × V → {0, 1}, telle queαxy = 1
si les sommetsx et y sont réunis dans au moins une classe et 0 sinon. Angelelli & Reboul [7] ont
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montré que la quantité :

Q(α) =
∑
x 6=y

Bxyαxy

étend la modularité de Newman aux classes chevauchantes.La matriceα est définie pour tout système
de classes, qu’il s’agisse d’une partition ou d’un recouvrement. Cette formulation permet de mieux
comprendre le comportement de cette nouvelle modularité :

– Lorsque la relationα est transitive (cas d’une partitionP ), Q(α) = 2m2M(P )+1/2
∑

x∈1..n d2
x.

Q(α) est une fonction affine deM , et il revient au même de maximiserM ouQ.
– Lorsque deux classesVi etVj sont fusionnées, on modifie les valeursαxy telles que les éléments

x ∈ Vi et y ∈ Vj sont nouvellement réunis. Ainsi, on ajoute à la modularité Q la somme des
valeursBxy correspondantes. La modularité croı̂t si et seulement si cette somme est positive.

– Q est bornée supérieurement par la somme des valeurs positives deB : Qmax =
∑

x 6=y Bxy.
Ainsi Qmax est atteint pour tout système de classes constitué des paires(x, y) à valeurs posi-
tives dansB, comme les cliques maximales ou les arêtes.

2.2 Une Hi érarchie de Classes Chevauchantes

Dans l’algorithme présenté par Newman pour maximiser la modularité des partitions strictes [6],
le point de départ est constitué de l’ensemble des singletons, qui forment une partition de modularité
nulle puisqu’il n’y a pas d’arêtes internes. A chaque étape, et tant que la modularité croı̂t, deux
classes telles que l’union offre un gain de modularité maximum sont réunies. On fabrique ainsi une
hierarchie (arborescence) de classes emboı̂tées. L’algorithme s’arrête lorsque les classes ne peuvent
plus être fusionnées sans faire décroı̂tre la modularité.

La formule de modularitéQ permet d’étendre ce processus hiérarchique ascendant enpartant d’un
système de classes chevauchantes et en fusionnant celles-ci : à chaque itération, les classes réunies
sont celles qui permettent de maximiser la modularitéQ(α) du système de classes résultant. La fusion
de deux classesVi etVj entraı̂ne leur suppression et l’apparition d’une nouvelleclasseVi ∪ Vj . Deux
systèmes de classes initiales ont d’abord été étudiés:

– Les cliques maximales du graphe : Dans la mesure où elles sont énumérables en un temps
raisonnable, elles constituent un système de classes chevauchantes dont la modularité est égale
àQmax. Toute fusion fera décroı̂treQ, jusqu’à la valeurQmin =

∑
x=1..n d2

x.
– Les arêtes du graphe : On part de la même valeur de modularitéQmax et le processus de fusion

commence par reconstruire certaines cliques. Dès que l’algorithme ne trouve plus une paire de
classesVi etVj telle que∀(x, y) ∈ Vi × Vj, (x, y) ∈ E, la modularité commence à décroı̂tre.

L’efficacité de l’algorithme ascendant dépend du nombre de classes initiales, puisque celui-ci détermine
le nombre d’itérations. En partant des cliques ou des arêtes, un grand nombre d’itérations est effectué,
ce qui le rend peu efficace. Un système de classes a alors ét´e défini comme suit :

– Les cliques centrées : En chaque sommetx du graphe, on construit une clique par un algorithme
polynomial. On ajoute les sommets potentiels dans l’ordre décroissant des degrés relatifs. Ceci
donne une clique contenantx qui est maximale, sans être forcément de cardinal maximum. Au
total, après élimination des inclusions, on dispose d’auplusn classes initiales distinctes.

Dans cette procédure ascendante, la modularité varie soit de façon monotone décroissante (cliques
maximales, arêtes) soit de façon croissante puis décroissante (cliques centrées). Pour obtenir un en-
semble de classes chevauchantes manipulables, le processus de fusion est stoppé pour ne pas se retrou-
ver avec une seule classe, de surcroı̂t de modularité faible. Des critères d’arrêt sont donc introduits,
comme celui consistant à borner supérieurement les cardinaux des classes.
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2.3 Validation par Simulation

Dans un premier temps, nous avons cherché à valider la méthode sur des graphes artificiels. Nous
avons généré des graphes aléatoires à 210 sommets avec5 classes de 50 éléments. Les 4 premières
sont disjointes, et la cinquième est composée de 10 éléments pris dans chacune des 4 premières, plus
10 éléments spécifiques. Dans ces cinq classes, des arêtes sont tirées au hasard avec une probabilité
pi. Il est à noter que lorsquepi est faible, la simulation s’apparente à une situation de données man-
quantes. Sur ces graphes, nous lançons l’algorithme hiérarchique, à partir des cliques maximales, des
arêtes ou des cliques centrées, jusqu’à obtenir 5 classes, que nous comparons aux classes initales ( cf.
tableau 1). Pour ces graphes, bien loin d’être des graphes ”biologiques”, les résultats sont encoura-
geants. On retrouve correctement les classes initiales et les sommets multiples dès quepi ≥ .20. Les
taux de faux positifs sont bornés à 25%. Enfin, on note que les cliques centrés donnent des classes
nettement meilleures pourpi = .15.

Cliques Maximales Arêtes Cliques Centrées
pi Couv Mult Faux Ret Couv Mult Faux Ret Couv Mult Faux Ret
.15 .54 29 .22 .57 .49 27 .23 .52 .86 37 .26 .68
.20 .87 46 .24 .87 .70 37 .22 .72 .94 41 .24 .79
.25 .99 53 .25 .99 .87 44 .20 .87 .96 42 .21 .82
.30 1.0 51 .21 1.0 .96 48 .20 .96 .97 41 .17 .85

Tableau 1.Valeurs moyennes des paramètres sur 100 tirages :Couv désigne le taux d’éléments couverts, égal
au pourcentage d’éléments retrouvés dansunedes classes obtenues (couplage de poids maximum) ;Mult le
nombre d’éléments classés au moins 2 fois ;Faux, le taux de faux positifs, classés plusieurs fois, alors qu’ils
ne le sont pas initialement ;Ret, le taux d’éléments multiples retrouvés (à juste titre) classés plusieurs fois.

3 Recherche de Prot éines Multifonctionnelles Humaines au sein d’un
Interactome Humain

Vingt-cinq PMFs humaines ont préalablement été identifiées par une analyse de la littérature
pour constituer un ensemble de test. La méthode ascendantepour classes chevauchantes proposée a
été utilisée pour partitionner un graphe d’IPP humaines. Les PMFs de l’ensemble de test ont alors
été recherchées dans les classes de la hierarchie de moins de 50 éléments et la pertinence de leur
classification a été évaluée par l’analyse des annotations fonctionnelles des classes au sein desquelles
elles sont retrouvées.

3.1 Hiérarchie de Classes Chevauchantes sur l’Interactome Humai n

Un réseau d’interactions humaines de haute qualité composé de27276 interactions pour9596
protéines a été extrait de la base de données APID (bioinfow.dep.usal.es/apid/) grâce à un protocole
destiné à éliminer les interactions non physiologiques. Au sein de ce réseau, chaque protéine interagit
en moyenne avec7, 8 autres protéines.

Deux constructions ascendantes ont été calculées à partir de deux systèmes de classes initiales :
(i) les cliques maximales, et (ii) les cliques centrées. Lesystème des arêtes, malgré ses performances
intéressantes, a été abandonné car il nécessitait trop d’espace mémoire. Dans les deux cas retenus, le
critère d’arrêt est de limiter les classes à 200 protéines afin d’éviter la formation de classes trop im-
portantes pour partager une fonction biologique commune. Le tableau 2 résume les résultats obtenus.
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Au sein des deux constructions, le nombre de protéines faisant partie de l’intersection de plusieurs
classes finales est grand. En partant de l’ensemble des cliques maximales, les intersections des classes
finales contiennent 5082 protéines. Avec les cliques centrées, ce chiffre est nettement inférieur : 2059
protéines.

Cliques Maximales Cliques Centrées
Modularité initiale :Q(α0) 1 141 228 679 452 974 653
Nombre de classes initiales 19 408 5 372
Modularité finale :Q(αf ) 1 008 635 159 757 685 237
Nombre de classes finales : 109 77

Tableau 2. Evolution de la modularité au cours de la construction de lahiérarchie.

3.2 Annotations Fonctionnelles des Prot éines Multifonctionnelles Etudi ées

Au sein des deux hiérarchies obtenues, les modules fonctionnels sont mis en évidence. L’algo-
rithme utilisé est identique à celui décrit dans [9]. Brièvement, il s’agit de parcourir la hiérarchie en
profondeur en testant, pour chaque sous-arbre, si les prot´eines formant le sous-arbre partagent une
annotation Gene Ontologya telle que les protéines annotées para soient majoritaires au sein du sous-
arbre. Si oui, les protéines de ce sous-arbre constituent alors un ”module fonctionnel” annoté para.
On transfère ensuite aux protéines multiclassées l’ensemble des annotations des modules fonction-
nels dans lesquels on les retrouve. Au final, ces annotationspeuvent décrire une voire plusieurs fonc-
tions (attention, une protéine multi-annotée n’est pas forcément une PMF). Pour chaque PMF de
l’ensemble de test, les annotations/fonctions prédites par la méthode sont alors confrontées à leurs
annotations/fonctions connues. Pour cela, plusieurs questions ont été abordées :

1. Les annotations GO transf́erées aux PMFs par la ḿethode couvrent-elles les annotations GO
connues pour ces m̂emes prot́eines ?Quatre-vingt cinq pour cent des annotations GO connues
pour les PMFs leurs sont transférées par la méthode dans le cas des cliques maximales contre
60% pour les cliques centrées. Le transfert d’annotationsest donc bien efficace.

2. Les annotations GO transf́erées aux PMFs correspondent-elles̀a des fonctions d́ecrites parmi
leurs annotations GO connues et ailleurs (en effet, certaines fonctions des PMFs ne sont pas
r épertoriées sous forme d’annotations GO) ?Cinquante-huit pour cent et 76% des annotations
transférées aux PMFs corroborent les fonctions décrites respectivement dans le cas des cliques
maximales et centrées.
Au vu de ces deux estimateurs, la couverture plus importanteà partir du système de cliques maxi-
males (85% vs. 60%) semble réduire le taux de prédictions correctes (58% vs. 76%).

3. Pour combien de PMFs pŕedit-on plusieurs fonctions gr̂ace aux annotations transf́erées ?
Dans le cas des cliques maximales, la multifonctionalité est mise en évidence pour 76% des
PMFs contre 64% pour les cliques centrées. La méthode leurprédit plusieurs fonctions différentes
décrites dans la littérature. De manière intéressante, on a pu prédire une fonction correcte bien que
non décrite dans par leurs annotations GO connues de départ pour 60% d’entre elles.

4 Conclusion et Perspectives

A notre connaissance, une seule autre méthode d’analyse des graphes IPP aboutit à un système
de classes chevauchantes : il s’agit de CFinder [10], qui estbasée sur une méthode de percolation de
cliques [11]. Bien que l’idée paraisse intéressante, la faible densité en arêtes des graphes IPP limite
l’efficacité du partitionnement obtenu.
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Notre méthode repose sur la construction d’une hiérarchie de classes initiales, chevauchantes. Le
choix du critère à optimiser tout comme le choix du système de classes de départ déterminent prin-
cipalement les résultats obtenus. Afin de pouvoir traiter de grands réseaux tels que l’interactome hu-
main, nous avons proposé et testé un nouveau système de classes de départ, celui des cliques centrées :
leur calcul est nettement plus rapide que celui des cliques maximales et le nombre de classes produites
est nettement inférieur, ce qui rend la hiérarchie finale plus petite et donc plus facile à exploiter. Nos
résultats nous permettent de conclure que bien que la modularité du système de classes finales obtenu
à partir des cliques centrées soit inférieure à celle obtenue à partir des cliques maximales, ce système
est cependant adapté à la recherche de protéines multifonctionnelles.

Les 25 PMFs étudiées dans ce travail ont toutes été décrites quant à leur multifonctionalité dans de
récentes publications. Grâce à cet ensemble de PMFs, nous avons montré que notre méthode identifiait
la multifonctionalité de ces protéines dans 76% des cas avec les cliques maximales et 64% des cas
avec les cliques centrées. Dans le but de généraliser notre méthode pour identifier des PMFsab initio,
nous travaillons actuellement à la mise au point d’un traitement statistique des annotations transférées
aux protéines. Cette méthode basée sur la fréquence d’association entre termes GO associés à une
même protéine, vise à sélectionner automatiquement des protéines dont les annotations multiples
transférées décrivent des fonctions cellulaires distinctes.
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Abstract: Nowadays, bioinformatics tasks typically involve large scale data analysis
that require the integration of Web services from heterogeneous platforms. In spite of
the efforts for improving Web services interoperability, integration remains difficult and
still has to be performed manually by users. Improving the composition of Web services
requires to analyze what Web services do as well as the nature and the type of their input
and output parameters. This work shows that existing technologies support automating
the selection, composition and execution of Web services, and that the current limiting
factor to a wider use is the lack of precise enough task and domain ontologies.

Keywords: Web services, interoperability, task and domain ontologies, OWL-S, SAREK

1 Introduction

L’analyse des données bioinformatiques nécessite de réaliser des enchaînements parfois com-
plexes de traitements. De plus, cela demande éventuellement des étapes intermédiaires de conversion.
L’utilisation des services Web pour effectuer chacune de ces opérations facilite l’interopérabilité en
bénéficiant de protocoles standards d’échange de données. Ces services Web peuvent être soit auto-
nomes, soit disponibles au sein de grilles de calcul [1] pour des raisons d’efficacité. Dans tous les
cas, automatiser une tâche d’analyse de données consiste alors à définir un workflow composant les
différents services Web [10]. La création d’un tel workflow repose sur la découverte, la sélection
et la composition des services Web. La mise en œuvre de nouveaux workflows comporte alors une
part importante d’intervention de l’utilisateur ou des utilisateurs réunissant ces compétences. Pour
la composition, il faut faire face à de nombreux obstacles comme les problèmes d’interopérabilité
et d’interprétation des rôles des services Web. Toutes les transactions se déroulent à un niveau syn-
taxique et sont décrites au format WSDL. Cependant, automatiser la définition d’un workflow ou son
exécution nécessite également de s’appuyer sur des descriptions sémantiques de ce que font chacun
des services ainsi que de la nature de leurs paramètres. Or, il existe actuellement très peu de ces
descriptions sémantiques. De nombreux standards existent pour mieux décrire sémantiquement les
différents services, notamment OWL-S 1. Une ontologie de domaine permet de décrire la nature des
paramètres des services Web. L’ontologie de formats permet de représenter les formats des données

1. http://www.w3.org/Submission/OWL-S/
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du domaine. Une ontologie de tâches [2] permet de décrire la fonction réalisée par les services Web
et les conditions nécessaires. Elle fait ainsi appel à une ou plusieurs ontologies de domaine et de
formats.

Des projets comme MyGrid [9] et son environnement d’exécution Taverna [4] fournissent des
outils pour la conception et l’exécution des workflows grâce à l’utilisation de services Web. La sé-
lection et la combinaison des services sont effectuées manuellement. Seule l’exécution du workflow
est automatisée. De plus, il n’y a aucun contrôle sur la cohérence globale du workflow réalisée par
l’utilisateur. Taverna s’appuie sur l’ontologie en OWL de MyGrid, qui n’est pas compatible avec
OWL-S [9]. De plus, les ontologies de tâches et de domaine de MyGrid ne sont pas assez détaillées
pour réaliser automatiquement la sélection et la combinaison des services Web d’un workflow.

2 Objectif

Nous faisons l’hypothèse que les descriptions en OWL-S des services Web bioinformatiques et
l’utilisation des technologies associées permettent de dépasser les limitations actuelles de Taverna.
L’objectif de ce travail est d’étudier la faisabilité de l’automatisation de la création de workflows
classiques en bioinformatiques en utilisant leurs descriptions en OWL-S grâce à une ontologie de
tâches et une ontologie de domaine associée.

3 Matériel et méthode

Parmi les 56 services Web disponibles de l’IBCP 2, nous avons selectionné les 16 qui réalisent des
recherches de similarité (Blast, Fasta et SSearch) et des alignements multiples (ClustalW). Afin de
décrire les services Web, nous complétons leurs descriptions aux formats WSDL indiquant comment
communiquer avec ce service par une description en OWL-S. Nous indiquons aussi la tâche réalisée
par le service Web ainsi que la nature des paramètres. Pour cela, nous importons OWL-S ainsi que
les ontologies de tâches, de domaine et de formats, et nous spécialisons les classes Service Profile de
OWL-S pour les classes de l’ontologie de tâches.

Pour constituer les ontologies nécessaires à la description sémantique des services, nous allons
réutiliser des classes issues de l’ontologie de MyGrid et en créer de nouvelles quand c’est nécessaire.
L’ontologie dans MyGrid comporte 475 classes réparties en 6 hiérarchies qui décrivent les tâches, le
domaine et les formats. Il est nécessaire de bien filtrer ces différentes informations et de les répartir
respectivement dans une ontologie de tâches, de domaine et de formats. Pour l’ontologie de tâches, les
classes dans MyGrid étaient trop générales, il était indispensable d’avoir une hiérarchie de classes plus
spécifique pour nos services Web. C’est pourquoi, nous avons créé une ontologie de tâches décrivant
la tâche effectuée par les différents services Web.

Les différentes ontologies vont nous permettre de définir les services Web et leurs paramètres.
L’utilisation d’outil de sélection de services Web comme OWLS-MX [6] montre l’apport des cor-
respondances sémantiques dans la sélection des services Web. OWLS-MX permet la sélection d’un
service Web OWL-S spécifique dans un ensemble de services Web. La correspondance entre les dif-
férents services Web est basée sur la similarité syntaxique et sémantique des paramètres d’entrées et
de sorties d’un service Web. Pour valider la composition semi-automatique des services Web, nous
insérons nos services Web sémantiques dans le moteur de composition SAREK [3] qui permet de vé-
rifier l’ordonnancement et l’exécution de l’enchaînement prédéfini. SAREK possède deux modules,

2. http://gbio-pbil.ibcp.fr/ws/



JOBIM 2009 Nantes

57

un planificateur qui propose une composition sémantique et un exécuteur qui exécute la composition
selon la requête de l’utilisateur. Le planificateur interagit avec l’OPS (Ontology to Publish Services),
un répertoire d’ontologies pour découvrir les services Web. L’OPS est décrit en OWL et la description
des services Web se fait grâce à OWL-S.

4 Résultats

L’utilisation des ontologies améliore la description des paramètres des 16 services Web et indique
leurs tâches respectives. Par exemple, nous allons détailler un échantillon des classes qui sont impor-
tantes pour définir les 4 services Web réalisant une recherche de similarité de type Fasta (Tableau 1).
Par exemple, nous indiquons que le service SubmitFasta réalise une tâche qui consiste à créer un

services Classes pour Classes pour Classes pour
Web la tâches le domaine le format

Submit creating_processus_ protein_sequence_database Fasta_
Fasta fasta protein_sequence format

CheckStatusFasta checking_processus number_jobid, status_job
CancelResultsFasta canceling_processus number_jobid, aborted_status_job

web_service_grid number_jobid
GetResults fasta (tâche), fasta_grid Fasta (algorithme)

Fasta retrieving_results_ Fasta_report
processus_fasta part_of_the_sequence

Tableau 1. Description sémantique des 4 service Web de l’IBCP permettant de réaliser un Fasta au moyen de
classes provenant des ontologies de tâches, de domaine et de formats.

processus par le biais de la classe creating_processus_fasta de l’ontologie de tâches. Les différents
paramètres et les formats sont décrits respectivement par les classes de l’ontologie de domaine et de
formats. L’apport de ces classes améliore la description syntaxique des paramètres des services. Par
exemple, nous pouvons établir que le service SubmitFasta prend en entrée une séquence protéique
au format fasta et une base de données de séquences protéiques. Le principe de construction reste
identique pour les 12 services Web restants (le tableau complet et les services Web en OWL-S sont
disponibles en ligne 3).

Pour la construction de l’ontologie de domaine, il s’agit de récupérer l’ensemble des sous-classes
de MyGrid : bioinformatics_metadata, bioinformatics_algorithm, bioinformatics_data et bioinforma-
tics_data_ressource qui vont indiquer la nature des entrées et des sorties, les ressources nécessaires
et les résultats attendus. Nous filtrons les 413 classes de MyGrid qui se rattachent à l’ontologie de
domaine et nous ajoutons 43 classes pour mieux définir le domaine d’application des services Web.
Toutes les classes insérées sont situées sous la classe racine owl:thing. De même, nous récupérons les
33 sous-classes de bioinformatics_file_formats de MyGrid et ajoutons 3 classes spécifiques pour re-
présenter l’ontologie de formats. Pour spécifier les éventuelles versions d’un format, il suffit de créer
des instances spécifiques des classes décrivant les formats. L’ontologie de tâches permet de trouver les
étapes d’une tâche prédéfinie. Nous construisons ainsi une ontologie de tâches de 61 classes dont 25
sont définies et nous ajoutons 93 restrictions et 17 propriétés pour définir les tâches réalisées par les
services Web. Par exemple, Les propriétés créées has_step et has_next_step indiquent les liens entre
la tâche composite et les différentes sous-tâches. L’ontologie de tâches spécialise le service Profile

3. http://www.ea3888.univ-rennes1.fr/lebreton/SWSDescription.html
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d’OWL-S, notamment la classe profile:Profile (Fig 1). Grâce à l’ontologie de tâches, nous pourrons
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Fig. 1. Extrait de l’ontologie de tâches permettant de décrire les services Web.

ainsi exploiter que le fait d’exécuter un Fasta implique de faire une recherche de similarité locale
entre des protéines. L’héritage multiple permet de décrire les tâches facilitant ainsi la réutilisation
des classes pour d’autres services Web. Au final, l’importation et l’enrichissement des différentes
ontologies englobant le domaine, les tâches et les formats totalise 553 classes, 23 propriétés et 300
restrictions (Tableau 2).

Importation et Ontologies Ontologies Ontologies
création de classes de tâches de domaine de format

Nombre de classes de MyGrid 0 413 33
Nombre de classes ajoutées 61 43 3
Nombre de classes au total 61 456 36

Tableau 2. Importation et enrichissement des ontologies de tâches, de domaine et de formats.

L’utilisation du logiciel OWLS-MX met en évidence que la recherche d’un service Web est faci-
litée quand les entrées et les sorties des services Web sont définies sémantiquement par la propriété
process:parameterType. Elle relie les instances représentant les paramètres des services Web aux
classes de l’ontologie de domaine. En l’absence de classes décrivant le domaine des services Web
nous pouvons uniquement faire de la recherche syntaxique sur le nom du paramètre. L’apport de
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la sémantique nous permet d’exploiter automatiquement la hiérarchie des tâches et les éventuelles
contraintes associées à chacune afin de faire des recherches plus approfondies et de meilleure qua-
lité. Par exemple, rechercher les services Web réalisant une analyse de séquence (y compris ceux qui
ne réalisent qu’un type particulier d’analyse de séquence) dont un des paramètres d’entrée est une
séquence protéique.

À partir des descriptions sémantiques des services Web, l’ordre correct des enchaînements des
services est retrouvé par le moteur de composition SAREK. Nous choisissons ensuite une tâche dont
on connaît au préalable le résultat final. En insérant les différents paramètres lors de l’exécution de
l’enchaînement des services, nous retrouvons le résultat attendu par notre analyse.

5 Discussion

Ce travail nous a permis de valider le fait que les techniques actuelles permettent de semi-
automatiser la composition des services Web pour réaliser des tâches bioinformatiques classiques.
Pourtant, la composition se fait toujours principalement manuellement. Ce travail nous a également
permis d’identifier l’absence d’ontologies de tâches et de domaine suffisamment riches comme étant
le principal point bloquant à la composition semi-automatique.

La description des services Web demande de définir la nature et le type des entrées et des sor-
ties. En biologie, le format des données joue un rôle important. Nous avons choisi de distinguer
deux ontologies, une de domaine et une de formats. Les formats ne sont pas compatibles entre eux,
ce qui complique l’interopérablité pour les services Web. La définition des formats n’est pas pré-
sente dans la couche syntaxique des services Web (WSDL), il faut donc définir spécifiquement les
formats des entrées et des sorties dans la couche sémantique (OWL-S). La sélection d’OWL-S re-
pose sur sa compatibilité avec OWL et le fait qu’elle permet une annotation complète d’un service.
Il est à noter que les ontologies crées pour OWL-S sont aussi utilisables par SAWSDL [7] pour
l’annotation. En utilisant l’ontologie OWL-S, nous ne pouvons pas définir un héritage multiple au
niveau de la propriété parameterType du process. La restriction parameterType exactly one au ni-
veau de la classe swrl:variable de OWL-S oblige l’utilisation d’un seul type de paramètre pour
définir la classe se référant au domaine. Pour pallier à cette restriction, plusieurs opérations sont
possibles. La solution que nous avons choisie consiste à créer une propriété supplémentaire. Pour
pouvoir exprimer les formats des paramètres des services, nous utilisons les différentes ontologies
de domaine et de formats, mais nous allons réaliser des modifications. Au niveau de l’ontologie de
formats, nous avons créé une propriété has_format_parameter qui a pour domaine process:parameter
et co-domaine mygridformat:bioinformatics_file_formats. Pour chaque paramètre, nous pouvons lui
spécifier son format en liant les instances ou les classes de l’ontologie de tâches avec la propriété
has_format_parameter. Cette approche évite la multiplication des classes, des sous-classes et autorise
la réutilisation des formats pour d’autres données. Cette solution est idéale pour avoir une ontologie
de formats légère et qui ne demande pas une étape de vérification et d’évaluation trop fastidieuse. Il
est plus judicieux d’avoir une hiérarchie réutilisable et relativement simple d’utilisation pour l’utilisa-
teur. De plus, il est toujours possible d’utiliser la propriété process:parameterValue afin qu’elle puisse
quand même être exploitée partiellement par d’autres applications compatibles avec OWL-S.

L’apport de l’ontologie de tâches au niveau des services Web permet d’indiquer à l’utilisateur
la tâche réalisée par les services Web. De plus, l’identification des services pour accomplir la tâche
demandée nécessite de connaître les sous-taches de la tâche globale pour déterminer les différents
services utilisées. L’ontologie de tâches permet d’acquérir cette information et donc de décrire la
décomposition d’une tâche en sous-tâches.
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La composition des services Web est une tâche complexe, elle doit tenir compte de nombreux
paramètres comme l’hétérogénéité et la disponibilité des services Web [8]. Il existe différentes ap-
proches de composition des services Web. La première approche se base sur les services Web com-
posites qui définissent un ensemble de services atomiques et la façon dont ils communiquent entre
eux. Dans la deuxième approche, la composition est vue comme de la planification en générant auto-
matiquent un plan d’exécution des services Web. Nous avons utilisé SAREK pour l’évaluation de la
combinaison des services Web, mais il existe d’autres logiciels pour la planification comme OWLS-
XPLAN, SHOP2 [5]. SAREK est le premier cadre de travail qui fournit une tolérance pour les pannes
de services dans la composition des services. En effet, quand un service subit un échec, SAREK peut
proposer un autre service. Une autre composition peut-être choisie et exécutée, si un service manque.
En biologie, il existe de nombreux services Web réalisant la même tâche, mais ils sont localisés de
manière hétérogène. Dans ce cadre, il serait intéressant de classifier plusieurs services Web réalisant
la même tâche pour permettre le remplacement d’un service en cas d’échec par un service équivalent.

Nous avons démontré l’apport des ontologies de tâches, de domaine et de formats dans la sé-
lection et la composition semi-automatique des services Web bioinformatiques. Ces ontologies sont
réutilisables pour la réalisation d’autres scénarios biologiques, à la différence de scripts écrits à la
main. Il serait judicieux d’enrichir ces modélisations en ajoutant d’autres services Web afin d’obtenir
des enchaînements permettant de résoudre des problèmes biologiques plus complexes.
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Probabilistic modeling of tiling array expression data
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Abstract: For organisms with small genomes such as bacteria, the current microarray
technology allows adopting a tiling design where the whole genome is covered by over-
lapping probes. These arrays permit to measure the transcriptional activity of the whole
genome with unprecedented resolution. Model-based approaches currently used to ana-
lyze these data remain however very simple, the most popular model being the piecewise
constant Gaussian model with a fixed number of breakpoints. Here we present a new ap-
proach based on hidden Markov modelling designed for the probabilistic reconstruction
of the trajectory of a continuous-valued signal. The use of this model does not require
the choice of a fixed number of breakpoints and permits to account for subtle effects
such as drift in the signal. The model also includes direct correction for the variations
of probe affinities via the use of covariates.

Keywords: Expression data, tiling arrays, hidden Markov models.

1 Introduction

The tiling design for oligonucleotide microarrays consists of overlapping probes that provide uni-
form covering of the genomic sequence. Their hybridization with RNA samples (cDNA), allow to
assess the transcriptional activity of the whole genome of organisms such as bacteria and yeasts with
high resolution [2,10]. The continuous improvement of the technology renders these arrays more
affordable. Generalization of the use of such arrays should greatly improve our understanding of the
complexity and the dynamics of transcriptional landscapes. This context justifies the improvement of
the currently available statistical methods dedicated to the analysis of tiling array transcription data.

The problem of the analysis of these data is naturally stated in terms of finding segments where the
hybridization signal is relatively constant, delimited by breakpoints that are expected to correspond to
biological features such as promoters, terminators or splicing sites. A variety of tools including local
non-parametric smoothing [11,14] and simple iterative hypothesis testing [7] have been proposed
to answer this question. Today the most popular and best mathematically grounded model is the
piecewise constant model with Gaussian noise [8,4]. The simplicity of this approach is appealing but
its use presents a number of specific difficulties, the two most obvious being the choice of the number
of segments and the high time complexity of the algorithm. Partial answers for each of these two
problems are found in [8] and [4], respectively.
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In principle, embedding the segmentation model in a probabilistic setting that includes not only
the noise but also the evolution of the signal can alleviate the need for the choice of a fixed number of
breakpoints. In this context the problem states as the estimation of a parameter and the reconstruction
of the underlying signal trajectory can integrate the uncertainty on the exact number of breakpoints.
This idea stimulated the development of Hidden Markov models (HMMs) [3,5,6,13]. However, tran-
script level is a continuous quantity and none of the proposed models is satisfactory when the signal
of interest is continuous. A HMM achieving this aim at a computationally affordable cost will be
presented here.

The proposed model is also markedly richer than the piecewise constant model. First, it auto-
matically accounts for differential affinity between probes via the introduction of covariates. This
allows to achieve segmentation and within-array normalization in one step. Second, our model also
relaxes the assumption of strictly constant underlying signal between abrupt “shifts” by also allowing
progressive “drift”.

2 Methods

2.1 Model

Like in previous approaches [7,8,4],xt, thelog2 of the observed intensity at positiont, is modeled as
the sum of an unobservable signalut that is the focus of interest plus a Gaussian noise with standard
deviationσ. This general model can be written

xt | ut ∼ N (ut, σ
2) . (1)

However,ut is not seen in our model as a parameter but is itself a random variable. Correlation
between probes that are adjacent on the chromosome is accounted for by a Markov transition kernel
π(ut, ut+1) and(xt, ut)1≤t≤n is thus said to be a hidden Markov model [9,1]. Compared with tradi-
tional use of HMMs, the complication comes from the continuous nature ofut whereas the efficient
algorithmic machinery of the HMMs (Viterbi algorithm, forward-backward algorithm, EM algorithm)
works well for discrete and typically small number of hidden states [9]. In general, withK hidden
states, the time complexity of the algorithms isO(nK2).

Here we propose a structure of the transition matrixπ(ut, ut+1) accounting for abrupt shifts
and progressive drifts in the unobservable signalut that allows to discretize the continuous range
Umin ≤ ut ≤ Umax in K points spaced by a regular interval,h = (Umax − Umin)/(K − 1). This
particular structure warrants time complexityO(nK) for the classical HMM algorithms and thus
permits appropriately high resolution of discretization.

For values ofut andut+1 taken on the internal points of the discretized hidden state space, the
transition probability writes

π(ut, ut+1) = αnI{ut+1=ut} + αsηh(ut+1)

+αuI{ut+1>ut}λ
ut+1−ut

h
−1

u (1− λu)

+αdI{ut+1<ut}λ
ut−ut+1

h
−1

d (1− λd) , (2)

where the parameters verify0 ≤ αn, αs, αu, αd ≤ 1, αn + αs + αu + αd = 1 and0 ≤ λu, λd < 1
and withI{X} standing for1 if X is true,0 otherwise. This transition kernel is best understood as
a mixture of four types of moves with weightsαn, αs, αu andαd. The parameterαn accounts for
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unchangedu between successive probes. Shift moves have probabilityαs and the distribution of the
signal after the move is independent of the value of the signal before the move. This distribution
is given byηh and it approximates the marginal distribution of the signal. Namely,ηh(ut+1) =∫ ut+1+h/2
ut+1−h/2 η(u)du, whereη is the kernel density estimate computed onx with a Gaussian kernel and

Scott’s bandwidth [12]. The possibility of small drift, either upward or downward, is accounted for
by αu andαd. Drift amplitudes are modeled by two geometric distributions of parametersλu andλd

and average amplitudes writeh + h/(1− λ).

It can be verified that ash → 0 andh/(1 − λ) → γ the transition kernel of the discrete-valued
Markov chain of Equation 2 converges in distribution towards the transition kernel of a continuous-
valued Markov chain. With an appropriately highK it should thus be possible to approach, using the
discrete-valued model of Equation 2, the results that one would obtain with the continuous-valued
model.

Genomic DNA hybridization data was used in a pre-processing step by Huberet al. (2006) for
the purpose of between-probe signal normalization and outlier trimming. The model proposed here
accounts for these effects by modeling the genomic DNA hybridization intensities as a covariate. The
probability distribution for the observed variablext given the underlying signalut and the gDNA
residualsrt writes as a mixture model

xt | ut, rt ∼ (1− ε(rt))N (ut + ρ(ut)rt, σ(ut)2)
+ε(rt)U(Umin, Umax) , (3)

whereε(rt) corresponds to the probability of outliers,U(Umin, Umax) is the uniform distribution that
models outlier data andN (ut + ρ(ut)rt, σ(ut)2) is the Gaussian distribution modeling non-outlier
data. This model is markedly richer than Equation 1. Notice (i) the non-constant proportionality
factorρ(ut) applied tort, (ii) the non-constant standard errorσ(ut) of the Gaussian distribution, (iii)
the probability of outliersε that depends onrt. More precisely,ρ andσ are modeled as piecewise
constant function ofut with 8 intervals, andε is a two-parameter logistic function of the absolute
value ofrt, ε(rt) = 1/(1 + e−(a+b|rt|)).

2.2 Algorithms

The particular structure of transition matrix defined by 2 allowO(nK) implementations of the HMM
classical algorithms, namely

1. likelihood computation (P (x1...n)),
2. forward-backward algorithm (computation ofP (ut|x1...n) for eacht),
3. Viterbi algorithm (finding the trajectoryu1...n that maximizesP (u1...n|x1...n)).

These algorithms are implemented in our software. All the parameters are estimated in the Maximum
Likelihood (ML) framework with the EM algorithm, an iterative algorithm that alternates an E-step
(forward-backward algorithm) and a M-step (parameter update). The output provides a detailed report
on the “denoised” signal based on the results of the Viterbi and forward-backward algorithms.

3 Example of application

3.1 Data set

Our example data-set used here comes from pilot experiments conducted onBacillus subtilis within
the European consortium BaSysBio [10]. This array consists of383 149 probes starting every 22 nt
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on each strand of theB. subtilis genome (GenBank: AL009126). Probe lengths range between 45 nt
and 65 nt and were adjusted to reduce TM variations (isothermal design). Production of the tiling
arrays, synthesis of labeled cDNA from the RNA samples with random priming, hybridization and
signal acquisition were carried out by Nimblegen. RNA was extracted fromB. subtilis culture during
exponential growth on rich medium. One out of four biological replicates gave a high quality signal
and is analyzed here [10].

3.2 Discretization and parameter estimates

The model was designed with the explicit aim of modeling a continuous-valued underlying signal. In
other words, discretization of the hidden state space is seen only as a necessary technicality and the
steph ∝ 1/K should ideally be sufficiently small to have no impact on the results. Intuitively, the
smaller the standard-deviation of the noiseσ, the smaller the steph should be. The results obtained
on theB. subtilis data-set confirm this intuition and thereby provide some form of validation for the
model (the data will be shown in the oral presentation).

Parameter estimates in model-based analyzes are an invaluable source of information to better
understand both the behavior of the model and the data. The shape of the transition matrix that
describes the trajectory of the underlying signal is defined by the parameters in Equation 2. We found
a high value ofαn: it is estimated that the underlying signal remains unchanged between adjacent
probes in more than85% of the cases. The upward and downward drift moves accounted for most
of the remaining cases. The value of the parameters(αu) and(αd), corresponded to5.0% and7.8%,
respectively. The proportion of abrupt shift was estimated to be much smaller (1.2%).
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Figure 1. Parameter estimates. A: proportionality factorρ applied tort as a function of the signal levelut. B:
Standard-deviation of the noiseσ as a function of the underlying signal levelut.

Examination of the parameter values also revealed the importance of modelingρ as a function of
of the underlying signal levelut (a eight-parameter piecewise constant function). The relationship
betweenρ andut is represented in Figure 1A. By contrast, the standard deviation of the noiseσ is a
relatively flat function ofut as shown in Figure 1B.

These results emphasize the importance of two specificities of our model: the modeling of drift
moves as a complement to shift moves and the non-constantρ that provides a simple adaptive method
to account for the variation of affinity between probes.
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3.3 Reconstruction of the “denoised” signal

The adoption of a probabilistic setting for the trajectory of the underlying signal allows for a con-
siderably richer signal reconstruction than just “optimal” trajectory reconstruction. Figure 2 gives an
illustration of these possibilities by superimposing a number of results obtained with the model on a
10 000 bp region of theB. subtilis chromosome. Results include: (i) the prediction interval for the
value of the signalut at each chromosome position; (ii) a point prediction for the signal value by the
conditional mean ofut (the best predictor in terms of quadratic error); (iii) the inferred position of
the experimental point after correction for differential probe affinity (computed asxt − ρ̂(ût)rt); (iv)
the exact position of each type of move in the best trajectory given by the Viterbi path (abrupt shift,
upward drift and downward drift); (v) the probability of having each type of move at each position.
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Figure 2. Reconstruction of the transcriptional landscape. One strand of a10 000 bp segment of theB. subtilis
chromosome is represented. Upper part: Open circles show the original signal. Closed gray circles represent
the signal after “correction” with the genomic DNA covariate. The thick black line shows the expectation
of the transcript level as computed with the HMM. Thin black lines correspond to the95% CI. Middle part:
Horizontal arrows indicate GenBank CDSs. Lower part: Shift moves along the most likely trajectory are shown
as squares. Upward and downward drift moves are indicated by point-up and point-down triangles, respectively.
Move probabilities are represented as gray lines.

The biological pertinence of the distinction between shifts and drifts seems remarkable in Fig-
ure 2. Inferred shifts are found mostly in intergenic regions thata priori correspond to possible
positions for transcriptional promoters and terminators. The meaning of the drift is, on the contrary,
not obvious. Drift might partly reflect local variations of labeled cDNA that result from technical
artifact such as random priming bias. The asymmetry with more downward than upward drift may
not be unexpected in this case. Interestingly, drift could also reflect biological differences in the
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amount of mRNA. Asymmetry may then, for instance, be caused by molecules whose synthesis is
still incomplete.

The algorithm has also been successfully tested on tiling array data obtained with Affymetrix
technology [2].

4 Conclusion

We describe a new methodology based on a hidden Markov model that embeds the segmentation of a
continuous-valued signal in a probabilistic setting. For a computationally affordable cost, this frame-
work alleviates the difficulty of choosing a fixed number of breakpoints and permits retrieving more
information than a unique segmentation. Probabilistic modeling makes it straightforward to compute
confidence measures on the estimated transcriptional landscape. This information should prove par-
ticularly useful to pinpoint the differences in large collections of arrays. This will be discussed in the
oral presentation.
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Abstract: We describe a new method for the identification of master regulators of a 
phenotype of interest. The master regulator analysis identifies transcription factors 
that are candidate master regulators of a phenotype of interest based on its 
transcriptional targets. We applied this method for deciphering the regulation of 
Germinal Center B cell programs, revealing the two transcription factors MYB and 
FOXM1 as synergistic master regulators.  

Keywords: Interactome, Master Regulator, Germinal Center. 

1 Introduction 

The identification of transcription factors driving the transition from a phenotype to another is a 
challenge that have traditionally been addressed by looking at their differential expression between 
the two biological conditions. Here we propose a method for the identification of transcription 
factors (TFs) that are master regulators of a phenotype of interest by using the TF’s targets, or 
regulon, as a proxy for its activity, by looking at its enrichment in differenitally expressed genes in 
the phenotype of interest. We applied this method to the discovery of master regulators of Germinal 
Center B cells. 

Upon T-dependent antigen activation, Germinal Center (GC) B cells undergo somatic 
hypermutation of their immunoglobulin genes and selection of cells that have acquired increased 
affinity for the antigen. When compared to their naïve precursors, genes involved in cell 
proliferation, DNA metabolism and apoptosis (pro-apoptotic program) are over-expressed in GC B 
cells (i.e., GC-activated), while others, including anti-apoptotic genes, cytokines/chemokines, cell 
adhesion-related genes, and inhibitors of cell proliferation are downregulated in GC B cells (GC-
repressed) [1]. While the transcriptional repressor BCL6 was shown to be necessary for GC 
formation [2], its activity is not sufficient to justify the complex genetic program changes in the GC 
and the TFs that choreograph these changes are still largely undetermined. For instance, it is unclear 
how the hyper-proliferative phenotype observed in the GC is achieved in the absence of the C-MYC 
protein [1], a key regulator of cellular metabolism and growth.  

We have previously developed a Human B Cell Interactome (HBCI), which represents ~66,000 
known and predicted protein-protein (PPIs) and protein-DNA interactions (PDIs) using a Bayesian 
evidence integration approach [3,4]. The HBCI provides a systems level representation of the 
transcriptional machinery supporting GC formation and maintenance. Here, we used the 
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transcriptional network of the HBCI to discover master regulators of GC. Among others, the MYB 
and FOXM1 TFs were shown to play a key role in regulating GC cell-cycle related programs. 
 
 

2 Method  

2.1 Human B Cell Interactome 

We have assembled a multi-layer Human B Cell Interactome (HBCI), representing approximately 
66,000 mature B cell-specific transcriptional, signaling, and protein-complex interactions, using an 
established Bayesian Evidence Integration Approach [3,5]. The HBCI constitutes a unique resource 
for a Human cell context and integrates evidence supporting specific interactions from multiple, 
heterogeneous sources, both computationally inferred and experimental. These include, among 
others, a large collection of 254 B cell Gene Expression Profiles representative of normal and tumor 
related mature B cell phenotypes [3], protein-protein interaction from experimental assays and 
databases, literature datamining, and inferences from reverse engineering algorithms, such as 
ARACNe [6-9] and MINDy [4,10,11]. Each evidence source is assigned a prior likelihood, 
proportional to the probability of observing the specific evidence source in a large set of Gold 
Standard Positive interactions that are experimentally validated. Likelihoods for distinct evidence 
sources are then combined, using the Bayes theorem, to produce a single posterior likelihood 
representing the probability that a specific interaction is a true positive. 

2.2 Master Regulator Analysis 

The master regulator analysis, or MRA, is based on two components: (1) a transcriptional 
interaction network and (2) a gene expression profile with samples of two phenotypes A and B, for 
example a tumor type and the corresponding normal cell type. MRA attempts to identify TFs 
inducing the transition from A to B. Each TF in the transcriptional network is associated with a set 
of targets that can be either activated or repressed by the TF. Therefore, we defined a positive ( TFR+ ) 

and a negative ( TFR− ) regulon per TF, respectively defined as the set of TF-activated and TF-
repressed targets and computed using the Spearman correlation between the TF and its targets in the 
gene expression profile. Specifically, the TFR+  and TFR−  targets of an activated TF in phenotype B 
should be respectively up- and down-regulated in B when compared to A (the opposite for a 
repressed TF). The advantage of regulon analysis is that it is independent of the type of TF 
activation (i.e. transcriptional, post-transcriptional, or post-translational). Indeed, it is independent 
of the TF mRNA expression. Clearly, one does not expect all targets in a regulon to be equally 
informative: some targets may lack key co-factors, necessary for expression in a specific cellular 
context; others may be false positives and thus not representative of the TF’s activity. Thus, to infer 
activated TFs, one can analyze the statistical enrichment of the TFR+  and TFR−  regulons in genes that 
are respectively up- and down-regulated in B compared to A (or vice-versa if testing for repressed 
TFs). This can be accomplished using Gene Set Enrichment Analysis algorithm (GSEA) [12].  

 

2.3 Gene Set Enrichment Analysis 

GSEA uses the Kolmogorov-Smirnov statistical test to assess whether a predefined gene set is 
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statistically enriched in genes that are at the two extremes of a list ranked by differential expression 
between two biological states that we call a reference list [12]. The algorithm is very useful to 
detect differential expression of a set of genes as a whole, even though the fold-change may be 
small for each individual gene. The reference list is ranked with the T-statistics computed by 
comparing phenotypes B and A. For each TF in the transcriptional network, GSEA is applied 
independently to the TFR+  and TFR−  to compute their enrichment and the best enrichment p-value is 
associated to the TF. GSEA null distribution is computed by permuting gene labels in the reference 
list 10,000 times.  

This enrichment analysis is effective in detecting TFs with significant activity change but 
ineffective in ranking them, because regulon size dramatically affects enrichment p-values. We first 
selected enriched TFs, or Master Regulators (MRs) based on the p-value and then classified the 
MRs by their Differentially Expressed Target Odds Ratio (DETOR score), defined as:  

( )
( )i

LE LE
i i

MR
i

GS RS
DETOR

GS RS
= , 

where LE
iGS and LE

iRS are the number of genes in the gene set and the reference set before 

the leading edge defined by GSEA, and iGS and RS are the sizes of the gene set and the reference 
set. This score provides a direct assessment of the percent of regulon genes that are differentially 
expressed in B compared to A and thus of the TF regulon specificity to the phenotype B. Here we 
use the DETOR score to rank regulons that have been previously selected as significantly enriched 
in differentially expressed genes by their GSEA p-values, therefore the DETOR score is higher than 
1. DETOR score is computed for TFR+  and TFR−  and the best DETOR score is used for MR 
classification.  
 
 

2.4 Shadow and Synergy 

Two interesting cases arise when MRs have significant overlap in their regulon, and we introduce 
here the notion of Shadow and Synergistic MRs. A Shadow Regulator (SR) is inferred as 
statistically significant only because its regulon overlaps that of a bona fide MR. In this case, the SR 
is no longer significant if the MR targets are ignored. However, two MRs may have a significant 
regulon overlap and be involved in synergistic regulation. In this case, their common targets will be 
more enriched than those of the individual TFs. To test the SR effect, we first consider the complete 
list of significant MRs ranked by DETOR score, remove the regulon of the best MR from all other 
regulons and retest the new regulons for enrichment with GSEA. Based on the new p-value 
associated to each MR, the enrichment is either still significant and the MR is kept for the next 
iteration or not significant anymore and the MR is considered as shadowed by the best MR. We 
iterate this process until all MRs have been considered. At each step, we create a new cluster that is 
identified by the candidate MR (best cluster DETOR score) and includes all candidate SRs 
shadowed by the MR. 

Once the clusters have been identified, we can test MR-pairs for synergism, including both best-
MR/SR pairs in a cluster (to identify MRs that would have otherwise been discarded as SRs), and 
MR-MR pairs in different clusters. Based on the analysis, individual and synergistic MRs are 
candidate regulators controlling formation of phenotype B, while SRs can either be MR-controlled 
TFs involved in feed-forward loops with the MRs or bona fide artifacts of regulon overlap.  
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3 Results 

3.1 Master Regulators of Germinal Center Reaction  

The HBCI and the MRA are based on a B cell gene expression profile representative of 18 normal 
and neoplastic human B cell phenotypes [3]. We considered 101 TFs from the HBCI that are 
associated with regulons of at least 100 targets. The positive ( TFR+ ) and the negative ( TFR− ) 
regulons, respectively defined as the set of TF-activated and TF-repressed targets, were defined 
using the Spearman correlation between the TF and its targets in the complete B cell gene 
expression profile. The reference list for GSEA was created by comparing Centroblast samples to 
Naïve samples with a t-test. GSEA enrichment (p < 0.01 after Bonferroni correction) identified 24 
GC-activated MRs (a-MRs) and 47 GC-repressed MRs (r-MRs). By DETOR ranking, the most 
significant GC-activated MR is MYB (short for C-MYB), DETOR = 5.43, I.e., more than 58% of 
its regulon genes were found to be differentially expressed in the GC. Among the a-MRs, MYB, 
NFYB, E2F5, HMGA1 and E2F1 had high DETOR score (>4), while among the r-MRs, IRF9, 
FOXJ2, RXRA, IRF5, and NR1H2 had similar rank. This analysis recapitulates most TFs 
previously reported to play a role in GC formation, including BCL6 [2] and LMO2 [13] among 
a-MRs, and P53 [14], IRF4 [15] and POU2F2 [16] among r-MRs. While results between differential 
activation and differential expression of the MR are generally in agreement, ranking of top a-MRs 
and r-MRs was substantially different. A puzzling result was the identification of MYC as an a-MR, 
despite our previous report of MYC expression loss in the GC [1]. This suggests that other TFs may 
contribute to the regulation of MYC targets in GC. The Shadow analysis identified 42 clusters, 
where each cluster is identified by the candidate MR with best cluster DETOR score and includes 
all candidate SRs shadowed by the MR. a-MRs were tested for synergistic activity, including both 
MR/SR pairs in each cluster and MR/MR pairs in distinct clusters. The analysis led to the 
identification of 4 synergistic TF-pairs, regulating more than 100 targets. Each synergistic pair 
included FOXM1, respectively paired with MYB, NFYB, E2F5 and E2F1 (ranked by DETOR 
score), the MYB/FOXM1 was the most significant synergistic a-MR pair (by DETOR score). More 
specifically, the MYB/FOXM1 regulon includes 150 common targets, compared to 222 MYB-
targets and 1,287 FOXM1-targets. 133 of 150 common targets were differentially expressed in the 
GC ( 0.05FDR ≤  by Mann-Whitney test), showing almost complete specificity (89%) of their 
combinatorial program. We thus proceeded to experimentally test the GC-specific activity of the 
MYB/FOXM1 pair, using both quantitative Chromatin Immunoprecipitation (qChIP) assays and 
lentivirus mediated shRNA silencing assays.  
 
3.2 MYB is a Transcriptional Activator of FoxM1 
 
To assess whether MYB and FOXM1 may transcriptionally regulate each other, we silenced each 
TF independently in ST486 Burkitt’s Lymphoma cells and monitored their mRNA and protein 
levels over a 72 hour time course. ST486 cells transduced with lentiviral particles encoding 
FOXM1, MYB, and control shRNA were harvested at 24h, 48h and 72h post-infection. Decrease of 
endogenous MYB and FOXM1 protein levels, compared to cells transduced with control shRNA, 
was confirmed by Western blots. Additionally, qRT-PCR assays showed that both TFs were 
effectively silenced at the mRNA level after 24 hours and continued to be silenced at 48h and 72h. 
While MYB mRNA and protein levels were not affected by FOXM1 silencing, FOXM1 mRNA and 
protein levels were reduced in a time-dependent manner following MYB silencing, suggesting that 
MYB is a transcriptional activator of FOXM1. We further confirmed that MYB binds to the 
FOXM1 promoter by qChIP assays.  
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3.3 MYB and FOXM1 Common Targets Validation 
 
We tested whether the MYB/FOXM1 regulon was affected by the silencing of either TF in 
isolation. Gene expression profile from the Affymetrix HG-U95A GeneChip® was obtained from 
ST486 cell lines at 24 hours after transduction with lentiviral particles carrying FOXM1, MYB, and 
control shRNA in three replicates each. Silencing was confirmed by Western blot and qRT-PCR. 
The 24h time point was selected to ensure that FOXM1 protein level was not yet affected by MYB 
silencing (confirmed by Western blot), thus ruling out indirect regulation via FOXM1. Gene 
expression profile data from MYB and FOXM1 silenced cells, as well as negative controls, were 
normalized with GCRMA (GC Robust Multi-array Average) [17]. Differentially expressed genes 
were then ranked by t-test analysis. Enrichment of the predicted common targets in the HBCI 
against the differentially expressed genes was then assessed by GSEA. Experiments confirmed the 
dramatic enrichment of the 126 genes in the positive MYB/FOXM1 regulon among downregulated 
genes, upon silencing of either TF ( 410p −≤  in both cases).  

To further characterize the regulation of the target genes, we performed qChIP on four predicted 
common targets in the HBCI for which the mRNA levels was decreasing significantly after FOXM1 
or MYB silencing experiments. The results showed that both FOXM1 and MYB bind to the 
promoter of these genes to regulate their transcription. 
 

4 Conclusion 

Our validation suggests that regulon analysis is a substantially better predictor of TF activity than 
TF mRNA level. Indeed regulon-based analysis is independent of whether the TF-activity was 
modulated at the transcriptional or post-transcriptional/translational level. Additionally, moderate 
differential expression of a TF, may lead to significant differential expression of its target genes. 
Thus the proposed analysis has the advantage of being independent of the expression profile of the 
TF, depending only on the transcriptional activity of the TF’s targets. 

Taken together, these data show that the HBCI and the Master Regulator analysis can be a useful 
tool in the elucidation of important physiologic phenotypes, such as the germinal center reaction. In 
follow up work, we are also investigating its ability to dissect pathways that are dysregulated in 
disease. 
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Abstract: Biologists often represent genetic interactions by directed graph, named inter-
action graph. Vertices represent genes, whereas edges represent regulatory effects from
one gene on another. Edges are labelled with a positive sign in the case of an activation
and negative for an inhibition. This article deals with relationships between the struc-
ture of such graphs and their dynamical properties.
The biologist R.Thomas enounced, thirty years ago, the following two general rules: a
necessary condition for multistability is the presence of apositive circuit in the inter-
action graph (the sign of a circuit being the product of the signs of its edges) and the
existence of a negative circuit is a necessary condition forthe presence of sustained os-
cillations. These rules are about the dynamic of a single cell, and it has given rise to
mathematical statements and proofs. This article aims at extending these rules to regu-
latory interactions spanning within cells and between cells in the discrete formalism.

Keywords: Spatial differentiation, intercellular genetic regulatory network, interaction
graph, discrete formalism, multistability, cellular automata.

1 Introduction

Les biologistes représentent souvent les réseaux de régulation génétique par des graphes. Ces
graphes, appelés graphes d’interactions, sont des graphes orientés et signés, notésG = (V,E), où
l’ensemble des nœuds,V = {1, . . . , n}, représente lesn gènes du système et l’ensemble des arêtes
E représente les régulations :(i, j) ∈ E si le gènei est un régulateur du gènej. Les arêtes sont
signées, positivement(+1) dans le cas d’une activation, c’est à dire quand la protéine codée par le
gènei favorise l’expression du gènej, et négativement dans le cas d’une inhibition(−1), c’est à dire
quand la protéine codée par le gènei ralentit ou stoppe l’expression du gènej. Ce papier traite des
relations entre la sructure de tels graphes et leurs propri´etés dynamiques.

On s’intéresse principalement à des propriétés de stabilité de ce système ; dans le cadre des
systèmes dynamiques, cela se traduit par les notions d’attracteurs, d’états stationnaires, de cycles
attractifs. . . L’étude de ces propriétés demande soit dans un cadre continu la résolution d’un système
d’équations différentielles assez grand, soit dans le cadre discret, l’étude d’un graphe de grande taille
représentant la dynamique. Dans les deux cas, on est confronté à des problèmes de très grande com-
plexité.

D’où l’idée de revenir aux graphes d’interactions qui correspondent à ces dynamiques, et qui ont
l’avantage d’être de taille plus petite et donc plus facileà analyser. De tels liens entre la dynamique et
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les graphes d’interactions existent : lesrègles de Thomasen sont un bel exemple. En effet, dans les
années80, le biologiste René Thomas énonça deux règles [8] :

• une condition nécessaire pour l’existence de plusieurs états stationnaires dans la dynamique est
la présence d’un circuit positif dans le graphe d’interactions (uncircuit dans ce graphe étant
une séquence de sommets(i1, . . . , ir) ∈ V telle que(ik, ik+1) ∈ E pour k ∈ {1, . . . , r} avec
ir+1 = i1 par convention et lesigne d’un circuit étant le produit des signes des arêtes),

• une condition nécessaire pour la présence d’oscillations stables ou amorties dans la dynamique est
la présence d’un circuit négatif dans le graphe d’interactions.

Que ce soient la multistabilité ou les oscillations, ils correspondent tous deux à d’importants phénomènes
biologiques : processus de différenciation cellulaire ethoméostasie respectivement.

Durant cette décennie, de nombreux chercheurs ont formalisé et démontré ces règles dans des cadres
différents [4,5,6], mais toujours dans le cas où les gènes sont répartis dans une même cellule. Ce
travail étend dans un cadre discret ces règles à un réseau génétique intercellulaire. Dans un premier
article [2], on a consideré un ruban infini de cellules avec une communication intercellulaire locale (de
la cellule centrale vers ses voisines gauche-droite). Cette communication locale, qui est biologique-
ment raisonnable, est standard et à la base des automates cellulaires. Dans cet article, nous présentons
une version plus générale de ce cadre : les cellules sont r´eparties sur un réseau de dimension quel-
conque et la communication intercellulaire est étendue àun voisinage quelconque. Dans ce cadre,
nous montrons les deux règles de Thomas, avec des hypothèses spatiales supplémentaires pour le cas
de la règle positive. La règle négative proposée ici dans un cadre intercellulaire mais valide aussi dans
un cadre intracellulaire est un affinement du théorème proposé dans [7]. Les preuves et plus de détails
sont disponibles dans [3,1]

2 Formalisme

2.1 Dynamique du r éseau de r égulation

On s’intéresse à l’évolution d’un système composé de cellules, chaque cellule contient la même
collection de gènes choisis dans un ensemble finiI. Pour un gènei ∈ I, l’intervalle Ai = [0, ki]
désigne les niveaux d’expression possibles du gènei. Un étatd’une cellule est un élément du produit
cartésienA =

∏
i∈I Ai.

Généralement, un système biologique est constitué de plusieurs cellules. On peut supposer que
les cellules sont réparties régulièrement et disposées suivant un réseauM, i.e. un sous-groupe discret
deRd muni de l’opération+. Chaque cellule est dans un étata ∈ A. Un état du syst̀emeest ainsi
une suite d’éléments deA indexée parM, i.e. un élément deAM. Pour touss ∈ AM et U ⊂ M, on
notesU la restriction des à U. Lorsque l’état du système est donné pars ∈ AM, l’état de la cellule
x ∈ M est notés(x) et pour un gènei ∈ I, le niveau d’expression du gènei dans la cellulex est noté
s(x, i).

Le niveau d’expression d’un gène dans une cellule varie au cours du temps en fonction des niveaux
d’expression des gènes dans cette cellule et dans les cellules voisines. Chaque cellule communique
avec ses voisines de manière uniforme dans l’espace. Pour modéliser ce phénomène, on considère
l’ensemble finiV ⊂ M appelé voisinageet unefonction localef : AV → A. On suppose que
l’élément nul deM appartient àV. La dynamique globaledu système peut alors être donnée par
l’ automate cellulaireF : AM → AM défini parF (s)(x) = f((s(x + v))v∈V) pour touss ∈ AM

et x ∈ M. On désigne parF (s)(x, i) la valeur vers laquelle le niveau d’expression du gènei dans la
cellulex tend quand le système est à l’états. Tout naturellement, uńetat stationnairedeF est un état
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s ∈ AM tel queF (s) = s, i.e. un état dans lequel le niveau d’expression de chaque gène n’évolue
pas.

EXEMPLE 2.1. (Réseau hexagonal)
Onétudie un système constitúe de deux g̀enes par cellule, i.e,I = {a, b},
qui ont deux niveaux d’expression, ainsiA = {0, 1} × {0, 1}. Les cel-
lules sont localiśees sur un plan. Pour des raisons biologiques, les cel-
lules sont repŕesent́ees par des hexagones qui pavent le plan. Cepa-
vage hexagonalM est ǵeńeré par les vecteurse1 ete2, plus pŕecisement
M = Ze1 + Ze2. Soit(x1, x2) ∈ Z2, (x1, x2) sont les coordonńees de
la cellule x ∈ M dans le pavage selon une origine arbitraireO et la
base(e1, e2) (voire Figure 1). Le voisinage d’une cellule quelconquex

de coordonńees(x1, x2) est donc :

O
e1

e2

Fig. 1: Localisation

x+V = {(x1, x2), (x1, x2+1), (x1+1, x2+1), (x1−1, x2), (x1+1, x2), (x1−1, x2−1), (x1, x2−1)}.

00
01

01

00
11

01

10

Fig. 2: xV

L’ état localsV, represent́e en Figure 2, est composé de7 cellules hexagonales où
les deux nombres dans chaque cellule sont les niveaux d’expression des deux gènes
contenus dans chaque cellule. Cetétat est math́ematiquement représent́e par la ma-

trice suivante :

(
(0, 0) (0, 1)

(1, 1) (0, 1) (0, 1)
(0, 0) (1, 0)

)
. Plus ǵeńeralement pour tout́etats ∈ AM, l’ état

s(x + V) est une matrice3× 3 avec deux trous :

s(x + V) =

(
s(x1, x2 + 1) s(x1 + 1, x2 + 1)

s(x1 − 1, x2) s(x1, x2) s(x1 + 1, x2)
s(x1 − 1, x2 − 1) s(x1, x2 − 1)

)

Par la suite, pour des raisons d’espace, nous supposerons qu’il y a un seul g̀ene dans chaque cellule,
i.e, I = {a} avec toujours deux niveaux d’expression,i.e.Aa = {0, 1}. Une partie de la dynamique
locale de ce nouveau système est donńee en Figure 3.
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Fig. 3. Dynamique locale
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2.2 Dynamique asynchrone

Deux choix de dynamiques sont possibles pour la “mise à jour” du système : une dynamique syn-
chrone (tous les gènes évoluent simultanément) ou une dynamique asynchrone (seul un gène va mettre
à jour son niveau d’expression). L’hypothèse synchrone n’est pas biologiquement recevable : l’aug-
mentation ou la diminution du niveau d’expression d’un gène demande un certain délai et l’hypothèse
synchrone impose que tous ces délais soient identiques, cequi est peu probable. En particulier, au-
cune différence est faite entre le processus de régulation intracellulaire d’un côté, et d’un autre côté la
régulation due à la diffusion. C’est pourquoi René Thomas [8] décrit dans le cadre intracellulaire une
dynamique asynchrone à partir de la fonction globale. Dansnotre cas, on peut décrire la dynamique
asynchrone à partir de la dynamique globale donnée parF .

• Soit t ∈ Z, on définit sg(t) = 0 si t = 0, sg(t) = +1 si t > 0 et sg(t) = −1 si t < 0.

• Soient(s, s′) ∈ (AM)2 et (x, i) ∈ M× I, on définits(x,i)⊳ s′
par : pour tout(y, j) ∈ M× I,

s(x,i)⊳ s′
(y, j) =

{
s(y, j) si (x, i) 6= (y, j),
s(y, j) + sg(s′(y, j) − s(y, j)) sinon.

Soit un automate cellulaireF : AM → AM, la dynamique asynchrone non-d́eterministeest un
graphe, nommé graphe de transition asynchrone,GTA(F ), défini par :

• l’ensemble des sommets estAM, chaque sommet représente un état possible du système,

• il y a une arête des verss′, quand il existe une cellulex ∈ M et un gènei ∈ I tels que
F (s)(x, i) 6= s(x, i) ets′ = s(x,i)⊳ F (s).

Ce système évolue donc d’un états ∈ AM vers un autre états′ ∈ AM suivant les arêtes deGTA(F ) :
le niveau d’expression d’au plus un gène, en au plus une cellule, est changé à chaque pas.

REMARQUE 2.2.La principale propríet́e dynamique auquelle nous nous intéressons ici, est la présence
d’états stationnaires, qui est indépendante du choix de la dynamique : synchrone, asynchrone...

2.3 Graphe d’interactions

Généralement, on observe les variations du niveau d’expression d’un gène lorsque les autres
gènes interagissent avec celui-ci. Ces variations sont mises en évidence par le calcul de la Jacobienne
discrète et visualisées sous la forme d’un graphe d’interactions.

DÉFINITION 2.3. Soients, s′ ∈ AM et ((x, i), (y, j)) ∈ (M× I)2, on d́efinit la Jacobienne discr̀ete
deF ens ∈ AM suivant la directions′ ∈ AM comméetant la matrice dont les coefficients sont :

∂(x,i),(y,j)F (s, s′) = sg(s′(x, i) − s(x, i))sg(F (s(x,i)⊳ s′
)(y, j) − F (s)(y, j)).

Pour visualiser ou plutôt représenter les différentes actions d’un gène sur un autre dans une même
cellule ou dans une cellule voisine dans une régionU ⊂ M, on définit le graphe d’interactionsde
∂F (sU, s′U), notéG(∂F (sU, s′U)). Le graphe d’interactions est un graphe orienté signé,i.e, avec un
signe+1 ou−1, attaché à chaque arête et défini par :

• les sommets sont les gènes de chaque cellule contenue dansU, c’est à direU× I,

• il y a une arête allant du gènei dans la cellulex vers le gènej dans la celluley si
∂(x,i),(y,j)F (sU, s′U) 6= 0 et sg(F (s)(y, j) − s(y, j)) 6= sg(F (s(x,i)⊳ s′

)(y, j) − s(y, j)).
Le signe de l’arête est alors celui de∂(x,i),(y,j)F (sU, s′U), il est positif (resp. négatif) si le niveau
d’expression du gènei est en “augmentation” (resp. “diminution”).
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EXEMPLE 2.4. (Réseau hexagonal) Le graphe d’interactions suivant est construit par calcul des
dérivées :

+

+

G

(
∂F

( 0 1
0 1 0
1 1

)
,

( 1 0
1 0 1
0 0

)))
=

0

00
1

1
1

1

3 Conditions n écessaires de multistabilit é

DÉFINITION 3.1. On rappelle queV est le voisinage de la fonction globaleF . SoientU′, U′′ deux
sous-ensembles deM, on d́efinit le sous-ensembleU′ + U′′ = {u′ + u′′ : u′ ∈ U′ etu′′ ∈ U′′}. Pour
U ⊂ M fini, on note∂U = (U + V) r U le bord deU.

Notre formalisme pour décrire les interactions génétiques dans un cadre intercellulaire est main-
tenant mis en place. Nous pouvons énoncer l’adaptation de la règle de Thomas au système intercellu-
laire avec la même collection de gènes dans chaque cellule:

THÉORÈME 3.2. [1] Soient F : AM → AM une fonction globale etU ⊂ M. Si r, t ∈ AM sont
deuxétats stationnaires qui vérifient (r)∂U = (t)∂U et (r)U 6= (t)U, alors il existes ∈ AM tel que
G(∂F (s, t)) a un circuit positifélémentaire.

REMARQUE 3.3.CommeG(∂F (s, t)) contient un circuit́elémentaire positif mais commes∂U = t∂U,
le circuit positif est localiśe surU.

EXEMPLE 3.4. (Réseau hexagonal)F a deuxétats stationnairesr et t répondant aux conditions du
Théor̀eme 3.2 (une partie uniquement de chaqueétat stationnaire est représent́ee). L’ensembleU est
constitúe des deux cellules non colorées entouŕees par les cellules colorées et∂U est constitúe des
huit cellules coloŕees. Donc il existe uńetats tel queG(∂F (s, t)) a un circuit positifélémentaire.
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Fig. 4. (Gauche) Etats stationnaires (Droite) Circuit positif entre les gènes des deux cellules centrales

4 Conditions n écessaires pour la pr ésence d’oscillations stables

Dans le cas intracellulaire, la présence d’oscillations stables implique la présence d’un circuit
négatif dans le graphe d’interactions [5,7]. On montre dans cette section que l’hypothèse d’oscilla-
tions stables dans le graphe asynchrone est très restrictive. En effet, l’existence d’un certain chemin
dans le graphe asynchrone suffit à impliquer la présence d’un circuit négatif dans l’union des graphes
d’interactions associés à un certain nombre d’état.

THÉORÈME 4.1. [1] SoientF : AM → AM et un chemin(s0, s1, . . . , sr) dansGTA(F ). On d́efinit
l’ensembleC tel que :

C = {(p, (x, i), (y, j)) ∈ {0, . . . , r − 2} × (Z× I)× (Z× I) avec(x, i) 6= (y, j) tel que
sp(x, i) 6= sp+1(x, i) etsp+1(y, j) 6= sp+2(y, j)}.
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Si le chemin v́erifie les deux conditions suivantes :

• il existe(x, i) ∈ Z× I tel quesr(x, i) 6= sr−1(x, i) ets1(x, i) 6= s0(x, i)
et sg(sr(x, i) − sr−1(x, i)) 6= sg(s1(x, i)− s0(x, i))

• pour tout(p, (x, i), (y, j)) ∈ C, on a sg(F (sp)(y, j)− sp(y, j)) 6= sg(F (sp+1)(y, j)− sp+1(y, j))
alors

⋃
(p,(x,i),(y,j))∈C G(∂F (sp, sp+1) contient un circuit ńegatif.

Regardons de plus près les conditions requises sur le chemin. La première demande que le chemin
débute et termine suivant la même direction (le même gène varie), mais dans des sens opposés (les
variations doivent être de signe différent). Pour la deuxième condition, il faut d’abord remarquer que
l’ensembleC désigne tous les changements de direction du chemin (les différents gènes qui varient au
cours du parcours du chemin). La deuxième condition demande qu’à chaque changement de direction
du chemin, il soit impossible de tourner dans le graphe asynchrone juste avant dans la même direction
et dans le même sens que le changement de direction en cours.

REMARQUE 4.2.Ce th́eor̀eme et sa d́emonstration s’adaptent naturellement au cas intracellulaire, il
suffit d’omettre le nuḿero des cellules. Ce théor̀eme apporte ainsi une précision suppĺementaire sur
la présence des circuits négatifs dans les graphes d’interactions par rapport aux théor̀emes existants
(qui restent eux-m̂eme valides dans ce cadre intercellulaire).

5 Perspectives

Cet article propose un modèle discret d’un réseau génétique intercellulaire et donne une adap-
tation des deux règles de Thomas dans ce nouveau cadre. Dansle Théorème 3.2, la localisation du
circuit est induite par les états stationnaires, donc dépendante de la dynamique du système. Mais dans
la plupart des modèles étudiés par les biologistes, les circuits sont localisés sur au plus deux cellules.
Il serait intéressant d’étudier le nombre maximun de cellules sur lesquel le circuit positif s’étend.

De plus, ce modèle positionne les cellules sur un réseau, donc régulièrement dans l’espace. Une
perspective serait de les répartir sur une structure moinsordonnée mais suffisament régulière pour
définir une dynamique locale, par exemple le pavage de Penrose.
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Abstract: Numerous research effort have been aimed to characterize and predict protein-
protein interfaces. This paper introduces a method using only known protein-protein
interfaces and combining frequent item set mining techniques with statistical tests to en-
sure the selection of interesting features. Starting from a database of known interfaces
described with geometrical elements, the method produces the elements and combina-
tions thereof that are characteristic of the interfaces. This approach allows one to elim-
inate the need for negative instances and to come up with easy to interpret features, as
compared to techniques that operate as “black-boxes”. The results obtained on a set
of 459 protein-protein interfaces from the DOCKGROUND database confirm that the
findings are consistent with current knowledge about protein-protein interfaces.

Keywords: Protein-protein docking, data mining, frequent itemsets.

1 Introduction

Being able to predict protein-protein interactions is of paramount importance for biology and medicine
[6,10]. A first approach is to start from fundamental premisses, i.e. the sequences of amino-acids that
make up the proteins, and knowledge of their physico-chemical properties and how these translate
in terms of energy. In principle, a sufficiently detailed model should allow one to compute with
enough accuracy the energy of each configuration of interest and therefore predict the likely protein-
protein complexes and their probable binding sites. This line of attack is however precluded, at least
at the present time, by the sheer magnitude of the size of the search space and by the complexity
of the energy computations. Another route is to learn by automatic means to discriminate positive
protein-protein complexes from negative ones [3]. One issue is the choice of representation of the
protein-protein complexes. Another one stems from the fact that, usually, databases only contain
positive instances. Negative instances have to be generated, often using random conformations and
orientations of the proteins, assuming that these correspond to bad or impossible pairings. However,
this strategy may be disputed and can profoundly affect the performance of the learning methods.

This is why another approach is proposed here. In our work, interfaces of known protein-protein
complexes are described by collections of small subgraphs taken in a dictionary of elementary pat-
terns, much as transactions in a database of purchases in a supermarket are made of collections of
items in a given set of products. This analogy suggests to use data mining techniques in order to
detect characteristic regularities in known protein-protein interfaces.
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After briefly describing the representation of the protein-protein interfaces, section 2 describes in
a generic way the proposed method to analyze whether the interfaces of protein-protein complexes
have special properties, and, if yes, which ones. The results obtained using data extracted from the
Dockground database [7] are described in section 3. Finally, section 4 discusses the results obtained
in light of the overall protein docking problem and opens directions for extensions of this work.

2 The aCID method for the characterization of protein-protein interfaces

In our work, interfaces of known protein-protein complexes are described by collections of edges,
triangles and tetrahedra extracted from a geometric representation of proteins called weighted α-
complexes [5,8] and completed by additional information about the nature of the amino acids involved
in each of them. To obtain a reasonable number of descriptors as compared to the amount of available
data, we grouped the amino acids with respect to their physico-chemical properties [4] : Hydrophobic,
Polar, positively charged, negatively charged and Small (resp. noted H , P , +, − and S). This leads
to a repertoire of 120 distinct descriptive items.

Figure 1. An example of a protein-protein interface in the chosen representation.

In our dataset (see section 3), one typical interface involves between 15 to 50 items, some of them
possibly repeated (e.g. figure 1). On average, each interface contains 22 geometrical items, which
gives rise to approximately 10,000 items for the whole set of the 459 interfaces studied.

The central question is: do the interfaces of the known protein-protein complexes present special
regularities?

2.1 Analysis of the frequencies of items

Suppose we observe that a given item, say (SHP ), occurs 150 times in all (over the 10,000 items
taken altogether) and is present in 50 out of the 459 interfaces. What should we think? Is this feature
normal? Mildly surprising? Quite astonishing? One that could be used as a “signature” of a likely
interface between proteins? To answer these questions necessitates that expectation under “normal
circumstances” be defined (a.k.a. as a “null hypothesis”) and that deviations from it can give rise to
probability assessments.

In order to compute the probability associated with each item A (e.g. (S + +)), one can measure
the probability that it would appear as the result of the combination of half-items AiAj (e.g. (S + +)
could result from (S ! ++) or from (+ ! S+)). In general, given that an event A can result from
pairs of sub-events AiAj , its expected number nA under the binomial assumption3 is:

E[nA] =
∑
i,j

aij · p(Ai) · p(Aj) ·N (1)

3 I.e. independent and identical trials.
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where p(X) is the probability of the item X as measured in the interfaces, N is the total number of
events and aij = 1 if Ai = Aj or aij = 2 if Ai <> Aj . And the variance is given by:

V ar[nA] =
(∑

i,j

aij · p(Ai) · p(Aj)
)(

1−
∑
i,j

aij · p(Ai) · p(Aj)
)
N (2)

For instance, suppose again that one is interested in the (S + +) item. One would measure
the probability of having the semi-item (S), (+), (++) and (S+) which would enable to get:
E[n(S++)] = 2

(
p(S)·p(++)+p(+)·p(S+)

)
N , where p(x) would be the observed frequency of the

semi-item x in all semi-interfaces4, and N be the number of items in all 459 interfaces, that is 10,000
(the factor 2 comes from

(∑
i,j p(Ai)·p(Aj)

)
=
(∑

i,i p(Ai)·p(Ai)
)
+2
(∑

i,j,i<j p(Ai)·p(Aj)
)

which
reflects the fact that the same item can be obtained with an Ai coming from either semi-interface).

Note that no combination of semi-items should be considered that lead to items with more than 4
elements (tetrahedra). This must be taken care of in the computation of formula 1 and 2.

2.2 Analysis of the frequencies of the combinations of items

We look for combinations that would be very differently represented than what should be expected
under a null hypothesis where the items would be independent. In general, the expected number of a
m-combination of m items Ai,Aj , . . . ,Ak︸ ︷︷ ︸

m

is:

E[nAB] = Πl=i,j,...,k ai,...,k · p(Al) ·N
and the variance:

V ar[nA] =
(
Πl=i,j,...,k ai,...,k · p(Al)

)(
1−Πl=i,j,...,k ai,...,k · p(Al)

) ·N
with N the number of observed items of size k and ai,...,k the number of permutations of Ai, . . . , Ak.

2.3 Combing the items and combinations

Underrepresented items are not to be retained if the goal is to discover elements that are responsible
for the binding of protein-protein complexes. We keep therefore the items (or the combinations of
items) of which the observed number in the known interfaces exceeds its expected number by more
than twice the standard deviation: nobs

X ≥ E[nX ] + 2
√

V ar[nX ]. Under the normal distribution
assumption, the probability of observing nobs

X events or more is then less that 2.5% 5. The choice of
this threshold controls the rate of false positive elements (Type 1 error)6.

In the same spirit, we would rather identify elements that seem well correlated to as large as pos-
sible a fraction of all known interfaces. This means both that they are significantly over represented
(as detected by the above statistical criterion) and that they intervene in a sufficiently large number of
interfaces. The number of interfaces in which a given element X takes part is called the coverage of
the element and is noted cov(X). A single threshold on the minimal coverage of elements of interest
will select the elements that play a role in at least that many interfaces or fraction of the interfaces. For
instance, in our study, we chose a 5% threshold for the minimal coverage of elements to be considered
for further analysis.

4 The term semi-interface (possibly associated with a subscript) denotes the half belonging to one protein in an interface.
5 Strictly speaking, the probability of measuring nobs

X outside the range [E[nX ]± 1.96
p

V ar[nX ]] is less than 5%. For
symmetry reasons, p

`
nobs

X ≥ E[nX ] + 1.96
p

V ar[nX ]
´

< 2.5%. This is also known as the p-value.
6 For instance, if one keeps all items with nobs

X ≥ E[nX ] +
p

V ar[nX ], then there is a 16% chance that this happened
under the null hypothesis.
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2.4 Measuring the spread of the elements and its atypical character

It is also informative to know if a given element (an item or a combination of items) tends to occur in
a widespread fashion among the interfaces or, on the contrary, in a concentrated way. In the former
case, this might indicate a necessary ingredient in at least one type of bonds between proteins. In
the latter case, this could be interpreted as the sign of a kind of autocatalytic reaction that favors the
co-occurrence of a same element inside interfaces. Either way, one must be able to measure to which
degree an element is more widespread or more concentrated than normal. We therefore propose to
compare the measured coverage of elements with their expected coverage.

The coverage of an element is easily computed from the database of known instances. The com-
putation of its expected coverage, on the other hand, requires some caution. Suppose that a given
element has been observed to occur n times. The idea is to calculate the number of different inter-
faces among I (e.g. 459) that can receive at least one element when n elements of the same type are
drawn independently within N elements.

Suppose that the average number of elements in each interface is K = N/I , and let k be the
number of a given element in a given interface. Then k is the size of the intersection between a set of
n elements drawn independently from N and a set of K elements also drawn independently from N .
The hypergeometrical equation gives:

p(k) =

(
n
k

)(
N−n
K−k

)(
N
K

)
In particular, the probability of having a void interface (w.r.t. the element of interest) is:

p(0) =

(
n
0

)(
N−n
K−0

)(
N
K

) =

(
N−n

K

)(
N
K

)
And the expected number of non void interfaces is:

I · p(0) = I ·
(

1−
(
N−n

K

)(
N
K

) )

3 Results on the protein-protein interfaces

Item selection

459 protein-protein complexes were taken from the PDB database [7,2], the existing total number
at the time of the first experiments, and have been described as explained above using 120 different
items. For each of these items, the total number of occurrences and the coverage have been measured,
while the expected number of occurrences (with standard deviation) and the expected coverage have
been computed. The aCIDmethod then automatically extracted the items satisfying the three criteria:

– Overrepresentation. nobs
X ≥ E[nX ]+C

√
V ar[nX ], with C = 2 when selecting items, and C = 1

or C = 2 when selecting patterns.
– Minimum coverage. A threshold of 5% or 7% was used for the selection of patterns. None was

used when selecting items.
– Difference with expected coverage: cov(X) > E[cov(X)].
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+- SSP SHP SPP SP- S+- HHH HHP HH+ HP+ H+- PP+ P+- ++-

Table 1. Selected items

It is noteworthy (see table 1) that items known as poor candidates such as: −−, ++, − − −,
+++ have been rejected. On the other hand, items corresponding to mildly hydrophobic or strongly
hydrophobic elements have been retained, such as HHH , HHP , HH+, as well as electrically
charged elements such as +−, S +−, H +−, P +−, + +−. All of these items are indeed expected
to play a role in protein-protein interfaces since they tend to favor stable conformations.

Pattern selection

The same analysis was carried over for the combinations of items, including doublets, triplets, and
quadruplets (no quintuplet were found to satisfy the selection criteria). In order to test the robustness
of the results, selection was carried out using C = 2 and C = 1 for the overrepresentation criterion
and a minimal coverage threshold of 5%.

Doublets
SSP/SSP, SSP/SPP, SP-/SP-, S+-/S+-, S+-/++-, HHH/HHH, HHH/HHP ,
HHH/HH+, HHH/H+-, HHP/HHP, HHP/HP+, HH+/HH+, HP+/HP+, H+-/H+-,
H+-/++-,+-/+-,+-/++-, SHP/SHP, S+-/P+-, HHP/HH+, HH+/HP+, HH+/P+-, HH+/++-

Triplets

{S+-/S+-/S+-, ++-/H+-/S+-, HH+/HHH/HHH, HH+/HH+/HHH, H+-/H+-/H+-
{+-/+-/+-,+-/HH+/HH+,+-/H+-/H+-, SHP/SPP/SSP, SHP/SHP/SHP, H+-/H+-/S+-,
HH+/HHH/HHP, H+-/HHH/HHP, H+-/HH+/HHH, H+-/H+-/HH+, H+-/H+-/HP+,
H+-/HH+/HH+}

Quadruplets
{H+-/HH+/HHH/HHH , +-/HH+/HHH/HHH, SHP/SPP/SSP/SSP,
SHP/SHP/SHP/SHP,++-/H+-/S+-/S+-, H+-/HH+/HH+/HHH, HHP/SHP/SHP/SHP,
HH+/HHH/HHP/HHP, H+-/HHH/HHP/HHP}

Table 2. Items that are over-represented (C=2 (bold), and C=1) and cover at least 5% of the interfaces. Results
for C=1 are a superset of the results for C=2.

Regarding the doublets and the triplets, one can notice a slight overrepresentation of the groups
with amino acids belonging to the hydrophobic group H . In general, however, the items are paired
according to global properties. Two groups of patterns emerge. One with a high proportion of hy-
drophobic amino acids H , the other with opposite charges + and -. Only in one instance these prop-
erties are found together: HH+/++-.

As for the quadruplets, it is noticeable that hydrophobic amino acids are predominant. The elec-
tric charges + and - equilibrate each other, and there is a positive charge + left. The groups with
hydrophobic amino acids takes over.

4 Discussion and future work

Protein docking introduces very challenging problems. In this work, we used a low-resolution geo-
metrical description of protein-protein interfaces and a data mining approach combined with a null
hypothesis criterion. This discovery method can be applied in every contexts where the representation
of the instances involves counts of patterns taken in a dictionary that is not too large wrt. the number
of instances. Furthermore, it naturally adapts to the discovery of disjunctive concepts i.e. different
causal processes. Finally, there is no need for constructing artificial decoys.
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Figure 2. Results of the PCA analysis of the extracted item sets.

Applied to the data set of 459 protein-protein complexes taken from the Dockground database,
the aCID method selected items and the combinations thereof that point out to the importance of the
hydrophobic amino acids and the association of amino acids of opposite charges. The findings are
aligned with what is known about protein-protein complexes. Moreover, the results are robust against
variations in the grouping of the amino acids into five groups (S, P, H, + and -) and changes in the
threshold for selecting significant patterns. The value of the alpha parameter for the alpha-shapes
should, however, play a much more important role. This remains to be systematically studied.
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Abstract: FUNGIpath is a new tool dedicated to perform in-depth analysis of fungal 
metabolic pathways. It is freely accessible at http://www.fungipath.u-psud.fr. FUNGIpath 
consists in a collection of orthologous groups of proteins that have been predicted using 
complementary methods of detection and further mapped on KEGG and MetaCyc pathways. 
It allows an easy comparison of the primary and secondary metabolisms afforded by the 
different fungal species present in the database with the possibility to assess the level of 
specificity of various pathways at different taxonomic distances. As more and more fungal 
genomes are expected to be decrypted in the next years, this tool is expected to help to 
progressively reconstruct what were the primary and secondary metabolisms of the 
ancestors of the main branches of the fungi tree and to understand how these ancestral 
fungal metabolisms evolved to various specific derived metabolisms. 

Keywords: Metabolism, evolution, fungi. 

1 Introduction 

Fungi constitute one of the eukaryotic taxonomic group that present today (April 2009) the highest 
number of species for which the complete sequence of the nuclear genome has been published and is 
available to the scientific community (26 genomes according to [1]). This relative abundance is mainly due 
to their moderate genome size, and to the fact that several species have been model organisms for 
fundamental, medical, or agronomical and industrial studies (e.g. Saccharomyces cerevisiae, Candida 
albicans, Yarrowia lipolytica). 

Therefore, fungal genomes appear today to be a suitable material for large-scale comparative studies. 
Indeed, several teams have already performed extensive comparison of a few fungal genomes to predict 
clusters of orthologous groups of proteins, which can be accessed by tools such as OrthoDB [2] or e-Fungi 
[3]. Such approaches open the way to study the evolution of fungal genomes [4]. 

However, information about the metabolism of fungi is presently rather scarce and heterogeneous in 
major public databases. Although we found a moderate or low amount of data in dedicated databases such as 
KEGG [6] or MetaCyc [7], there are almost no data on fungi metabolism in Swiss-Prot [5] with the 
noticeable exception of Saccharomyces cerevisiae and Schizosaccharomyces pombe (data not shown). In 
addition, beside a preliminary attempt to identify enzymes in pathogenic fungi for a limited number of 
metabolic pathways [8], there is presently no tool allowing performing large-scale analysis of fungal 
metabolism. 

Here, we describe FUNGIpath that is, to our knowledge, the first tool allowing to mining genomic data in 
order to perform in-depth analysis of fungi metabolism. This new tool presents two efficient features: it is 
based on several complementary approaches combining to define reliable groups of orthologous genes and it 
allows mapping these groups on every pathway that are available in the KEGG [6] and MetaCyc [7] 
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databases. 

2 Organizing Metabolic Data by Comparing Fungal Genomes 

Primary (sequences and pathways) and secondary data (orthologous group) were assembled in a database 
that is made freely available to the community through FUNGIpath, a user-friendly website implemented in 
PHP, HTML and Javascript. 

2.1 Primary Data 

Sequences data are summarized in two tables, one describing genome informations and the other one 
listing the amino acid sequences encoded by the genomes of 20 fungal species: Aspergillus nidulans, 
Aspergillus oryzae, Batrachochytrium dendrobatidis, Chaetomium globosum, Coprinus cinereus, Fusarium 
oxysporum, Laccaria bicolor, Magnaporthe bicolor, Mycospherella graminicolla, Neurospora crassa, 
Phycomyces blakesleeanus, Podospora anserina, Puccinia graminis, Saccharomyces cerevisiae, 
Schizosaccharomyces pombe, Sclerotinia sclerotiorum, Stagonospora nodorum, Trichoderma reesei, 
Ustilago maydis, Yarrowia lipolytica.  

The complete list of genome sources and url files are available on supplementary data table 1. For each 
genome, we removed sequences that are 100% identical. Supplementary data Table 1 provides sources for 
the respective genomic data used in FUNGIpath. 

Metabolism data downloaded from either KEGG (6) or MetaCyc (7) and enriched with predicted 
annotations are organized in several tables to speed up data access time. 

2.2 Predicting Orthologs 

Different methods have been published to predict orthologs but none of them appears completely reliable 
since they poorly overlap (supplementary data, table 2). Thus, we found necessary to use independent 
methods to collect as many potential orthologs as possible. Moreover, exploring several methods raised the 
probability to have a consistent group, corresponding to their overlapping. Accordingly, we are using three 
different and complementary approaches based on similarity searches and another one based on the analysis 
of phylogenetic trees. 

First, we adapted two methods already published with their respective default parameters: OrthoMCL [9] 
allows defining consistent groups of orthologs that are strongly related. Inparanoid [10] permits to 
differentiate orthologs and inparalogs (genes recently duplicated after the last speciation event) in pairwise 
comparison of all genomes. Moreover, the classical Best Reciprocal Hits (BRH) approach has been entirely 
automated by a Perl script. To improve the definition of orthologs we filtered the BLAST [11] results by 
specifying two parameters, the alignment percent and the score ratio. Dividing the alignment length of each 
aligned sequence by its total length permits to avoid local conservation. The score ratio is computed by 
dividing the crude BLAST score obtained when aligning sequence 1 against sequence 2 by maximum 
BLAST score, i.e. BLAST score obtained when sequence 1 is aligned against itself. We keep only results 
with score ratio superior to 0.2 and alignment percent superior to 60%. 

These different methods based on sequence similarity allow to get more or less stringent clusters of 
orthologous genes depending if we used single (e.g. Inparanoid) or multiple (BRH) linkage. 

Beside these methods based on similarity approaches, we also used a phylogeny approach to get 
orthologous groups using the automatic tree analysis previously developed by Lemoine et al. [12]. We first 
build families of homologous protein detected by BLASTP [11] with the following requirements: an E-value 
less than 0.001 and an alignment percent larger than 70 % of the length of the shorter sequence of the aligned 
pair. For each family, a multiple alignment was built with Muscle [13], and the deduced phylogenetic tree 
was reconstructed with PhyML [14]. The program Retree from Phylip package [15] was further used to root 
the tree in order to distinguish orthologs and paralogs with the automatic tree analysis [12]. 
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Once we got the orthologous groups, we compared groups obtained by the different methods and merged 
groups that overlap (supplementary data Table 2). To help the user to evaluate the reliability of the 
predictions we computed a confidence score based on the number of methods that found independently the 
same group. We suppose that a group found by several methods is more reliable than a group found only by 
one of the available methods (see supplementary data for score computation). We obtained orthologous 
group with group size ranging from 2 to 2694 sequences. As the homogeneity of the largest groups is most 
propably doubtful, we kept only orthologous groups with a score superior to 1.5. Such a threshold value, 
helped to limit the group size to a maximum of 400 sequences. 

2.3 Reconstructing Pathways 

Annotating the putative enzymatic activities 

Once the orthologous groups have been defined, we attemped to predict functionnal annotation by using 
an HMM approach. For each orthologous group, we built the corresponding HMM profile with hmmbuild 
[16] and used hmmsearch [16] to search its similarity with sequences that display an enzymatic annotation in 
Swiss-Prot [5]. The annotation was transferred to the orthologous group analyzed, if the E-value of the best 
hit obtained is lower or equal to 10-80. 

This annotation assigned 843 different EC numbers to 1261 groups of orthologous proteins. Among these 
groups, our HMM approach contribute to annotate 360 groups (29%) which the belonging sequences did not 
get any annotation in the Swiss-Prot database [5]. Nearly one half (396) of the EC numbers is present in all 
genomes, and 90% (764) of the assigned EC numbers are found in at least 50% of the genomes. 

Assembling the putative EC numbers in pathways  

Once the different putative orthologs have been annotated as described above, we used them to 
exhaustively reconstruct the different metabolic pathways in fungi. To do that, we used two reliable public 
databases, KEGG [6] and MetaCyc [7] that differ in their way to define pathways.  

Useful information was extracted from the reaction file generated by KEGG [6] and the corresponding GIF 
maps were downloaded. BIOPAX files defined in MetaCyc [7] were downloaded and we generated 
automatically the corresponding map pictures by directed graph building. Accordingly, we collected 151 
pathways in KEGG and 1143 pathways in MetaCyc that define mainly anabolic and catabolic ways. 

3 Querying FUNGIpath and exploring pathways 

FUNGIpath (http://www.fungipath.u-psud.fr) has been designed to allow studying fungi metabolism by 
performing various queries on our database. 

 
FUNGIpath allows checking and visualizing the conservation of pathways between different fungi. We 

can make such a search using several ways: one can start from a defined EC number (Fig. 1), from a known 
pathway (Fig. 2), or by using a user-defined pathway delineated in a simplified BIOPAX format (data not 
shown). 

 Searching a specific EC number allows assessing the level of conservation of this EC number in each 
taxonomic group and to directly access to all the pathways in which this EC number is involved (Fig. 1).  

For instance, Fig. 1 shows that EC 3.5.1.4 corresponds to an amidase (Acymlamide amidohydrolase that 
cleaves carbon–nitrogen bonds in amides) that is very well conserved in all fungi and is involved in at least 6 
different pathways in both KEGG and MetaCyc databases. Moreover, we found that this EC number has 
been assigned to several distinct orthologous groups (data not shown).  
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Figure 1. Exploring pathways using a specific EC number (3.5.1.4). The level of occurrence in the different species 
belonging to the different taxonomic groups of fungi is indicated with a color code (scale from white to red) in the 
taxonomy column. The respective lists of the pathways that contain the requested EC number are indicated in the 
KEGG and MetaCyc columns, respectively. Note that the pathway names are different in both databases. 

Fig. 2 illustrate the case of the 'Biotin metabolism' (KEGG database), the results displayed when a 
pathway is queried. 

 

Figure 2. Exploring pathways using a specific pathway name. a: The 'Biotin metabolism' pathway is displayed using 
the KEGG map. For each EC a color code indicate the level of conservation. The black star indicates the EC numbers 
that are specific to the 'Biotin metabolism' b: The table lists the percentage of conservation of this pathway with the 
same color code (white to red) in each species belonging to the different taxonomic groups of fungi. Moreover, the 
relative presence in all 20 fungi is given in the last line of this table, this value defining the color used in the KEGG 
map, in. 2a. 

To facilitate the analysis of these results, a color code has been associated to the conservation level of EC 
numbers. Results are presented both as a KEGG gif map (Fig. 2a) and summarized in a table (Fig. 2b). For 
each EC number the corresponding orthologous groups of proteins can easily be accessed by using the 
genomes feature table (not shown) and can be downloaded for further studies. 

4 Discussion 

4.1 Improving functional annotation of fungi genomes 

To challenge the validity of our predictions of functional annotation, we compared as a control all our EC 
numbers predictions for the yeast S.cerevisiae with 4 different curated public databases (KEGG [6], 
MetaCyc [7], Swiss-Prot [8], and SGD [17]). The results are displayed in Table 1. We call ID-EC the unique 
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pair formed between an ID and its EC (or one of its EC). Thus, an EC can belong to several pairs, if several 
IDs have the same annotation. Likewise, an ID can be present in several pairs, if the ID gets several EC 
numbers in case of multifunctional proteins. 

 

Table 1. Comparison of enzymatic data for S. cerevisiae between 4 databases and our prediction 

According to our predictions made from orthologous groups we get 1299 ID-EC for the yeast. The 
observed high overlapping with Swiss-Prot figures is not surprising since we used mainly this database for 
our prediction. On the other hand, our prediction corresponds to nearly 80% of the EC numbers found in the 
three other databases. In addition, most of the IDs pairing with different EC numbers diverge only at the 
level of the last digit. Thus, the reliability of the predictions of our group of orthologous proteins and of their 
enzyme function appears to be comparable with that of the independently curated public databases. 

Moreover, we compared the functional annotations for 12 species between KEGG [6] and FUNGIpath 
(Supplementary data Table 3). More than 75% of KEGG data are found in FUNGIpath. However, contrarily 
to KEGG, we work only with complete EC numbers. Thus, the comparison of the incomplete KEGG EC 
numbers with our data allows to recover some of them. For instance, in the case of Schizosaccharomyces 
pombe, the total number of annotated enzymes are very close (1267 EC numbers in KEGG and 1231 ones in 
FUNGIpath), but among the 258 EC numbers that are incomplete in KEGG, 62 have been completed in 
FUNGIpath. Thus, FUNGIpath is a efficient tool for functional annotation of fungi and thus for studying 
their metabolism. 

4.2   Studying annotation and evolution of metabolism in fungi  

One of the main problems encountered when trying to reconstruct entire pathways from orthology data is 
the occurrence of missing data. The absence of an EC number (orphan metabolic activities [18]), may be due 
to a too low percent identity of the corresponding amino acid sequence or to its replacement by another 
protein. Alternatively, the simultaneous absence of several EC numbers that belong to a specific pathway 
most likely suggests that this entire pathway is not present in the studied species. However, one cannot 
dismiss the hypotheses that this absence is simply due to a major annotation problem or to the replacement of 
this pathway by an alternate one. 

For instance, Fig. 2 shows that most of the EC numbers involved in the 'Biotin metabolism' defined by 
KEGG [6], are found in our database and appear specific to this pathway. However, this Biotin metabolism 
pathway appears to be incomplete in many fungi since several of its specific enzymatic activities are not 
found such as 3.5.1.12, 6.3.3.3 and 6.2.1.11 (white EC with black stars in Fig. 2a). We can suppose that 
either these EC numbers exist in fungi but they are presently not detectable, or fungi use other EC numbers 
to catalyse these reactions. Of the 11 EC numbers involved in the 'Biotin metabolism’, four (6.3.4.9, 
6.3.4.10, 6.3.4.11, 6.3.4.15) are found in all the selected species and one (2.8.1.6) in all species excepted one 
genome (A.orizae). Two EC numbers (2.3.1.47, 2.6.1.62) are absent in several genomes (M. grisea, N. 
crassa, S. pombe plus S. cerevisiae for 2.3.1.47). These genomes may use an alternative way to realize the 
first steps of the 'Biotin metabolism'. 

5. Conclusion 

FUNGIpath appears a reliable tool that helps to analyse the metabolism of fungi. It will be especially 
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useful to annotate newly-sequenced genomes. 

Moreover, FUNGIpath allows an easy comparison of the respective metabolisms afforded by the different 
taxons. For instance, 163 EC numbers are found uniquely in Ascomycetes (data not shown) and may help to 
delineate the metabolic specificities of the common ancestor to this group. 

As more and more genomes are expected to be decrypted in the next years, FUNGIpath we will be 
especially usefull to progressively reconstruct what were the primary and secondary metabolisms of the 
ancestors of the main branches of the fungi tree and to understand how these ancestral fungal metabolisms 
evolved to various specific derived metabolisms. 
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Abstract: Biological networks exhibit small over-represented subgraphs, called motifs,
some of which are known to have a biological function. Several algorithms exist to detect
motifs, most of them being based on time-consuming simulations or leading to many false
positives. We propose an efficient and conservative procedure to detect network motifs
and apply it on the Yeast gene regulation network.

Keywords: Networks, Motifs, Concentration inequalities.

1 Introduction

Recent work indicates that biological networks show recurrent small patterns, callednetwork motifs
[1]. They can be thought of as small units of given function from which the networks are built: it
is then quite natural to ask which are the small patterns thatare over-represented in given networks.
Many attempts were made to answer that question. Some of them[1] compute a huge number of
random networks with the same degree distribution as the biological one, but are not tractable for
motifs on more than four vertices. Others [2,3] rely on a sampling algorithm and the calculation of a
Z-score. Nevertheless, the distribution of the number of small subgraphs is more heavy-tailed than a
gaussian and therefore those methods have no control on false positives.

To avoid simulations, one has to define a probabilistic modelof random graph generation and
to compute the p-value of the observed number of subgraphs inthat model. Mixture models [4,5]
were shown to be relevant as they give rise to graphs depending on independent Bernoulli trials but
which exhibit the heterogeneity observed in biological networks. Picard and al. [6] look for motifs
by taking the latter model as the null model. As they can’t compute exactly the law of the number
of small subgraphs, they propose to fit the best possible Polya-Aeppli distribution to the subgraph
distribution and to take the p-value of that approximate distribution.

As pointed out in [1], another issue is that a motif can appearas over-represented because it
contains an over-represented sub-motif, which is in fact the biological relevant structure. Moreover,
Dobrin and al. [7] show that the motifs in the yeast transcriptional regulatory network aggregate.
For both reasons, we take another approach: we consider a small subgraphm and a subgraphm′

of m obtained by deleting one vertex. We then definem to be a motif with respect tom′ if there
exist an occurrence ofm′ in the network such that the number of occurrences ofm sharing the given
occurrence ofm′ is overrepresented.

Furthermore, to avoid a bias due to the use of an approximate distribution, we will determine an
upper bound of the real p-value. To do so, we will show that thenumber of motifs aggregating on a
given submotif is highly concentrated around its expectation. Our method is thus conservative, but
ensures a low rate of false positive. Moreover, we apply our method to the Yeast gene interaction
network, showing that all the known motifs are found again and with supplementary informations.
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2 Notations and definitions

In the following, we will consider a directed networkG of vertex setV and edge setE. We suppose
that there are no multiple edges in the same direction but opposite edges between two vertices and
self-loops are allowed. For any vertex setU ⊂ V , we denote byG[U ] the inducedsubgraph ofG on
the setU , that is the graph of vertex setU where each edge is present if and only if it is present inG.

Let m be a small graph onk vertices, which we want to determine if it is overrepresented. Lets
be one of the vertices ofm and denote bym′ the graph onk − 1 vertices obtained by deletings in
m. Figure 1 shows an example ofm andm′.

The counting random variables of interest are the following: N(m) is the number of occurrences
of the motif in G, and, for every setU of k − 1 vertices corresponding to an occurrence ofm′,
NU (m) denotes the number of occurrences ofm which are extensions from the occurrence ofm′ (cf
Figure 1). IfU does not correspond to an occurrence ofm′, we setNU (m) = 0.
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Figure 1. ForU = {2, 3, 4}, an occurrence ofm′ is present onU andNU (m) = 3. Indeed, one obtains valid
extensions ofm′ to m by adding toU the vertices7, 8 or 9. Adding the vertex6 does not give rise to a valid
extension because of the edge between3 and6.

The random graph model we consider is the mixture model with fixed classes. In that model, the
n vertices are spread intoQ known classes.

We consider a matrixΠ = (πqr)1≤q,r≤Q which gives the connection probabilities between classes
and, for each pair(i, j) of vertices, the edge~ij is present with probabilityπqr, q andr being the
respective classes ofi andj.

To estimate the partition of the graph, including the numberof classes to choose, and the corre-
sponding matrixΠ, we use the algorithm developped by Latouche and al. [5], assigning each vertex
to its most probable class.

3 A Concentration Inequality to detect Network Motifs

To determine ifm is a motif, our strategy is to look for an occurrence ofm′ on a setU such that
NU (m) is much larger than expected. To do this, we show thatNU (m) is highly concentrated around
its mean using the following concentration inequality [8]:

THEOREM 3.1. Let the random variablesX1, . . . ,Xn be independent, with0 ≤ Xk ≤ 1 for eachk,
and letSn =

∑n
k=1 Xk. Then, for everyt > 0,
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P
(Sn − ESn

ESn
> t

) ≤ e−((1+t) ln(1+t)−t)ESn

We will here just enounce our results and give a sketch of the proofs, without detailed notations
and precise mathematical justifications. The interested reader will find them in [9].

3.1 First step: Local Overrepresentation

Let us consider a setU of k − 1 vertices corresponding to an occurrence ofm′. For each vertex
v /∈ U , we defineextvU as the indicator of the fact that addingv to U leads to an occurrence ofm.
For instance, in Figure 1,ext9U = 1 but ext1U = 0. Let ExtU be the mean of the valid extensions,
that isExtU = E(

∑
v/∈U extvU ).

It is then straightforward to see that:

– NU (m) = IG[U ]∼m′
∑

v/∈U extvU whereG[U ] ∼ m′ denotes thatU is an occurrence ofm′.
– EachextvU depends only on the edges betweenU andv and thus the variables

(
extvU

)
v/∈U

are
independent.

Therefore, we can apply Theorem 3.1 to obtain, for everyt > 0,

P
(NU (m)− ExtU

ExtU
> t | G[U ] ∼ m′) ≤ e−((1+t) ln(1+t)−t)ExtU

Taking also the case whenU does not correspond to an occurrence ofm′ into account yields

P
(NU (m)− ExtU

ExtU
> t

) ≤ P(G[U ] ∼ m′)e−((1+t) ln(1+t)−t)ExtU (1)

We thus obtain an exponentially decreasing local bound for the p-value of many occurrences of
m sharing the same subgraphm′ located onU .

3.2 Second step: A Global Statistic to detect Motifs

Equation 1 gives a local p-value, but as the number of possible positionsU is growing asnk−1, there
is a problem of multiple testing. To overcome it, we have to build a statistic characterizing any local
overrepresentation somewhere in the graph.

Let h be the function defined on[0,+∞[×]0,+∞[ by

h(X,Y ) =
{

0 if X ≤ Y

X ln( X
eY ) + Y else

Note that for a fixed value ofY , hY : X → h(X,Y ) is an increasing function, growing asymp-
totically asX ln(X), as illustrated in Figure 2.

We can show that Equation (1) can be rewritten as follows:

∀t > 0, P
(
h(NU (m), ExtU ) > t

) ≤ P(G(U ] ∼ m′)e−t
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Figure 2. Curves of the functionh for fixed values ofY

Noting that{maxU (h(NU (m), ExtU )) > t} =
⋃

U{h(NU (m), ExtU ) > t} and that the expo-
nential depends no more onU , one can obtain our main result:

THEOREM 3.2.

Letaut(m′) be the number of automorphisms ofm′. For everyt > 0,

P
(
max

U
(h(NU (m), ExtU )) > t

) ≤ aut(m′)ENU (m′)e−t

We thus obtain a general p-value for the network characterizing a local overrepresentation ofm
with respect tom′ somewhere in the network.

The functionh is introduced in our statistic in order to give an upper-bound of the real p-value
which is as tight as possible. Nevertheless, it can be shown that Theorem 3.2 induces the following
result, which is weaker but more explicit:

THEOREM 3.3. For everyt > 0,

P
(∃U/NU (m) ≥ e2ExtU + t

) ≤ aut(m′)EN(m′)e−t

4 Application to the gene regulation network of Yeast

The method described in Section 3 was applied to the gene regulation network of Yeast [10]. That
network has688 vertices and1078 edges and a directed edge between genesg1 and g2 denotes a
regulation from geneg1 on the expression of geneg2. We don’t take the type of regulation into
account here, that is if it is an activation or an inhibition.The estimation of the parameters of the
model spreads the genes in5 classes: two of them are small (4 and 8 genes) and correspond to
the genes of high degree, two are intermediate (40 and115 genes) and the biggest one (521 genes)
contains most of the vertices of small degree.

Tables 1 shows the unique motif of size three detected with a threshold of10−4. The columnp-
valuecontains the upper bound of the real p-value given by Theorem3.2 fort = maxU (h(NU (m), ExtU )),
whereas theAgglomerationcoefficient is the maximal observed number of extensions of an occur-
rence ofm′.

That motif, called the feed-forward loop, is known (see [11]for a deeper biological insight) to
play a role in regulation processes by inducing a delay in theregulation ofZ by X: X has first to
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activateY and thenX andY together regulateZ. Our analysis finds this motif again and shows that
there are genesX using the sameY to regulate a high number of genesZ (up to15). On the contrary,
there is no geneX using a high number of intermediatesY to regulate a given geneZ.

Motif Deletion classp-value boundAgglomeration
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X

Y

Z

X 5.11e− 3 3
Y 3.4 2
Z 1.06e− 11 15

Table 1. p-values for the three possible sub-motifs of the feed-forward loop

Table 2 show all the motifs of size four which are found overrepresented with respect to at least
one of their submotifs, with a threshold of10−4.

The motif of size four with the lowest p-value is the bi-fan, that is the first motif shown in table 2.
That motif consists on two regulators having impact on two common genes. It was first shown to be
over-represented in that network by Milo and al [1] and appears first in all motif detection algorithms.

Nevertheless, our approach gives a supplementary information, that is that it is highly overrep-
resented with respect to the sub-motif obtained by suppressing one of the regulated genes. In other
words, there exist in Yeast co-regulators which co-regulate a high number of genes simultaneously.
The agglomeration coefficient shows that they may act on up to37 common genes. On the other
hand, the bi-fan isnot over-represented with respect to the sub-motif obtained bysuppressing one of
the regulators, that is there exist no couple of genes that are influenced by a high number of common
regulators. In fact, running the algorithm in that case leads to a p-value of.17 and an agglomeration
coefficient of4. That asymetry between couples of regulators and couples ofregulated genes is well
known by biologists but is found again here only by statistical means.

Note also that among the six detected motifs, the third and the two last ones are in fact by-products
of the over-representation of the feed-forward loop: they are not overrepresented with respect to their
feed-forward loop submotif, that is the one obtained by deleting T .

From a computational point of view, we obtain a significativeimprovement in terms of running
time. Indeed, methods available are of two kinds: either they use a reasonable number of simulations
and use a Z-score and are quite rapid but lead to false positives. Or they make use of a huge number
of simulated graphs to obtain an empirical p-value but are very time-consuming. The part of our
method which takes the most time is in fact the preprocessingby the algorithm of Latouche et al. [5]
to estimate the parameters. The concentration part is very rapid as it only needs expectations, which
are easy to calculate in mixture models. Comparing our algorithm with the empirical p-value option
of the MFinder tool [1] for the graphs of size four in the Yeastnetwork divides the running time by a
factor100 (less than10 minutes compared to more than15 hours).

5 Conclusion and Perspectives

We propose to detect network motifs by looking for a local over-representation rather than by studying
the total number of occurrences. That approach allows to take into account the subgraphs of the small
graphs of interest and thus to study separately the influenceof each of the vertices of the found motifs.
Comparing with existing methods on the Yeast regulation network, we find again the known motifs,
with a deeper biological interpretation and an improvementof the running time.
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Motif Deletion classp-value boundAgglomeration
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Z 2.00e− 10 15

Table 2. Over-represented motifs of size four

This work will be completed by a simulation study of the loss of precision induced by the up-
per bound of the p-value and biological applications in order to detect unknown relevant structures.
Moreover, the procedure gives in fact local scores to network motifs rather than just a p-value. The
biological relevance of those scores is a point to be explored.
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Abstract: During their development, plants must develop efficient root architectures to
secure access to nutrients and water in soil. A series of expansion and branching mecha-
nisms fulfils this aim in the proximity of root apical meristems where the plant senses the
environment and explores immediate regions of soil. We havedeveloped a new approach
to study the dynamics of root meristems in soil, using the relationship between the in-
crease in root length density and the root meristem density.Initiated at the seed, the
location of root meristems was shown to propagate, wave-like, through the soil, leaving
behind a permanent network of roots for the plant to acquire water and nutrients. Models
highlighted that the morphologies of the waves of meristemsare inherent to individual
root developmental processes, namely expansion, lateral root initiation and gravitropic
responses. The meristematic wave observed on data collected on barley might be a
more general and fundamental aspect of plant rooting strategies to access underground
resources.

Keywords: Meristem dynamics, development, architecture, wave, root-soil interaction.

1 Introduction

Land plants grow in soil where water and nutrients are heterogeneously distributed. Growth, repro-
ductive success, and chance of survival are largely conditioned by the plant ability to acquire these
resources efficiently ([2]). There is considerable evidence for the influence of root architecture on
water and nutrient acquisition efficiency. However, fundamental mechanisms by which root archi-
tecture develops and adapts to environmental conditions are complex and poorly understood. Root
architectures result from the activity of their meristems.Meristems develop in a sequence of expan-
sion and lateral initiation events at the proximity of root apices, but the detailed mechanisms by which
water and nutrients are sensed by plants remain idle. There is increasing evidence that the sensing
activity in roots, first postulated by ([1]) is concentratedin apical meristems. Unfortunately much
less is known about the way meristems proliferate in soil. This is due notably to the difficulty to
experiment in soil without perturbing the growth of the plant. There has been considerable effort to
develop non-destructive root imaging methods, for exampleXray tomography, rhizotrons and gel ob-
servation chambers ([6]), but growth conditions in such experimental systems barely represent those
found in the field. Root architectural models have provided great insight into root developmental
processes ([3]). However, estimating parameters for architectural models has always suffered from
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the requirement for time consuming, tedious and destructive experiments for which the final accuracy
of the spatial data is often limited.

In this study, we have developed a mathematical framework tostudy the dynamical behaviour
of root meristems. We have set up a minirhizotron experimentto collect data on root length distri-
bution and we used the relationship between changes in root length density and meristem density
to identify regions of meristematic activity in soil. Finally, we have constructed a mathematical
model of root meristems dynamics and this was used to understand the patterns observed with the
experimental data. Asupplementary website( http://www.scri.ac.uk/research/epi/
resourcecapture/plantmodelling/meristemwave) offers access to the code (Python)
used in this work, to additional experiments results and to technical annexes.

Material and method

Barley (Hordeum vulgare L.) cv. Optic was grown in soil in twoconcrete bins (4 rows) in a glasshouse,
with drainage in the base, filled with soil (of known characteristics see supplementary website) in lay-
ers and repeatedly irrigated prior to sowing. Clear perspexminirhizotron access tubes (3 in each
bin at 6 different depths) were placed horizontally across the width of the concrete bin. Irriga-
tion was applied to replace evaporation. A minirhizotron camera was inserted every day into each
tube and images were captured showing root impacts on the tube (1.25m long, 50mm diameter) on
1.2cm × 0.8cm images (suitable resolution to distinguish living roots accurately). The experiment
was started 8 days after sowing once few root impacts were observed in the shallowest tube, and
was stopped 9 days later, when root impacts started to be recorded on the deepest tubes. Individual
root lengths were measured manually from digital images using in-house software. The depthz and
distancex from the row are defined respectively from the depth of the tube and the position of the
camera within the tube.α denotes the angle of the root with the horizontal direction.Root length
density curves were derived from the number measurements ofroot lengths using a mean filter with
a window of5cm.

2 Theoretical framework

2.1 Analysis of root meristem dynamics

Plant root systems can be characterized using density distributions. For instance, root length den-
sity, ρn (cm−1) and root branching density,ρb (cm−2) describe the architecture of roots ([7]). Root
meristem densityρa (number of meristems per length area or volume) indicates regions of primary
growth and defines the sensing compartment of the root system. Densities are multivariate functions
depending upon spatial positionr, time, and the incline angle of the roots.

In general, it is not feasible to track individual roots and their meristems in soil. However, the
architecture of the root system at timet results from the functioning of all meristems during growth.
Relationships can be derived to obtain meristem functioning properties:

∂ρb

∂t
= b branching rate (cm−3d−1)

∂ρn

∂t
=ρa.e meristem activity (cm−2d−1)
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The meristem activity can be determined directly from time sequences of the root length density
profiles. We analyzed temporal patterns of the meristem activity by combining two different indica-
torsIa(z, t) =

∫
x

∫
α ρ̇n(x, z, α, t)dx (change in root lengthcm.d−1) andIg = Ia(xg − xc) (position

of meristem distributioncm2.d−1, xg centre of mass oḟρn, xc geometric centre of the distribution of
roots). Ia is proportional to the area between two consecutive root length density curves hence mea-
sures the intensity of the root meristem activity at a given time. Ig is a measure of the centre of mass
of the meristem density along thex axis. Because the size of the rooting domain grows with time,
we chose a measure of the centre of mass relative toxc in the domain to describe the bulk position of
meristems. Plots representing the trajectories in the(Ia, Ig) space from both experimental data (Fig.
1 C) and model predictions (Fig. 1 D) were used to analyze the mechanisms of root proliferation in
soil.

2.2 Modelling the dynamics of root growth

To understand the experimentally observed dynamic patterns of root meristematic activity, we have
built a simple mechanistic model that describes how meristem distribution evolves as a function of the
root expansion rate, gravitropism and branching rate. The model is derived by a continuity equation:

∂ρa

∂t
+∇∗(ρag) +∇(ρaeu) = b, (whereu = (cos(α), sin(α)) is the root growth direction)

∇ and∇∗ are gradient operators for the spatial coordinates and the direction of growth, respec-
tively. In this equation, the change of root meristem density results from the number of roots entering
the neighbourhood from upstream regions or leaving the neighbourhood at expansion ratee (cm.d−1),
the number of roots changing their orientation through gravitropism g (d−1) and the creation of new
meristems through branching rateb (cm−2.d−1). In this model and throughout this study, we ignore
root mortality, although it could be incorporated in the model as a sink term inb. This simplification
is justified as we considered early stage growth, and no root decay was observed in rhizotron images.

This model can be adapted to account for different root behaviours based on their branching order
(number of connections required to link a root to the stem):ρ1,a describes the meristem density of first
branching order roots andρ2,a the density of second branching order roots having different growth
rates and gravitropism:

∂ρ1/2,a

∂t
+

∂ρ1/2,ag1/2

∂α
+

∂ρ1/2,ae1/2 cos(α)
∂x

+
∂ρ1/2,ae1/2 sin(α)

∂z
= 0/b2

The two equations are coupled through the source termb2 which is a function ofρ1. Termse,
g and b are not constants in general but functions that encode both developmental behaviour and
root/soil interactions. To simplify the analysis of the model, we used arbitrary functions that illustrate
the type of mechanisms observed on real systems:e1 = e2s = cst, g1 = g2s

2 = g11(π/2 − α) and
b2 = b21(ρ1,a(r, u + b22, t) + ρ1,a(r, u − b22, t))/2 + b23ρ2,n, wheres is a scaling factor,ei’s are
constant root expansion rates,gi’s are root vertical orientation rates,b21 (d−1) is the branching rate,
b22 (d−1) is the branching angle andb23 (cm−2.d−1) is the adventitious branching rate (lateral root
initiation on mature tissues).

A one dimensional solution has been developed to obtain rootdevelopmental parameters(g, e, b)
and assess how the model can predict experimental root distributions:
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ρ(z, ., t) = a(1 + bt) exp
(−(z − et− eα2/4g(e−2gt − 1))2/c

)

Figure 1. A: Patterns of Barley root length density distribution at different depths (gray levels represent mea-
surement days) vs distance from the rowx. B: Root length (left) and root meristem (right) densities (contour
plots) compared with meristem positions (circles) or wholeroot system (lines) for numerical simulations. C:
Barley meristem activity in soil during growth at differentdepths in the(Ig , Ia) (cf. text in 2.1) space. D:
Trajectories at different depths of the meristem position in soil using indicatorsIa andIg (cf. text in 2.1) for
numerical simulations.

2.3 Numerical analysis

We have developed a numerical solver to explore the dynamic patterns generated by meristematic
activity in soil as described in 2.2. The equation can be solved numerically using a finite volume
method ([4]). We used a high resolution upwind scheme (minmod) and dimensional splitting to
compute root fluxes on the domain. The root zone consists in a rectangular domain of30cm ×
40cm×π divided into30× 40× 40 = 48, 000 control volumes to account for the spatial coordinates
and the root angle. The simulation is initiated in the top left corner of the grid by a uniform meristem
density of 1 for0 ≤ α ≤ π. At the boundaries of the domain, symmetric fluxes are imposed on the
vertical plane and no root flux is permitted on the remaining planes.

Although the model presented in 2.2 represents root systemsas density functions, it uses funda-
mental developmental parameters as used in classical root architectural models. We have checked on
numerical solutions by comparing a simulated root architecture (Fig. 1 B) from an equivalent model
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with the results of the numerical solution of the model. Looking at the one dimensional (depth)
analytical model, we noted that meristems form a peak of activity which propagates downwards.
Comparing model predictions and measurements of root meristem activity as a function of depth, we
found a good agreement between predicted and measured meristem activity (R2 = 0.85, unpublished
data) with a reasonable number of parameters (4 compared to the9 measured times× 6 tubes). The
behaviour of the model was then analyzed on a range of input parameters.15 simulations were run,
with each parameter taking successively low, medium and high values (other parameters fixed at their
medium values). Meristem density distribution and root length density distribution were visualized
using contour plots (see Fig. 1 B).

3 Results

3.1 Minirhizotron data indicates that root meristem distribution has spatial and
temporal patterns

Root length density profiles were determined for each minirhizotron tube on the 9 days of mea-
surements (Fig. 1 A). Some interesting features were observed: (i) first root impacts appear at the
proximity of the row of barley crops, (ii) root length density increases with time and propagates
gradually at larger distances from the row, (iii) root length density peaks where first roots initially
appeared and (iv) the maximum of the root length density is gradually shifted away from the row
when time increases. Such meristem proliferation process was captured by visualizing the position of
the bulk of the meristem activity using both indicatorsIa (total meristem activity) andIg (centre of
gravity of meristem activity). During growth, the profile ofthe meristematic activity takes the form
of trajectories in the(Ia, Ig) space (Fig. 1 C). It expresses what was observed qualitatively on root
length density profiles: meristems first hit tubes at the proximity of the row. Therefore, the centre of
mass of the meristematic activity is shifted to the left. In asecond stage, a peak is reached and meris-
tematic activity is shifted from the row while decreasing. Finally, most meristem activity disappears
and the trajectory returns to its initial position. These preliminary results indicate a meristematic ac-
tivity front that propagates wave-like during growth. The velocity of propagation determines when
meristem activity first reaches a given depth and then disappears deeper in the soil.

3.2 Models show that meristems propagate like waves

Using the fundamental principle of conservation, we derived a general (continuity) equation relating
root growth processes and distribution of meristems in the soil (section 2.2). This equation is cat-
egorized as a hyperbolic partial differential equation, which occurs frequently in the study of wave
phenomena (acoustic, mechanics, electromagnetism) in physics. This indicates that meristematic
waves may form in the soil, as a result of root developmental processes. The analytical solution of
the simple model developed at the end of 2.2 is in good agreement with experimental data (unpub-
lished data) in addition to providing interpretable developmental parameters. Numerical analysis of
the model consisted of 15 days of growth inititiated punctually at the surface of the domain (Fig. 1 B
and D). During growth, these regions gradually expand and progress downwards. Root length density
distribution is determined as the accumulation of meristemproduction during the simulation, and can
be seen as the footprint of the meristematic activity. Predictions from our model were compared with
the simple architectural model ([7]). It was found that bothroot length density distribution and root
meristem distribution were visually in good agreement (Fig. 1 B). The trajectories of the meristem
distributions in the(Ia, Ig) space showed similar features (Fig. 1 D), providing additional evidence
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for a wave propagation mechanism underlying the experimental observations. We were also able to
analyze dynamic patterns of root development in soil by simulating the influence of gravitropism,
branching rate or angle, root expansion rate and adventiousbranching (results not shown).

4 Discussion/Conclusion

Plant architectural models have greatly contributed to ourunderstanding of plant growth and inter-
action with the environment. Classical models describe thedeployment of the plant architecture
simulating the behaviour of each organ at each time step. While convenient to dissect developmental
processes, it has also obvious limitations: computer time when the number of roots becomes high, in-
terpretation of the system property using a 3D architectural models (a priori more detailed) and need
for accurate measurements of single organ properties whilesuffering from a difficult parametriza-
tion, and resulting simulations are prone to error propagation. Our work uses a different approach
to architectural modelling whereby root system development is represented through spatial density
distributions (see [5] for earlier studies fitting a diffusion model). [8] developed a similar model fo-
cusing on nutrient intake but didn’t fully addressed root architecture. Moreover our choice to work
in a deterministic framework allowed us to explicitly represent the global dynamics. We provided
a new mathematical framework for quantitative plant architectural analysis. It has overcome the
shortcomings of reaction-diffusion based models by incorporating architectural parameters explicitly.
Our approach could be particularly useful to implement plant growth processes at larger scales of
application. Our model could also be beneficial to study rooting strategies for optimized resources
acquisition by incorporating the knowledge that meristematic wave-like activity and its localization
in specific regions of the soil. A particularly appealing development we would like to address in a
further study for our model would be the integration of physiological and molecular data, still a great
challenge at an entire plant level. The challenge is now to extend these concepts in order to integrate
plant/environment dynamical feedbacks.
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Abstract: Slr1738 is the Peroxide regulon Repressor protein (PerR) of the 
cyanobacteria Synechocystis. Active as a dimer, this protein must contain an 
iron atom to be able to bind DNA molecule and regulates targeted genes. The 
binding mechanism involves a classic recognition helix inserted in the DNA 
major groove. But to date there is no three-dimensional structure available for 
this kind of transcription factor complexed to DNA. As a consequence, both 
global and specific interactions that lead this protein to bind DNA and to 
recognize specific ‘Per Box’ sequence are still misunderstood. In order to better 
define and analyse these interactions, we built in silico the first three-
dimensional structure of a [PerR-DNA] complex. This article describes the 
method used to build the complex and presents an analysis of the contacts 
between the two partners. 

Keywords: PerR, transcription factor, protein-DNA complex, HTH recognition 
motif, modelisation. 

1 Introduction 

Au sein de tous les organismes vivants, la régulation des dérivés réactifs de l’oxygène (ROS) est 
essentielle à la viabilité des cellules. Leurs effets nocifs sur les processus cellulaires ont été 
largement décrits dans la littérature [1]. L’interaction des ROS avec différentes molécules 
biologiques, notamment les acides nucléiques, peut induire l’apoptose cellulaire. Ainsi, un excès 
de ROS conduit à un état de stress oxydatif qui doit être contrôlé.  
 Les protéines FUR (Ferric Uptake Repressor) sont connues pour leur implication dans 
l’homéostasie des métaux, et notamment du fer [2]. Cette grande famille de métallo-régulateurs 
regroupe plusieurs types de répresseurs dont Fur, Zur (Zinc uptake repressor) et PerR (Peroxide 
regulon Repressor) en sont les principaux représentants. Cette dernière sous-famille joue un 
rôle important comme senseur de stress oxydatif et est donc étroitement liée aux mécanismes 
cellulaires impliqués dans la gestion des dérivés réactifs de l’oxygène. 
 Dans ce cadre nous étudions le facteur de transcription Slr1738, une protéine FUR de la 
cyanobactérie Synechocystis. Une étude récente a montré que Slr1738 est impliquée dans la 
résistance de cette cyanobactérie à un stress oxydant [3]. Il a également été démontré que le 
mutant ∆Slr1738 est plus résistant que la souche sauvage à un stress oxydant provoqué par 
H2O2 mais aussi plus réactif à un stress métallique (Cd, U et Se). Ces résultats suggèrent que 
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Slr1738 serait la PerR de Synechocystis.  
 À ce jour, il n’existe pas de structure tridimensionnelle de la famille des facteurs de 
transcription FUR complexé à l’ADN. Par ailleurs, aucun programme de modélisation ne 
permet, contrairement au cas des protéines, de construire un modèle 3D d’un complexe 
[protéine-ADN]. C’est pourquoi, dans le but d’étudier en détail les propriétés de la protéine 
Slr1738 et les interactions qu’elle établit avec l’ADN, nous avons développé une méthode 
permettant à partir de la structure primaire de Slr1738 d’élaborer in silico le premier modèle 
d’un complexe [PerR-ADN].  

2 Matériels et méthodes 

2.1 Mécanique moléculaire et dynamique moléculaire 

Les simulations ont été réalisées à l'aide de la suite de logiciels contenu dans AMBER 9 et en 
utilisant le champ de force Parm99. Chaque système étudié est neutralisé (ajout d’ions Na+) et 
hydraté avec des molécules d’eau du type TIP/3P avant minimisation. La minimisation est 
réalisée en six étape. Pendant les 5 premières, on relâche progressivement (de 100 à 5kcal/mol) 
les contraintes appliquées sur le soluté. La dernière étape réalisée sans contrainte aboutit à 
l’obtention d’une structure stable d’un point de vue énergétique.  
La simulation de dynamique moléculaire a été réalisée à 300K dans l’ensemble NVT, à pression 
et température constantes. La méthode « Particle Mesh Ewald » est utilisée pour le calcul des 
interactions électrostatiques, avec un cutoff dans l’espace direct fixé à 9 angströms. 

2.2 MM-(GB)PBSA 

La méthode MM-PBSA [4] (Molecular Mechanics Poisson-Boltzman Surface Area) a été 
utilisée afin de calculer l’énergie libre d’association entre un récepteur et son ligand. La 
variation d'énergie libre est définie selon l'équation ci-dessous. 

! 

"G =GComplexe #GPr otéine #GADN  

2.2 MSMS 

La surface de contact entre la protéine et l’ADN d’un complexe a été évaluée en utilisant le 
programme MSMS. Ce dernier calcule la valeur de la surface accessible au solvant (SAS) d’une 
structure. La valeur de la surface de contact entre un récepteur et son ligand est alors obtenue à 
l’aide de la formule ci-après :  

! 

SC =
SASrec + SASlig " SAScplx

2
, 

où SASrec, SASlig et SAScplx sont respectivement les valeurs de surface accessible au solvant du 
récepteur, du ligand et du complexe. 

3 Résultats 

3.1 Construction du monomère – Slr1738 

La structure du monomère de Slr1738 (cf. figure 1) a été construite par homologie à partir de 
la protéine Fur de Pseudomonas aeruginosa (code PDB: 1MZB [5]). Cette dernière possède 
21% d’identité et 37% d’homologie avec Slr1738. Les protéines FUR sont constituées de deux 
domaines fonctionnels distincts. Il y a un domaine N-terminal, dit domaine de liaison à l’ADN, 
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et un domaine C-terminal impliqué dans le processus de dimérisation de la protéine. Pour 
Slr1738, le domaine N-terminal (résidus 1 à 84) est composé de quatre hélices α (H1-H4) 
suivies de deux brins β (F1, F2) formant un feuillet β anti-parallèle. Le motif wHTH (winged-
Helix-Turn-Helix), qui permet l’interaction avec l’ADN, est constitué de H3, H4, F1 et F2, 
l’hélice H4 étant l’hélice de reconnaissance. Le domaine C-terminal (résidus 85 à 139) est 
composé de deux brins β (F3, F4), d’une hélice α (H5) et d’un dernier brin β (F5). 

 3.2 Les Sites métalliques – Slr1738-Zn-Fe 

Slr1738 contient deux sites métalliques. Il y a un site à atome de zinc, dit site structural (1), 
impliqué dans la dimérisation de la protéine et un site régulateur (2) capable de lier un atome 
de fer afin d’activer la protéine et lui permettre sa liaison à l’ADN. La localisation des deux 
sites est respectivement représentée par des sphères de van der Waals sur  la figure 1 ci-dessous. 
 Le site zinc est composé de quatre ligands cystéines (Zn(Cys)4) et se présente sous la 
forme d’une sphère de coordination tétraédrique. Des paramètres de champ de forces pour ce 
site avaient déjà été proposés par les équipes de Ryde et al. et Stote et al. [6, 7]. Durant les 
simulations, l’ion Zn2+ est lié de façon covalente aux 4 cystéines C95, C98, C134 et C137. 
 Le site fer, qui est impliqué dans le rôle de senseur de stress oxydant (H2O2) [8, 9], est 
moins bien décrit que le site zinc dans la littérature. Pour réaliser une paramétrisation de ce site, 
nous avons utilisé les données de McLuskey et al. et de Sundar [10, 11]. Son environnement est 
composé de quatre à cinq ligands potentiels (H36, D84, H90, H92 et D103).  Ce site peut alors 
être penta- ou hexa-coordonné sous la forme d’une bi-pyramide à base carrée. Des contraintes 
harmoniques de distance ont été appliquées entre l’ion et ses ligands durant les simulations afin 
de maintenir son intégrité.  

 

Figure 1. Représentation du monomère (Slr1738-Zn-Fe). 

3.3 Construction du dimère – (Slr1738-Zn-Fe)2  

Nous avons ensuite construit le dimère de Slr1738, qui correspond à la forme active de la 
protéine, par arrimage de deux monomères. Ce travail a été réalisé en deux temps. Nous avons 
d’abord créé un premier modèle, la structure 1MZB (Fur de Pseudomonas aeruginosa) nous 
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ayant servi de référence [5]. Puis nous avons utilisé la structure d’une PerR de Bacillus subtilis 
(code PDB : 2FE3 [12]) publiée durant notre étude. Cette structure présentant un dimère inactif, 
car non chargé en fer, nous a été très utile afin d’optimiser l’interface de dimérisation du 
modèle. Celle-ci implique le domaine C-terminal de chacun des deux monomères A et B, et est 
principalement constituée d’un feuillet β anti-parallèle entre les brins F5A et F5B. On notera la 
présence de nombreux résidus hydrophobes au sein de cette interface ainsi que la formation de 
nombreux ponts salins favorisant l’interaction des deux monomères. 

3.4 Construction du complexe – [(SLR1738-Zn-Fe)2-ADN] 

L’objectif de notre travail étant de construire un modèle tridimensionnel fiable du complexe 
[(SLR1738-Zn-Fe)2-ADN], nous avons mis en place un protocole de modélisation d’abord basé 
sur des informations structurales et topologiques tirées de l’analyse de structures de complexes 
expérimentaux disponibles dans les bases de données. 
 La sélection des structures expérimentales repose sur trois critères : 1) la qualité de 
l’homologie avec le domaine de liaison à l’ADN de Slr1738, à savoir le motif de 
reconnaissance wHTH (longueur du motif et nature des résidus), 2) la taille du fragment 
d’ADN et 3) la résolution des structures expérimentales. À l’aide de ces critères, nous avons 
finalement sélectionné 4 structures sur les 1214 complexes existants. Elles proviennent 
d’organismes variés et aucune n’appartient à la famille des FUR. Ces quatre structures, 1C0W, 
1SAX, 1U8R et 1Z9C, nous ont permis de générer plusieurs modèles structuraux initiaux afin 
d’explorer différents types de complexation. 
 La première étape de construction a consisté à positionner un monomère de Slr1738 sur 
l’ADN des structures expérimentales sélectionnées en le superposant au monomère de la 
protéine du complexe sélectionné. Dans le but d’obtenir un bon positionnement du motif de 
reconnaissance de Slr1738 par rapport à l’ADN, nous avons réalisé quatre superpositions 
différentes basées sur la structure secondaire du motif de reconnaissance wHTH : H4, H3-H4, 
H4-F1-F2 et H3-H4-F1-F2. Après minimisation des systèmes, la surface de contact est évaluée 
pour chaque complexe. Les meilleurs résultats ont été obtenus avec les superpositions H4-F1-F2 
et H3-H4-F1-F2 et 8 modèles ont ainsi été retenus. Ensuite, pour ces 8 structures nous avons 
fixé la taille des fragments d’ADN cristallographiques à 25 paires de bases, taille minimale 
correspondant à l’interaction avec Slr1738. La séquence d'ADN de la structure 
cristallographique est alors substituée par la séquence correspond à la région intergénique sur 
laquelle Slr1738 vient se fixer. Finalement une sélection basée à la fois sur le calcul de l’énergie 
d’association et la surface de contact nous a permis de retenir 3 modèles (reportés en gras dans 
le tableau 1) sur les 8 pré-sélectionnés. 

 H4F1F2 H3H4F1F2 
1C0W 35kcal 900Å2 19kcal 888Å2 
1SAX 24kcal 889Å2 13kcal 946Å2 
1U8R 26kcal 949Å2 7kcal 885Å2 
1Z9C -7kcal 1006Å2 11kcal 938Å2 

Table 1. Tableau de comparaison pour les différents complexes construits à l’étape 1. 

 À ce stade, les structures construites ne possèdent qu’un seul monomère correctement 
arrimé à l’ADN. La deuxième étape a donc consisté à placer correctement le second monomère 
sans altérer la position du premier. Pour y parvenir, différents protocoles de minimisations sous 
contraintes harmoniques de distances ont été testés en faisant varier le nombre et la nature des 
contraintes appliquées (approche du type fragment rigide). Le protocole le plus performant et 
le moins déstructurant fut utilisé sur les 3 modèles retenus précédemment. Finalement, la 
structure qui donne les meilleurs résultats est celle qui a été obtenue à partir des informations 
topologiques de la structure 1SAX [13] (avec la superposition H3-H4-S1-S2). Par cette 
méthode, nous avons réussi à construire un modèle de Slr1738 compléxé à un double brin 
d’ADN de 25 paires de bases. 
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3.5 Validation du complexe 

Afin de valider le modèle construit, nous avons effectué une simulation de dynamique 
moléculaire sur le complexe [(SLR1738-Zn-Fe)2-ADN] sans fixer de contrainte au niveau de 
l’interface protéine-ADN. Le système comporte environ 6000 atomes de soluté dans une boîte 
d’environ 15000 molécules d’eau. Le complexe reste stable pendant l’ensemble du calcul. On 
peut également noter que les hélices de reconnaissance restent insérées dans le grand sillon, que 
la surface de contact du complexe de même que l’énergie du système restent constantes. 

3.6 Analyse des contacts protéine-ADN 

Le modèle retenu présente trois zones de contact entre l’ADN et chaque monomère de la 
protéine (cf. figure 2). La première zone (a) implique les résidus qui se situent au niveau du 
coude entre H1 et H2. La seconde (b) est composée de l’hélice de reconnaissance H4 et de 
quelques résidus du coude en amont de cette hélice. La dernière zone (c) regroupe les résidus 
entre les brins F1 et F2.  

 

Figure 2. Représentation du modèle du complexe [(SLR1738-Zn-Fe)2-ADN]. 
Les zones de contact entre la protéine et l’ADN (a, b, c) sont en noir. 

 (a). Cette région de la protéine est composée de cinq acides aminés chargés positivement 
(13KERGLRVTPQR23). Trois d’entre eux, R18, Q22 et R23, sont impliqués dans des 
interactions électrostatiques avec les charges négatives des groupements phosphates du petit 
sillon de l’ADN. Des alignements de séquence avec d’autres PerR montrent que les résidus 
K13, R18, Q22 et R23 sont très conservés. Nous considérons cette première zone d’interaction 
comme non spécifique dans la mesure où il n’y a pas de contact entre les chaînes latérales de 
ces acides aminés et les bases de l’ADN. Nous pouvons supposer que ces interactions 
électrostatiques longues portées peuvent participer à une pré-orientation initiale du domaine N-
terminal et à une stabilisation du complexe après la liaison à l’ADN. 
 (b). L’hélice de reconnaissance H4 de Slr1738 est composée de 16 acides aminés 
(54SQATVYSSLKALQSVG69). Une description détaillée de cette hélice montre qu’elle peut être 
sub-divisée en « trois faces ». La première regroupe des résidus hydrophobes (V58, L62 et 
L65). Ils sont en contact direct avec d’autres acides aminés hydrophobes présents dans les trois 
premières hélices du domaine N-terminal et forment ainsi un cluster hydrophobe compact. La 
seconde face est composée de sept petit résidus (A56, T57, S60, S61, A64, S67 et V68) qui sont 
proches d’un des brins de l’ADN. Enfin, des acides aminés encombrants et chargés (Q55, Y59, 
K63 et Q66) composent la dernière face orientée vers le second brin d’ADN. Les résidus au 
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contact de la molécule d’ADN, et notamment des bases, appartiennent aux faces 2 et 3 de 
l’hélice H4 : Q55, A56, T57, Y59, S60 et K63. L’alignement de protéines FUR montre que le 
motif TVY présent dans l’hélice de reconnaissance est toujours très conservé. D’autre part, pour 
Slr1738 on retrouve une grande concentration de résidus hydroxyles (5 sérines et 2 thréonines) 
qui semblent être importants pour la spécificité de reconnaissance des ‘PerR Box’ de 
Synechocystis. 
 (c). Malgré sa proximité, la dernière région au contact de l’ADN (73EVLLEEGVC81) ne 
montre pas d’interaction favorable entre la protéine et l’ADN. Au cours de la DM, on constate 
d’ailleurs un léger mouvement d’éloignement du feuillet composé par F1 et F2 dû à la 
présence des acides glutamiques E73 et E78. Nous pensons que ce mouvement pourrait induire 
un meilleur positionnement général du domaine N-terminal de liaison à l’ADN. 

4 Conclusion 

Dans cet article, nous présentons une méthode utilisée pour la construction d’un modèle 
tridimensionnel du facteur de transcription Slr1738 compléxé à une molécule d'ADN. Pour 
valider ce complexe, nous avons effectué une dynamique moléculaire qui démontre la bonne 
stabilité du modèle. Une première analyse montre l’existence de trois zones de contact entre la 
protéine et l’ADN. La première zone (a) permet clairement de stabiliser le complexe protéine-
ADN par la formation d’interactions non spécifiques. Le rôle de la zone (c) doit servir à 
optimiser l’orientation du domaine N-terminal. Finalement, la zone (b), principalement 
composé par l’hélice de reconnaissance, montre de nombreux contacts électrostatiques et 
hydrophobes avec l’ADN. Seule zone à former des interactions directes avec les bases de 
l’ADN, elle est responsable de la spécificité de reconnaissance. L'identification d'interactions 
non spécifiques montre qu'elle contribue également à la stabilisation du complexe.  
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Abstract: Knowledge-based protein folding potentials have proven successful in the re-
cent years. Based on statistics of observed interatomic distances, they generally encode
pairwise contact information. In this study we present a method that derives multi-body
contact potentials from measurements of surface areas using coarse-grained protein
models. The measurements are made using a newly implemented geometric construc-
tion: the arrangement of circles on a sphere. This construction allows the definition of
residue covering areas which are used as parameters to build functions able to distin-
guish native structures from decoys. These functions, encoding up to 5-body contacts
are evaluated on a reference set of 66 structures and its 45000 decoys, and also on the
often used lattice ssfit set from the decoys’R us database. We show that the most relevant
information for discrimination resides in 2- and 3-body contacts. The potentials we have
obtained can be used for evaluation of putative structural models; they could also lead
to different types of structure refinement techniques that use multi-body interactions.

Keywords: knowledge-based potential, structure prediction and refinement, spherical ar-
rangements, surface area, coarse-grained model.

1 Introduction

Amongst the forces driving protein folding, solvent effects and hydrophobic interactions are known
to play the greatest role [2]. Calculation of the solvent accessible surface area has given important
insights to estimate solvation energies [10,13]: methods that estimate solvation energies from surface
area have proven useful for physics-based potentials [8,9]. Knowledge-based potentials, built from
structures that are known to be stable in solution are expected to take solvation effects into account.
These potentials are generally derived from distance measurements in known protein structures. For
example, comparing the distribution of distances between two hydrophobic residues and that between
a hydrophobic residue and a hydrophilic residue, shows that hydrophobic residues minimize their sol-
vent contact.
The theoretical basis of such knowledge-based potentials have been questioned [3] but they often have
proven to be as successful as physics-based potentials [12,15,19,22,24,25]. Demonstrating the valid-
ity of knowledge-based potentials has become easier with the availability of large, and good-quality

? The authors thank the France-Stanford Center for Interdisciplinary Studies and the INRIA Équipes Associées program
for funding, and the NSF award CNS-0619926 for computer resources.
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protein decoy datasets [20,25], partly triggered by the CASP experiment (http://predictioncenter.org/).
Attempts to derive knowledge-based potentials from more precise definitions, such as the Voronoi tes-
sellation procedure, are as efficient as distance-based techniques [17]. The contacts obtained using
this type of procedure often give a sharper signal, providing a more accurate description that leads to
a better performing potential or scoring function [4].
Although fast and accurate accessible surface area calculations [1,5] and two- and four-body poten-
tials [11,18,16,21] have been developed, none has addressed the problem of multi-body contact area.
Recent improvements in computations of spherical arrangements give quick access to the detailed
buried areas of a sphere intersected by other spheres. This has allowed us to derive potentials from
these surface area computations, and consider different terms that range from accessible surface area
to multi-body contacts. We show that these potentials that use an accurate description of local envi-
ronments, provide a good discrimination between native/near-native structures and decoys.

2 Material and Methods

Geometric Construction. Given a set of n+1 spheres Si,i=0...n in 3-dimensional space, we consider
a tuple of k + 1 pairwise intersecting spheres Si0 . . . Sik , and such that the volume defined by the
intersection of the k + 1 corresponding balls is non empty and is bounded by exactly k + 1 spherical
caps. For each sphere of that tuple, e.g. Sil , the part of Sil contained in all other spheres of the
tuple defines a spherical cap of order k denoted Ok(Sil , {Si1 . . . Sil−1

, Sil+1
. . . Sik}). A (k + 1)-

tuple then defines k + 1 spherical caps of order k. The order 0 spherical cap of Si, O0(Si), is Si

exposed surface. The measures used in this study are the areas of the Ok surfaces. Figure 1 shows
the 3 sphere case (n=2) with surfaces of order 0, 1 and 2 on S0. An elaborate strategy to compute all
Ok(Sj , {Sj1 , . . . , Sjk

}) consists in retrieving intersection pairs of spheres first, and then computing
the surface arrangements for each sphere [6]. The complexity of the arrangement construction is
O((n + p) log n), n being the number of spheres and p the number of intersections among these
spheres. Our robust implementation is based on the 3D Spherical Kernel of CGAL (Computational
Geometric Algorithm Library) [7]. The structure of a protein can be described at atomic or coarse

(a) (b)

O2(S0, {S1, S2})
(c)

S2

S1

O1(S0, {S1}) O1(S0, {S2})

S0 S0 S0 S0

O0(S0)

(d)

S0

Figure 1. Definition of surface orders. (a) Spheres S1 and S2 intersect S0; (b) Order 1: two surfaces of order
1 are defined by the intersections of both S1 and S2 on S0; (c) Order 2: a surface area of order 2 obtained by
the intersection of S1 and S2 in S0; (d) Order 0: the exposed surface of S0.

grained level using this construction. For an atomic description, O0 is a description of the exposed
surface of the protein, being either the Van der Waals surface when using the Van der Waals atomic
radii or the solvent accessible surface when increasing those radii by the radius of a solvent molecule
(usually 1.4Å). In this study, we use a coarse-grained representation with one sphere per residue.
The center of the sphere is taken as the heavy atom closest to the center of mass of the side chain
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including the Cα atom. The radii of the residues were taken from Levitt [14] and increased by 3.5Å
in an arbitrary way (trial and error procedure). This value is expected to capture short and mid range
interactions. For practical reasons, we limited our study to the areas of the surfaces of order up to
4 (interaction up to 5-sphere). Here the computation of the arrangement and the measure of surface
areas takes an average of 10 seconds per protein structure (including all orders).

Datasets. To derive the scoring functions and assess their performance, we need a protein structure set
and a set of decoys. High quality of both sets is essential if we are to obtain good quality potentials
and scoring functions. For the scoring function construction, we used the dataset from Summa et
al.[24] initially designed for refinement procedures. We used a subset of 66 structures corresponding
to non-truncated structures, and 729 decoys for each of these structures. To assess the quality of
the scoring function construction we performed a 6-fold validation in each function setting using the
Summa et al. dataset. We also assessed the scoring function performance on the lattice ssfit dataset
from the decoys’R us database [25] containing eight proteins, with 2000 decoys for each.

Parameters. For each residue in a structure, the areas of all surface of order 0, 1, 2, 3 and 4 are
computed. Both the value of the surface area of the spherical cap and its proportion relative to the
total surface area of the sphere are used. To reduce the number of descriptors and see the influence
of the residue physical and chemical properties, two types of binning were performed. The first one
contains the 20 amino acids binned in 2 groups: (AGCTVILMFWY), (PSNQDERKH) and the second
one the amino-acids binned in 6 groups: (FWY), (ILMV), (HKR), (DE), (NQ), (ACGPST).
For each surface of order i, with k amino acid types the number of descriptors is Ni,k = k

(
i+k−1

i

)
.

Considering the large number of descriptors when the order is high, we limited our analysis to order
4, leading to no more than 756 descriptors for the intersection of 5 spheres when using 6 residue
types.

Building and Evaluating the Scoring Function. For each descriptor, each value of the surface
area (or its relative proportion) is measured. This is the set of observed values obs. Following the
RAPDF strategy [22], the ensemble of all the measures can be defined as the reference state ref . A
knowledge-based potential function can then be derived by: E = −kT log

(
pobs
pref

)
. In what follows,

we will only consider the potential in its reduced form S, with S = − log
(

pobs
pref

)
.

In contrast to the usual knowledge-based potential construction, pobs and pref are not obtained with
a specific binning size. A kernel density estimation is performed on the data using a Gaussian kernel
and the Sheather and Jones bandwidth estimation technique [23]. The data are normalized and the
log odds is obtained analytically. We built 5 types of potential functions (for each order i), by sum-
ming the corresponding descriptors: Si = −∑Ni,k

j=1 log
(

pobsj

pref

)
with i ∈ J0, 4K. One questionable

approximation is whether the influence of a residue on another has the same weight independently of
its relative position. This normalization and the reference state issue have been widely discussed [26].
We kept the simpler model for practical reasons. Also due to the difference of amplitude between the
different terms (see section 3), they cannot be simply added to build a combined potential function.
This would require a weighting scheme not addressed here.

3 Results and Discussion

Measurements and Potential Construction. Our potential is derived from 66 structures taken from
the Summa et al. dataset. When considering groups of 2 residue types, there are between 3000
and 3 million values for each term of the potential. When considering groups of 6 residue types
there are between 1000 and 41000 values. Some group types are more common than others, in that
hydrophobic residues have a tendency to be buried and interacting less with hydrophobic residues.
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Lack of sufficient data prevent us from treating individual residue types and is why we choose a coarse
grained model representation (we have 2 or 6 residue types, which is much less than the 167 atom
types used in the ENCAD [24] and RAPDF [22] atomic potentials).
For each residue, the equivalent of the knowledge-based potential of mean force, can be defined for
surfaces of order 0 through 4. Unlike normal Lennard-Jones interactions or potentials of mean force,
our potentials are not repulsive at the origin but at high value. This corresponds to the fact that the
residues represented as spheres balls cannot be too close to each other.

Function Evaluation and Native Structure Identification. To quickly evaluate the relative perfor-
mance of our 5 potential functions, we used the normalized rank of the native structure, i.e. the rank
of the native structure divided by the total number of structures (native and decoys) considered: the
lower the value, the better the performance. Table 1 summarizes results for decoys from the Summa et
al. and the lattice ssfit datasets. For the Summa et al. dataset, 6-fold cross validation was performed
for up to order 2 surfaces when using 6 residue groups.
Results show that the exposed surface area (order 0) is not a sufficiently strong score to be able to dis-
tinguish the native structure. For order 1 surface, which is related to inter residue distance (and would
be totally equivalent if the residue radii were identical), we obtain relatively good performance. Order
2 surface, which corresponds to 3-body interactions, performs slightly less well than order 1 surface
but still shows discrimination power. Orders 3 and 4 surfaces, which correspond to multi-body inter-
actions show no discrimination power. Overall, they perform no better than random selection in the
Summa et al. dataset, but for some specific structure examples, they appear to give relatively good
results (see figure 2).
As may be expected, the 6 residue group functions perform better than the 2 residue group functions,
indicating that more than hydrophobic effects are involved in protein structure stabilization. It was
not possible to decide whether the surface area or its relative proportion perform best as they seemed
to do equally well.
The overall performance is much better for the lattice ssfit dataset. This is to be expected as the
Summa et al. decoys were built for refinement purposes and are all near-native structures, basically
ranging from 0.02 to 3 Å RMSD. It is thus difficult to select the native structure, especially when
we are using a single point for each residue and omitting over 90% of the atoms to make our coarse-
grained models. The lattice ssfit dataset contains decoys that have a different fold from the native
structure, with RMSD values ranging from 4 to 16 Å.

Summa et al. S0 S1 S2 S3 S4

2 groups area 0.438 ± 0.309 0.192 ± 0.226 0.217 ± 0.219 0.450 ± 0.296 0.486 ± 0.303
proportion 0.427 ± 0.280 0.296 ± 0.264 0.256 ± 0.251 0.464 ± 0.297 0.486 ± 0.305

6 groups area 0.409 ± 0.298 0.137 ± 0.166 0.205 ± 0.22 0.460 ± 0.295 0.495 ± 0.306
(0.480 ± 0.304) (0.190 ± 0.204) (0.239 ± 0.237)

proportion 0.432 ± 0.287 0.095 ± 0.151 0.285 ± 0.279 0.505 ± 0.302 0.524 ± 0.307
(0.474 ± 0.279) (0.202 ± 0.229) (0.307 ± 0.288)

lattice ssfit S0 S1 S2 S3 S4

2 groups area 0.166 ± 0.206 0.034 ± 0.063 0.042 ± 0.073 0.16 ± 0.200 0.228 ± 0.272
proportion 0.212 ± 0.248 0.069 ± 0.104 0.040 ± 0.063 0.199 ± 0.230 0.210 ± 0.256

6 groups area 0.193 ± 0.197 0.023 ± 0.034 0.034 ± 0.053 0.194 ± 0.220 0.227 ± 0.277
proportion 0.238 ± 0.327 0.002 ± 0.002 0.071 ± 0.132 0.227 ± 0.265 0.242 ± 0.285

Table 1. Normalized ranks of the native structure on the Summa et al. and on the lattice ssfit datasets. Results
from the 6-fold cross-validation are in parentheses.
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Decoys Evaluation and Comparison With Previous Work. The normalized ranking of the native
structure does not give insight on how the potential performs on near native decoys and thus whether
it could be used for structure refinement. For all the protein structures evaluated, plots of score vs.
RMSD were drawn. Some examples are presented in figure 2.
The exposed (order 0) surface area sometimes indicates the best structure but cannot be used as a
selection criterion. In most cases the potentials for order 1 and 2 surface are able to identify and
correctly rank near native structures. This is very clear for the Summa et al. dataset: plots show
funnel-like shapes (high correlation between score and RMSD), characterizing good structure ranking
in a refinement setting. Interestingly for some examples, order 3 and 4 potentials also show good
results on the same dataset. Due to the high RMSD values of the lattice ssfit dataset, the structure
selection is less clear but still representative.
To compare to a recent study from Bhattacharyay et al. [5], we computed the Zscore, the logPB1
and the logPB10 for the lattice ssfit dataset at order 1 (see [5] for definitions). We obtained average
value −1.45, −0.28 and −1.42 respectively. Overall the Bhattacharyay et al. potential performs
better than our best potential (−4.06, −0.41, −1.55 respectively). This may be due to the fact that
their training dataset is much larger, that they look at smaller spheres or that they normalize surface
areas at a single sphere level. These parameters still have to be investigated. We also expect to get
better results by combining different terms of surface orders. Our study could then be extended to the
whole decoys’R us dataset and other decoy datasets.
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Figure 2. Examples of score vs. RMSD plots. (a) From Summa et al. dataset. (b) From the lattice ssfit dataset.

4 Conclusion and Perspectives

The spherical arrangements leading to surface area measurements have proven to be a good encoding
of multi-body contacts. We have shown that it is possible to derive a knowledge based potential that
is able to rank correctly native and near native structures in a coarse-grained setting. Improvements
over conventional very-well optimized distance-based potentials are small. Further optimization is
needed, especially to combine different order scoring functions. This potential is a brand-new type,
does not use distance as the primary parameter, is differentiable and could be used for minimization
purposes. Combined with an atomic potential for high-resolution refinement, it could also improve
structure prediction and model selection.
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EuGène Maize : a gene prediction web tools for maize 
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Abstract: The complete sequence of the maize genome is about to be delivered. The 
prediction of the gene content of these sequences will be the first step to unravel 
genome organization. EuGène, is an ab initio prediction software, that can in 
addition combine several sources of evidence. It needs to be trained with well 
characterized sequence sets. Quality of prediction is dependant of sequence 
training set quality. We show here that EuGène Maize overperform Twinscan 
predictor (by 24% for specificity and by 14% for sensitivity of gene prediction) 
EuGène Maize is available as a web site at http://genome.jouy.inra.fr/eugene/cgi-
bin/eugene_form.pl. 

Keywords: Genomics, gene prediction, structural annotation, zea mays. 

1 Introduction 

L’afflux de séquences génomiques de maïs lié aux nouveaux programmes de séquençage massifs 
implique la mise au point d’un outil d’annotation utilisable par les groupes à l’origine de ses 
données (http://www.maizesequence.org/index.html). Le logiciel EuGène [1] a été choisi pour la 
précision de ses prédictions, inhérente à sa capacité d’intégration d’informations issues de resources 
multiples (Blast, GenomeThreader, …). Il inclut un prédicteur ab initio qui doit être entraîné en 
utilisant des séquences de gènes dont la structure est finement charcatérisée. Après entraînement et 
optimisation d’EuGène, la sensibilité et la spécificité des prédictions ont été mesurées. Ce logiciel 
est accessible à la communauté sous la forme d’un site internet 
(http://genome.jouy.inra.fr/eugene/cgi-bin/eugene_form.pl). 

2 matériels et méthodes 

6700 séquences génomiques de maïs et environ 5500 séquences de transcrits étiquetés comme full 
length  ou complete ont été téléchargées depuis GenBank (http ://www.ncbi.nlm.nih.gov/). 

Un pipeline automatique a été développé pour construire le jeu d’entrainement et comprend les 
étapes suivantes. Les ADNc sont nettoyés par Seqclean [2] couplé à la base Univec [3]. La 
redondance est éliminée en alignant les ADNc entre eux avec le logiciel Blast. Les couples 
ADNc/ADNg  sont ensuite construits en alignant les ADNc restants sur les séquences génomiques 
avec le logiciel BLAT [4]. Enfin, la dernière étape est la détermination de la position de la séquence 
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codante avec GenomeThreader [5] par alignement des protéines de maïs et de riz sur les couples 
ADNc/ ADNg. Chaque couple est ensuite expertisé manuellement. Certains couples rejetés par le 
pipeline, ont été réintégrés au jeu d’entrainement final après correction. Le jeu d’entraînement a été 
divisé en trois lots destinés à l’entraînement, l’optimisation et la validation d’EuGène selon la 
documentation du logiciel. 

3 Résultats  

Le jeu de séquence d’entraînement expertisé comprend 352 couples ADNc/ADNg dont 251 sont 
finalement utilisés après exclusion des séquences comportant des sites d’épissage non canoniques. 
L’ensemble des prédicteurs intégrés dans EuGène Maize sont GenomeThreader (alignements 
épissés), BlastX, SpliceMachine [6] (predicteur des sites de démarrage de traduction et des sites 
donneurs et accepteur d’épissage), Fgenesh [7] (prédiction de gènes ab initio). Les banques utilisées 
avec les logiciels d’alignement de séquences comprennent selon les cas : les ARNm « full-length » 
de maïs (GenBank), les ARNm de riz (RAPdb), les contigues d’EST de maïs (PUT [8]). les 
protéines de maïs (Swiss-Prot), de riz (RAPdb), d’Arabidopsis (TAIR6). 

La qualité de prédiction est estimée par la mesure de la spécificité et de la sensibilité des 
prédictions. Ces mesures (table 1) montrent qu’EuGène Maize offre de meilleurs résultats que les 
autres prédicteurs publiés entaînés pour le maïs ou les monocotyledones [9]. 

 Exon spé. Exon sens. Gène spé. Géne sens. 
Fgenesh  50.6 72.6 24.7 33.7 
Twinscan 3.5 57.8 83.9 33 51 
Eugene 3.4 88 91.1 56.8 65.1 

Table 1. Qualité de prédiction pour le maïs (spécificité, sensibilité). 

EuGène Maize peut être utilisé en ligne. Les resultats sont retournés par courrier électronique sous 
formes de fichiers qui peuvent être visualisés avec un navigateur WWW.  
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Abstract: Crop data management systems deal with data integration problems. 
The interoperability of these systems could be increased by sharing plant 
ontologies through BioMoby web services. However, speed up datatypes and 
services registration is lacking. We developed a plug-in for Protégé named 
BioMoby Converter in order to register an OWL ontology into a BioMoby 
registry.  
 
Keywords: BioMoby, semantic web, ontologies, data integration.  
 

 
1. Introduction 

Dans le cadre de projets internationaux, des quantités souvent considérables de données sont 
générées présentant par nature une large hétérogénéité et une forte évolutivité. Afin de valider des 
hypothèses un biologiste peut avoir besoin d’un accès unique et transparent à des sources 
multiples, réparties et hétérogènes, essentiellement accessibles par le Web. Les propositions 
actuelles, les plus à même de répondre à ce défi, relèvent de la thématique d’intégration et 
médiation de données. Comme l’ont décrit des articles de synthèse un grand nombre de solutions et 
de systèmes existent en bioinformatique [1,2]. Notre travail s’inscrit dans ce contexte, et plus 
particulièrement dans le cadre d’un projet international nommé Generation Challenge Programme 
(GCP). Le projet GCP a pour objectif d’intégrer des données génétiques de plantes d’intérêts 
agronomiques à l’aide d’une architecture de médiation appelé GCP Pantheon [3]. Certains 
adaptateurs, nécessaires pour faire le pont entre les sources de données et GCP Pantheon, utilisent 
les Services Web BioMoby [4]. Ces Services Web s’appuient sur l'ontologie de domaine GCP afin 
de communiquer avec la plateforme. Actuellement l’étape d’enregistrement de Services Web 
BioMoby compatibles avec GCP Pantheon n’est pas automatisée. Elle requiert soit l’utilisation 
d’API BioMoby (Perl ou Java), qui ne reste accessible qu’aux programmeurs, soit l’utilisation 
d’une interface graphique BioMoby Dashboard, qui est limitée à des actions unitaires. Afin de 
rendre cette étape automatique, un plugin nommé BioMoby Converter a été réalisé sous Protégé 
[5]. BioMoby Converter a pour objectif de donner à tout utilisateur la possibilité d’enregistrer 
automatiquement une ontologie de domaine vers un annuaire BioMoby. Cette ontologie sera ainsi 
utilisable pour la création de Services Web sémantiques sous BioMoby. Dans le cas de notre 
travail, nous nous appuyons sur l’ontologie de domaine du GCP.  

2. Méthodologie 

Deux formats principaux sont généralement utilisés pour la création d’ontologies, à savoir (i) le 
format OBO (Open Bioinformatical Ontology) [6] développé par la communauté Gene Ontology, 
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qui est un standard en bioinformatique, (ii) le format OWL [7] qui est un standard du web 
sémantique.  

Protégé est un logiciel de création d’ontologies OWL qui couplé avec le plugin OboConverter 
[8], permet de passer du format OBO au format OWL. En étendant les fonctionnalités de Protégé 
par l’implémentation d’un nouveau plugin, nous rajoutons la possibilité d’enregistrer 
automatiquement une ontologie ou une partie d’ontologie OBO ou OWL sur un annuaire 
BioMoby. Nous rajoutons également la possibilité d’exporter une ontologie d’un annuaire 
BioMoby vers un fichier OWL. 

3. Résultats 

L’intégration ou la mise à jour d’une ontologie dans un annuaire BioMoby est largement 
facilitée. L’utilisateur peut éditer une ontologie avec Protégé, puis BioMoby Converter permet de 
sélectionner l’annuaire BioMoby dans lequel il souhaite enregistrer son ontologie et de valider son 
choix. BioMoby Converter se charge ensuite automatiquement de récupérer les informations 
nécessaires dans le fichier OWL, de trier les données et de les enregistrer sur l’annuaire BioMoby 
préalablement sélectionné. L’utilisation de BioMoby Converter permet un gain de temps 
conséquent.  

4. Limites et perspectives 

Les limitations de BioMoby Converter sont dues à une perte de sémantique lors de la 
transformation d’une ontologie au format OWL vers les ontologies de BioMoby. En effet, dans le 
cas d’une ontologie BioMoby, les relations possibles sont ISA (relation de parenté), HAS (relation 
d’agrégation) et HASA (relation d’agrégation de cardinalité 1). Il n’est donc pas envisageable de 
vouloir retranscrire l’intégralité de la sémantique présente dans une ontologie OWL en utilisant les 
3 relations disponibles dans BioMoby. BioMoby montrant ses limites sémantiques, nous 
envisageons d’étendre l’utilisation du plugin au projet SSWAP [9].  
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Abstract: Ultra-high throughput sequencing allow to analyse on a genome-wide scale
the transcriptome or the interactome at unprecedented depth. These techniques yield
short sequence reads that are then mapped on a genome sequence to predict putatively
transcribed or protein-interacting regions. We argue that factors such as false locations,
sequence errors, and read length impact on the mapping prediction capacity of these
short reads. Here we suggest a computational approach to measure those factors and
analyse their influence on both transcriptomic and epigenomic assays. This investiga-
tion provides new clues on both methodological and biological issues. Following our
procedure, we obtain less than 1% of false positives among genomic locations. There-
fore, even rare signatures, if they are mapped on the genome, should identify biologically
relevant regions. This indicates that digital transcriptomics may help to characterise the
wealth of yet undiscovered, low abundance transcripts.

Keywords: Transcriptomics, High-throughput Sequencing, Genomics, Annotations, Per-
fect matching.

Next-generation sequencing technologies, able to yield millions of sequences in a single run,
allow to interrogate the transcriptome or to assay protein-DNA interactions (by Chromatin Immuno-
Precipitation and sequencing (also called ChIP-seq)) at a genome-wide scale. These assays yield short
sequences (<40 bp), also called tags, that need to be mapped to the genome sequence. To each tag is
associated the number of times the same sequence has been experimentally detected: its occurrence
number. For transcriptomic assays, for instance, a tag with a high occurrence number likely is the
biologically valid signature of an abundant transcript, while a tag with a low occurrence number may
either result from a sequencing error or identify a rare RNA.

The mapping is a compulsory step to first predict, and then annotate regions of interest on the
genome. Usually, only genomic locations that are unambiguously mapped by a tag are further anal-
ysed. Those high-throughput assays are intended to predict a maximum number of genomic locations
of interest. Obviously, this induces a balance between the number of mapped tags and the number
of tags that map a unique genomic location, and this balance is controlled by the tag length. The
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sequencing technique generally dictates the tag length. Nevertheless, once a certain length is se-
quenced (e.g., 36 bp with a Solexa/Illumina 1G machine) it is still possible to map only sub-parts (a
prefix, a suffix, a substring) of the tags to the genome, thereby artificially reducing the tag length and
modifying the balance.

Presently, we lack a statistical method to evaluate the influence of the tag length on the capacity
of prediction for different assays and sequencing techniques, as well as the importance of sequence
errors. Our contribution is threefold. Based on word statistics, we design a program that computes
the theoretical probability of mapping a genomic location by chance for a given tag length.

For this, we computed in function of tag length the probabilities of a tag to be mapped on the
genome at least once, and to match a unique location under a Bernoulli model. We approximate the
law of these probabilities using the guaranteed Poisson approximation. Using an efficient algorithm
to map short tags on complete genome sequence, we investigate how the prediction capacity varies
with tag length. Finally, we propose a method to estimate the probability of a tag to be altered by
a sequencing error. We apply it to derive a probability of having an erroneous nucleotide at a given
position in the tag for the Sanger and Solexa sequencing techniques, and for both transcriptomic
and ChIP-seq experiments. We investigate on real data sets how the number of uniquely predicted
genomic regions varies with tag length and background distribution. This enables a technical assess-
ment of such assays and the indirect measurement of the impact of some biological phenomena (e.g.,
the number of reads affected by SNPs). By applying this procedure, we were able to estimate:

1. that 4.6% of reads are affected by SNPs.
2. the nucleotide error probability is low, and it significantly increases with the position in the se-

quence.
3. by choosing a read length above 19 bp, we practically eliminates the risk of finding irrelevant

positions.
4. the number of uniquely mapped reads decreases with sequences above 20 bp.
5. we obtain 0.6% of false positives among genomic locations.

Our analysis delivers the first estimates of sequence error rate for transcriptomic and DNA-protein
interaction assays based high-throughput sequencing.
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Abstract: Genomic subtractive hybridization between two Oenococcus oeni isolates 
with diametrically opposite oenological aptitudes was used to elucidate part of the 
genetic bases of this intraspecies diversity and to identify novel genes involved in 
adaptation to wine.  

Keywords: Comparative genomics, subtractive hybridization, accessory genome, 
horizontal gene transfer, Oenococcus oeni, tolerance to wine. 

1 Introduction 

Oenococcus oeni, a lactic acid bacteria, is part of the natural microflora of wine and related 
environments, and is the main agent of the malolactic fermentation (MLF). O. oeni strains are well-
known for their considerable natural phenotypic variations in terms of tolerance to harsh wine 
conditions and malolactic activity. These variations are thought to account for the unpredictability of 
MLF. 

2 Strategy 

In vitro subtractive hybridizations (SH) were performed between two O. oeni isolates with opposite 
oenological potential (OP), the IOEB-SARCO-1491 and the IOEB-8413 strains having respectively, a 
high potential (HP) and a low potential (LP). The obtained SH fragments were tested for their strain-
specificity, annotated and ordered to reconstitute the original genomes, through an in-house 
bioinformatics strategy [1]. The association of selected SH sequences with adaptation to wine was 
further assessed by PCR-screening a collection of O. oeni strains with characterized OP, and by 
studying gene expression patterns following exposure to several common stresses in wine. 
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3 Results and Discussion 

SH revealed 126 specific open reading frames (ORFs) in the HP strain identified as divergent or novel 
sequences. They were found to represent ~2% of the total number of ORFs present in the complete O. 
oeni sequenced genomes [2,3], and were added to the global repertoire of O. oeni. A large proportion 
was shown to resemble genes involved into carbohydrate transport and metabolism, cell 
wall/membrane/envelope biogenesis, replication, recombination and repair.  
Six major regions (I to VI) of genomic plasticity were identified. Their analysis suggested that limited 
recombination (region III) as well as punctual or regional insertion-deletion (region II, 30 ORFs) events 
play a role in creating diversity in O. oeni. Mobile genetic elements (MGEs) and “alien” genes 
originating from other bacteria were found to significantly contribute to the HP strain genomic 
specificity. Among these “alien” sequences, 21 genes were physically clustered in four loci (I, IV, V, 
VI) and displayed a restricted distribution among our strain panel. These data may denote gene 
acquisition through horizontal gene transfer (HGT). Accordingly, region IV had additional hallmarks of 
HGT (anomalies in GC content, presence of flanking IS elements). 
The analysis of the prevalence of 28 selected sequences representing the six regions of plasticity as well 
as randomly-selected singletons in the collection of O. oeni strains showed a statistically significant 
positive association between HP strains and the presence of 8 gene sequences residing on regions II, IV, 
and V. The modification of their expression pattern under exposure to common stresses in wines, 
clearly confirmed that these genes were of oenological interest.  
Five out the eight target genes were clusterized in region IV (~8kb), a genomic islet proposed to 
originate from HGT, suggesting that the strategy of acquiring genes from other bacteria enhances the 
fitness of O. oeni strains. The structure of this 8-kb adaptative islet was examined in other O. oeni 
isolates. A few strains harbored the islet as part of a larger 24-kb mobile genomic island, also 
sandwiched between two IS copies. Unexpectedly, in vitro experiments demonstrated that region IV 
was able to excise in its whole from the chromosome to form fleeting free circular intermediates. 

4 Conclusion 

This study helped us to identify novel genes having a great oenological interest that could be used as 
markers to genotype the most performing O. oeni strains, which is commercially essential. This project 
gave us the first clues of the genetic origin of O. oeni strain phenotypic diversity. It contributed to 
partially disclose the O. oeni accessory genome repertoire content, consisting in strain-specific loops 
and pulses, and to disclose the complex origin of genome plasticity that presumably result from a fine 
equilibrium between clonal divergence and horizontal gene transfert. Finally, this study also helped us 
to enrich our knowledge on the O. oeni pangenome architecture, which is evolutionary essential.  
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Abstract: Comparative genomics is a central step in many sequence analysis 
studies, from gene annotation and the identification of new functional regions in 
genomes, to the study of evolutionary processes at the molecular level (speciation, 
single gene or whole genome duplications, etc.) and phylogenetics. In that context, 
databases providing users high quality homologous families and sequence 
alignments as well as phylogenetic trees based on state of the art algorithms are 
becoming indispensable. 

Keywords: Phylogenomics, databases, lateral gene transfer, molecular evolution. 

 
1 Introduction 

Comparative genomics is a central step in many sequence analysis studies, from gene annotationand 
the identification of new functional regions in genomes, to the study of evolutionary processes at 
the molecular level (speciation, single gene or whole genome duplications, etc.) and phylogenetics. 
In that context, databases providing users high quality homologous families and sequence 
alignments as well as phylogenetic trees based on state of the art algorithms are becoming 
indispensable. The interest of these databases compared to other  databases as COG relies on its 
phylogenomic approach wich allows to use tree toplogies to retrieve orthologous/paralogous sets of 
genes. 

 

2 Methods 

We developed an automated procedure allowing massive all-against-all similarity searches, gene 
clustering, multiple alignments computation, and phylogenetic trees construction and reconciliation. 
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The application of this procedure to a very large set of sequences is possible through parallel 
computing on a large computer cluster.  

 

3 Results 

Three databases were developed using this procedure: HOVERGEN, HOGENOM and 
HOMOLENS.These databases share the same architecture but differ in their content. HOVERGEN 
contains sequences from vertebrates, HOGENOM is mainly devoted to completely sequenced 
microbial organisms, and HOMOLENS is devoted to metazoan genomes from Ensembl. One can 
use these databases according to the research interest. For example HOGENOM can be used to 
study gene transfers in bacteria, HOVERGEN to study vertebrates genes and HOMOLENS to study 
the evolution of animals. Access to the databases is provided through Web query forms, a general 
retrieval system and a client-server graphical interface. The later can be used to perform tree-pattern 
based searches allowing, among other uses, to retrieve sets of orthologous genes. The three 
databases, as well as the software required to build and query them, can be used or downloaded 
from the PBIL (Pole Bioinformatique Lyonnais) site at http://pbil.univ-
lyon1.fr/databases/hogenom.html (and databases/homolens.php, databases/hovergen.php 
respectively). 

4 New ressources for the building of homologous gene family databases 

Since the explosion of data generated by sequencing projects of more and more organisms, the 
maintenance of an increasing number of homologous gene family databases implies to develop new 
approaches. In the view, we developed a complete genome interactive tank (COGIT), a non-
redundant sequence database (BGENR) and its associated BLAST hits database. 
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Abstract: We describe here a novel stand-alone JAVA tool for the systematic and 
advanced statistical analysis of high-density transcriptome microarray 
data: ace.map. It permits not only to lead a complete analysis through standard 
statistics tools like other applications (normalization, weighted-merging, 
subtraction-profiling, clustering…), but also to use new analysis tools like kinetic 
analyses, multidimensional scaling of biological conditions and ontology-related 
analyses. We have proven efficiency of our application in several research projects 
on AIDS, Epstein-Barr virus, and breast cancer, and expect its ergonomy and 
completeness will stimulate the scientific community in taking advantage of this 
resource to mine their transcriptome data. 

Keywords: microarray data analysis, transcriptome, clustering, single value 
decomposition, multidimensional scaling, kohonen maps, classification, ontology. 

1 Introduction 

Considering the ever increased number of high-density microarray platforms that has emerged 
during the last decade, an important need for complete, standardized, and efficient data analysis has 
evolved. Coupled with the observation that the AB1700 platform we use produces double-
lognormal data signal distributions [1] which is in stark contrast to other technologies, we decided 
to develop ace.map, a new efficient Java tool for microarray analysis. Our software is built to be 
able to deal with both single and double lognormal distributed data, permits adapted classic 
statistical analyses on microarray data, and includes new methodologies developed in our group. 

2 ace.map application 

This application leans on a strong structure for data: the annotation of each experiment is enclosed 
to its data and both are gathered in an archive. Annotation information follows MIAME 
recommandations [2]. In the same way, for each analysis done, an annotation is enclosed to the data 
results, with all the parameters and information associated to the analysis. In that manner, data are 
easier to understand, easier to mine, easier to share. Compared to other microarray analysis 
softwares, ace.map has been built to include specific tools for double lognormal distributions, and 
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puts more emphazise on data transparency and sharing. 

 ace.map allows to treat data with standard statistics tools like weighted merging of technical 
replicates, but we also adapted some of them. In subtraction profiles of biological replicates, for 
instance, the NeONORM inter-assay normalization [3] is implemented. Tools for gene signature 
definition are included. Principal component analysis or single linkage hierarchical clustering are 
standard applications for data mining. Considering the different data models we developed [1] we 
also provide data quality analysis based on the intrinsic statistics of the distributions [4].  

 Our application goes further than standard analysis software, implementing new algorithms to 
better analyze data in time, to better visualize data and better link them to global regulation 
networks in cell. First, kinetic analysis based on a Kohonen-map classifier clusters data in function 
of their topography of expression in time. Second, GEO is an algorithm that allows the use of 
multidimensional or classical scaling for representation of gene or biological conditions in different 
space embeddings (typically N-1, 3D, 2D). Finally, LEO is a module that permits advanced 
ontological analysis using priors on gene expression and co-expression probabilities in order to 
highlight the pathways, biological processes or molecular functions that are affected in a particular 
biological condition. It furthermore differs from e.g the Panther tool (http://www.pantherdb.org/) by 
also considering weights for probes in function of their appartenance to one or several ontologies. 

 All the data generated via the different analysis modules in the context of a project can be 
gathered in one global project archive via the application. In that way, complete analyses can be 
easily shared, rebuilt, and exploited by third parties. This particular data structure has already 
proven very helpful in the context of different projects using data from different technology 
platforms [5,6,7,8,9]. 

3 Conclusion 

ace.map is a new integrated tool for advanced microarray analysis that permits to easily mine 
microarray data and to identify regulation networks. Hypotheses building and testing procedures are 
provided. We expect that such a complete tool with its simple handling has a place next to existing 
solutions and its use should contribute to a more integrated and systematic analysis of increasingly 
heterogeneous and numerous experimental data.  
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Abstract: One of the challenges of bioinformatics today is to cross and analyse data differing in 
type, origin and quality in order to increase our knowledge on genomes. We have developed an 
information system focused on the model plant Arabidopsis and allowing the improvement of the 
functional annotation of genes by combining transcriptome and structural data. 
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1 Introduction 
Since the sequencing of the Arabidopsis thaliana whole genome 8 years ago, gene annotation 

has been improved through several releases taking advantage of resources as like as expert curation, 
new genome availability, transcript sequencing projects and gene prediction software improvement. 
In parallel, several transcriptomic platforms based on DNA chips have been developed and they 
now give access to several thousands of transcriptomes [1,2]. Nevertheless, only 14% of the 
Arabidopsis genes have a biological function that was experimentally assessed while around 20% of 
genes remain without any functional information. In the context of functional genomic projects for 
plants, we have developed two databases for the management of genomic (FLAGdb++, [3]) and 
transcriptomic data (CATdb, [4]). This information system allows us to integrate, through holistic 
approaches, gene models and expression profiles in order to improve the genome annotation and to 
decipher relationships between the organization, evolution and function of Arabidopsis genes. 

 

2 Results 

A combined approach of genome annotation and transcript analysis was firstly performed to 
identify new genes in the Arabidopsis genome. Probes on the CATMA microarrays were based on 
the gene models predicted by the EuGène software [5] and 677 probes were located within regions 
that were considered as intergenic by the official TAIR annotation. The statistical analysis of the 
results for more than 500 hybridized samples distributed among 12 organs provided an experimental 
validation for 465 novel genes [6]. These novel genes were characterized by their small size 
(encoding proteins with an average size of 137 aa) and very specific expression patterns. 

Another illustration of the advantage to combine genomic and transcriptomic data is the 
characterization of a particular class of genes in plants: the unique genes [7]. Despite the major role 
of duplications in genome evolution, all characterized genomes include unique (single-copy) genes, 
i.e. genes without apparent paralog. Mining the FLAGdb++ database, we identified the unique genes 
within both Arabidopsis and rice genomes and classified them according to the number of homologs 
in the alternative species. Unique gene sets share structural features. In particular, the conserved 
unique gene pairs are characterized by a relatively small protein size, a high intron density, a rare 
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occurrence of TATA-box and a high occurrence of TELO-box. These structural features predict 
these genes as preferentially house-keeping genes with a slow evolution. Even if no shared 
transcription factor binding site (TFBS) can be detected in their promoter, the orthology relationship 
in Arabidopsis-rice gene pairs was strongly supported by a high conservation of their transcription 
levels. Furthermore, many unique genes have been conserved in single-copy throughout evolution 
from Prasinophytes to angiosperms, indicating that the uniqueness is under a strong selective 
pressure. A high proportion of conserved unique genes was also observed in other life phylums and 
we showed a link between protein targeting towards plastids and homology with bacterial proteins 
[7].  

The expression of mature transcripts is controlled by the intron-exon structures and by the TFBS 
content of promoter regions. Also we have initiated a genomic study of the links between the core 
promoter architecture and gene function in Arabidopsis. Firstly, we identified different motifs with 
topological features that are strongly similar to canonical TATA-box features suggesting that they 
are functional motifs. Based on theses sequences, we established a novel classification of promoters 
and described links between promoter gene classes and the Gene Ontology categories. Secondly, we 
focused on the house-keeping genes, i.e. the genes expressed in almost all the conditions and 
organs, and found that TATA-box is under-represented in these genes. This atypical class of genes 
is also characterized by a compact structure (shorter introns and coding sequences). 

 

3 Conclusion 

The CATMA transcriptomes available in the CATdb database are fully independent of other 
public transcriptome resources. For instance, more than 4000 gene probes (including miRNA genes) 
are only present on CATMA chips. Using CATMA, it is therefore possible (i) to cross-validate 
results inferred from other resources [8] and (ii) to improve our Arabidopsis gene knowledge 
through the ‘guilt by association’ strategy.  
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Abstract: We present and evaluate a novel (and, to our knowledge, first) method to iden-
tify proteins from large-scale LC/MS proteomics experiments without additional frag-
mentation information.
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1 Introduction

Classical proteomics relies on the identification of proteins by mass spectrometry (MS). For simple
mixtures containing modest numbers of proteins, the strategy of peptide mass fingerprinting (PMF)
provides such identification. It consists of an enzymatic digestion of the proteins, followed by the
determination of the masses of the resulting peptides. For any protein of known sequence, testing
whether the expected set of peptide masses (mass signature) is present in the experimentally deter-
mined spectrum can be used to indicate the presence or absence of the protein. On complex mixtures,
peptide masses tend to become ambiguous, and the PMF approach fails. This problem is typically
overcome by fractionating the digested proteins by High Performance/Pressure Liquid Chromatogra-
phy (HPLC), followed by mass spectrometry analysis. The mass analysis of each HPLC fraction
is followed by the fragmentation of peptides isolated by MS and the analysis of the obtained frag-
ments. As fragmentation patterns are predictable from protein sequence, the identification can then
be achieved by matching experimentally obtained fragmentation patterns to predicted ones. The
drawback of this approach is that only a limited number of peptides (typically, thousands) can be
fragmented in a single experiment. Here, we demonstrate that proteins in complex mixtures can be
uniquely identified using predicted retention time and without the need of any fragmentation experi-
ments.

2 Methods

Our novel generalization of the PMF approach to HPLC data builds on recently developed accurate
predictors of peptide retention times (i. e., the time it takes the peptide to elute from the HPLC column)
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[3]. We use the retention time to define an ordered mass signature (OMS), in which the peptide masses
expected for a single protein P are ordered according to their predicted retention time. We identify the
best (partial) series of ions matching the OMS in an HPLC experiment by Dynamic Programming.
This approach leads to an OMS score for each protein in an underlying database, with high scores
corresponding to many matched peaks.

To evaluate the significance of a given OMS score, a decoy database has been generated by ran-
domisation of the protein sequences [1]. The distribution of the scores has been analysed empirically
using quantile regression [2]. We used data obtained by two of us (T.G. and D.G.) from the pathogenic
bacteria Francisella tularensis substrain novicida and the corresponding protein sequences, available
from NCBI (Accession Number NC 008601.1). Before scoring, each of the MS scans has been inde-
pendently reduced to a list of monoisotopic, monocharged peaks following a procedure derived from
[4].

3 Results

The empirical OMS score distribution on randomised proteins was obtained for limits corresponding
to the increasing quantiles for the decoy proteins (see Table). The proteins with scores above these
limits were considered present in the experiment with a number of false positive corresponding to the
quantiles (20, 10, 5, and 1%).

To provide a coarse estimate of the Spurious Detection Rate, SDR= FP
TP+FP

, we used false positive
rates as given by the quantile bounds. Since the number of proteins in the sample (positive) was
unknown, we conservatively chose the solution with the largest number of negatives (cf table 1).

Finally we used additional fragmentation data available for the dataset to obtain protein identifica-
tions for comparison. A Mascot search of these data with mass tolerance of 1.2 Da (peptides) and 0.6
Da (fragments) detected 413 proteins with the default settings (5%). The number of Mascot-detected
proteins above each of the considered quantile limits is indicated on the last line of table 1.

quantile 0.80 0.90 0.95 0.99
real data 624 (36.3%) 458 (26.6%) 312 (18.2%) 154 (9.0%)
decoy data 334 (19.5%) 174 (10.2%) 87 (5.1%) 15 (0.9%)
SDR estimate 44% 31% 24% 10%

Mascot overlap 315 266 206 121

Table 1. Number and proportion of proteins above each quantile limit: Proteins (real data), Randomised
proteins (decoy data), Estimated proportion of proteins above quantile limit explained by the negative model
(SDR estimate), Intersection with proteins detected from fragmentation data (Mascot overlap).
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Abstract: The global aim is to develop a computational cell map that organizes all 
biological processes in yeast and their component interactions and molecules, and 
to use it to gain new biological insight. Specifically, we aim to use a multiple 
perturbation approach to map the yeast cell. 
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1 Aims 

The global aim is to develop a computational cell map that organizes all biological processes in 
yeast and their component interactions and molecules, and to use it to gain new biological insights. 
Perturbations have been employed to assess the role of each gene in a specific cellular function in 
yeast, such as growth in normal conditions. Single perturbation often leads to little phenotypic 
effects because of compensation mechanisms. Thus multiple concomitant perturbations are needed 
to identify the contributions of most genes to specific functions. Genes that when perturbed together 
have an unexpectedly strong or weak effect on the cell are said to genetically interact. These 
interactions can be aggravating, alleviating or neutral. Aggravating interactions can reveal 
compensatory or parallel function, and alleviating interactions reveal order of action in the 
underlying biochemical network. This relationship between genetic and physical interaction 
networks allows us to organize genes into biological systems. By gathering large amounts of genetic 
interactions, we will determine a system view of the yeast cell. This map will then be read to 
understand how biological processes work, what is the function of a gene, and will provide insight 
into the cellular effects of disease-associated or engineered perturbations. 

2 Methodology 

2.1 Develop a hierarchical system map of the yeast cell 

Genetic interactions are detected between two genes when the phenotypic consequence of 
perturbing both genes is different than expected given the phenotypes of each single gene mutant 
[1]. Synthetic lethality is a form of this relationship, occurring when the double mutant is inviable 
while each single mutant survives. Synthetic lethal interactions typically occur between genes in 
separate, but parallel pathways. Identifying significant numbers of genetic interactions between 
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gene sets reveals each set as a pathway or complex. We will work to show that synthetic genetic 
interactions map buffering relationships among biological pathways and summarize these 
relationships between known gene sets to develop and visualize a system level cell map. This will 
help delineate the boundaries of complexes and pathways involved in specific cellular phenotypes. 

 The first synthetic genetic array (SGA) data [2] enabled collection of qualitative genetic 
interactions based on the growth of the cell (e.g. growing, sick, lethal). Segre et al. computed 
synthetic genetic interactions using a model of yeast metabolism involving 890 genes [3], though 
this does not consider more than 5,000 other genes in yeast. The SGA technology has recently been 
extended to measure quantitative interactions based on level of cell growth measures by colony size. 
We will use novel quantitative SGA data and novel algorithms to define buffered protein complexes 
and pathways. The use of additional genetic interaction types that can be defined using these 
quantitative phenotypes will enable more specific predictions about the underlying physical 
interaction network. For instance, epistasis interactions link upstream to downstream genes. The 
novelty of this aim derives from the use of higher resolution synthetic genetic interactions. 

2.2 Test the correctness of the cell map using orthogonal data 

First, we will benefit from new genetic interaction data from high-resolution phenotypes derived 
from cell images. This technology uses a high-throughput microscope to analyze over 30,000 cell 
images per day. Analyzing these images generates over 300 phenotypic parameters for each cell 
imaged (e.g. spindle length, cell size). We will use these more specific phenotypes to gain new 
biological insight about the phenotypes measured. 

 Second, we will use chemogenomic assay information. The genome-wide collection of yeast 
gene deletion strains [1] has been used to generate genetic profiles of drug sensitivity and 
resistance. A proof-of-principle study has shown that the integration of chemical-genetic and 
genetic interactions data could give new insights into target pathways and proteins [4]. Chemical 
genomic assays have recently been performed on the yeast whole-genome heterozygous and 
homozygous deletion collections [5]. We will use these chemical-genetic profiles to define systems 
in the cell and test the correctness of the systems map. 

 Third, we will combine genetic interactions and protein-protein interactions which provide 
complementary information and enable more accurate system definition. Ulitsky et al. have 
combined these interactions to identify functional modules [6] but they have only considered 
physical interactions inside complexes. We aim to combine new quantitative genetic interaction 
data and different types of physical interactions including binary interactions. 
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Abstract: For a cell to operate accurately, the expression of its genes must be  
precisely coordinated through regulatory systems. Among the numerous existing 
regulatory interactions, some rely on specific transcriptional modules driven by 
transcription factors. The yeast “Pleiotropic Drug Resistancce” (PDR) network is 
one such regulatory system, which we propose to caracterise over time. This 
network is involved in yeast resistance to the presence of a toxic component in the 
environment. The network described up to now is quite complex (figure 1); a 
unique transcription factor can regulate the expression of numerous target genes, 
and a single target gene can be regulated by different transcription factors. This 
description of the PDR network is a static picture of the relations between genes: it 
shows all the possible relations, and when the cell responds to physiological 
conditions it will use only a subset of these relations. In order to assess the 
dynamic of the PDR network, very resolutive analyses of the transcriptome by DNA 
microarrays were carried out at the “Laboratoire de Génétique Moléculaire” 
(CNRS UMR 8541, ENS Paris). The responses of three species of  yeast 
(Saccharomyces cerevisiae, Candida glabrata and Candida albicans) to different 
toxic agents were studied: benomyl [1,2], fluphenazine [3], progesterone [4] and 
selenium [4]. Also, we recently developped a method to infer regulatory networks 
based on cinetic gene expression data [6]. The asset of this method is that it is be 
able to assign over time different structures of a network (i.e. the interactions 
between transcription factors and target genes) as well as the time intervals for 
which each network structure is effective. We are currently using this method to 
propose time-varying dynamical models of the transcriptional regulatory networks 
involved in the response to each of the chemical components cited earlier. We shall 
also add a evolutionary perspective to these regulatory networks caracterisations 
by carrying out comparative analyses between the different yeast species. Any 
finding of conserved or species-specific interactions should enlighten the 
mecanisms of antifungal resistance of the pathogens C. albicans and C. glabrata. 
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Figure 1. S. cerevisiae PDR network. Transcription factors and target genes are 

represented in grey and red respectively. These results were obtained by combining 
studies from the LGM (CNRS UMR 8541, ENS Paris). 
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The molecular triad OPG/RANK/RANKL is the key regulator of bone biology and 
any change in the OPG/RANKL equilibrium leads to pathological conditions (1). The three proteins 
belong to the Tumor Necrosis Factor (TNF) family. Receptor Activator of Nuclear factor κB 
Ligand (RANKL) is mainly expressed by osteoblasts in bone micro environment and acts as a pro-
resorption factor (2) . RANKL binds to its receptor RANK, expressed at the membrane of osteoclast 
precursors, to promote osteoclastic differentiation and maturation, this leads to bone resorption(3). 
Osteoprotegerin (OPG), also mainly produced by osteoblasts, is a soluble decoy receptor for 
RANKL which prevents the binding of RANKL to RANK, thus inhibiting osteoclastogenesis (4). 
Factor VIII (FVIII)/von Willebrand Factor (vWF) complex is involved in the coagulation cascade 
(5). Recently it has been described that vWF is physically associated with the anti-osteoclastic 
OPG, revealing its possible role in bone biology (6). The aim of this study was to determine the role 
of vWF on osteoclastogenesis and tumour cell survival.

To clarify the interactions between FVIII/vWF complex, RANKL and OPG, surface 
plasmon resonance and molecular modelling analysis were carried out. With the plasmon resonance 
experiments, we confirmed that OPG binds FVIII/vWF complex through the vWF. Interestingly, 
RANKL also binds to /vWF complex not to the recombinant FVIII or vWF alone, thus explaining 
the effect of only the FVIII/vWF complex on the RANKL signalling pathway. 

To explore the putative binding mode between OPG and vWF, and since no 
experimental structure was available, we had to build the three-dimensional structural model of 
OPG using the crystallographic coordinates of the TRAIL/DR5 complex (7), and the model for 
human RANKL from the RANKL mouse structure (8). Since human and mouse RANKL proteins 
have a high sequence identity (90%),  building and validating the model was straightforward. On 
the opposite, for the OPG model, its sequence identity with DR5 is only 27%. We used multiple 
alignments within the TNF superfamily for Mammalia to identify the conserved cystein-rich 
domains, characteristic of the extracellular regions in receptors. These domains were used to anchor 
the OPG sequence on the available DR5 structure (these domains are known to be involved in the 
OPG-RANKL binding site (9)). OPG and RANKL models were refined in Discovery Studio 2.1 
(energy minimisations on loops and in regions in interaction in the complexes), each model quality 
was assessed using the Protein Health module to remove main chain and side chains disallowed 
regions. The OPG/vWF (A1 domain) complex was obtained by molecular overlay on the 
OPG/RANKL complex. Docking experiments (ZDOCK) were performed to improve the fit but did 
not allow to get a significantly better conformation than the result of the molecular overlay 
procedure. 
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From the OPG/vWF(A1) model, we observe that the OPG/A1 interaction surface is 
close to the OPG/RANKL one, but with a different binding mode (two major interaction sites for 
OPG/RANKL, one broader interaction site for OPG/vWF). The A1-recognition sites for other 
known agonists (GPIb, heparin) possess shared amino-acids with the predicted OPG binding site 
while antagonists are in contact with the opposite face of the A1 domain..

We also analysed the possible binding of FVIII/vWF complex to another member of 
the TNF superfamily: the pro-apoptotic cytokine TRAIL, known to bind OPG. The surface plasmon 
resonance analysis showed that FVIII/vWF complex or recombinant FVIII binds to TRAIL. TRAIL 
also binds to FVIII without affecting TRAIL/OPG interactions. This suggests a different binding 
mode for TRAIL between OPG and FVIII in vitro. We studied the in vivo effects of FVIII/vWF in a 
viability assay using human cancer cells sensitive to TRAIL. The FVIII/vWF complex abolished the 
OPG inhibitory activity on TRAIL-induced apoptosis. This apparent contradiction may come from 
an indirect shielding of the OPG/TRAIL binding site by the larger FVIII/vWF.

The present work is the first evidence of FVIII/vWF complex direct activity on 
osteoclasts differentiation and on induced cell apoptosis. We showed  that FVIII/vWF complex 
inhibited RANKL-induced osteoclastogenesis in a dose-dependent manner. We were able to 
identify the putative binding mode from structural models derived from three-dimensional 
crystallographic structures, bioinformatics analysis and molecular modelling experiments.

 These findings allows to embrace an enlarged knowledge on the proteins involved in 
physiological bone remodelling or in bone damages associated with severe haemophilia and cancer 
diseases. 
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Abstract: Most of cancer cells have a glycolytic activity. Our study links the constitutive
glycolytic activity and gene regulation in transformed cells. One of these genes, ANT2,
should allow cells to keep their mitochondrial integrity through maintenance of internal
membrane potential gradient (∆Ψm). In this study, we correlated biological results to a
specific gene regulatory network adjusting cell requirements. We compared the response
of control and cancer cells (from hepatocarcinoma and osteosarcoma) to an anticancer
agent. Treatment effects were tested on global metabolite profiling by NMR spectroscopy.
Over and underexpressed enzymes involved in disrupted metabolic pathways were de-
duced from NMR metabolite profiles. We developed an informatics pipeline to analyze
the mechanisms of transcriptional regulation of genes encoding for selected enzymes.
Our biological results showed an increased energy request to regenerate ∆Ψm in can-
cer cells. This bioinformatics study allowed us to: 1 - construct specific sets of regula-
tory sequences (modules) in gene promoters; 2 - scan the whole human genome for these
regulatory modules; 3 - identify human genes including such modules in their promoter
sequence. The set of genes either selected from the NMR analysis or deduced from bioin-
formatics analysis was used to construct a regulatory network involved during cancer
treatment.

Keywords: Transcriptional regulation, Chemotherapy, Metabolic pathways, ANT2, Can-
cer.

1 Introduction

Cancer cells exhibit increased glycolysis and mainly depend on this metabolic pathway for the
generation of ATP because mitochondrial ATP production is almost inactive. ANT2 imports ATP into
mitochondria and thus should allow cells to maintain their mitochondrial integrity (by maintaining
their ∆Ψm). The ability of tumor cells to satisfy ATP requirements may be a critical factor for their
survival and we hypothesized that this ability should depend on their bioenergetic background. To in-
vestigate this hypothesis, we tested the capacity of tumor cells to shift from a glycolytic metabolism to
a more oxidative one. We compared the response to an anticancer agent (CENU) of two transformed
cell lines presenting different characteristics: a partially differentiated cell type (from hepatocarci-
noma) and an undifferentiated one (from osteosarcoma). To this aim, we use a conventional anticancer
agent provoking nuclear DNA damage and unknown mitochondrial effects. CENU interfere with cell
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cycle and cell differentiation programs. Metabolomic analysis based on proton nuclear magnetic reso-
nance spectroscopy of CENU treated cancer cells showed alteration of metabolic pathways, involving
reprogramming of their glycolitic metabolism (TCA cycle).

2 Biological results

We examined mitochondrial functions after CENU treatment of the two cell lines. We mostly ob-
served phospholipid derivative alterations. Mitochondrial integrity was evaluated by testing on mito-
chondrial respiration, ∆Ψm maintenance and cell ATP production. We show that CENU has specific
and early effects on mitochondria which could be compared with that of uncouplers, known to per-
meabilize the mitochondrial internal membrane and consequently to reduce the ∆Ψm, leading to an
increased energy demand. The metabolic adaptation required to produce cellular energy was studied
in two different transformed cell lines. We show that hepatocarcinoma cells, which have maintained
differentiation properties, could switch to an oxidative metabolism with a mitochondrial ATP syn-
thesis to respond to energy requirements. At the opposite, undifferentiated transformed cells (from
osteosarcoma) with inefficient oxidative capacities could not maintain sufficient ATP production and
were directed to cell death

3 Bioinformatics analysis and contribution

Within a web site, a bioinformatics pipeline was developed to identify human genes regulated by
specific promoter sequence modules: combination of short regulatory sequences (called elements or
matrices). Using Genomatix databases and tools, about 80 modules including 4 to 6 elements were
constructed from the ANT2 gene promoter sequence and they were screened in the whole human
genomic sequence. This analysis led us to select about ten specific regulatory modules with similar
matrix combinations. A screening of the EnsEMBL gene database allowed us to identify about 20
genes or coding sequences downstream the selected modules. Interestingly, all characterized genes
are involved in cancer cell metabolism. Finally, all the results where saved through an online database
which allows to share data for all steps of this study. This software enables to retrieve much informa-
tion on all selected genes from many public databases like Kegg, Unigene, Pubmed, Geo, etc. All this
information is required to create models of metabolic pathways.

4 Conclusion

Taken together, we propose that mitochondrial oxidative background is an important clue of tu-
mor cell fate in response to anticancer agents. It confers a survival advantage to more differentiated
cells in response to chemotherapy. The set of genes either selected from the NMR analysis or de-
duced from bioinformatics analysis was used to propose a regulatory network involved during CENU
treatment. One of the main features of this network is the coregulation of genes involved in cancer
cell bioenergetics such as ANT2 and HIF1α. This bioinformatics study allowed us to identify similar
regulatory sequences in their promoter.
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Abstract: We present PhEVER, a database aiming at providing information for the anal-
ysis of co-evolution between viruses and their eukaryotic hosts. It was constructed from
all viral genomes available and from the complete genomes of human and several in-
sects vectors of pathogenic viruses. It groups sequences in clusters based on homology
at both (1) the domain level and (2) the protein level and offers pre-computed alignments
and phylogenies for each family, as well as an interface for domain visualisation and an
integration of protein-protein interaction data. We focus on some interesting results ob-
tained from the constructed clusters, and namely in the homologies between human and
viral sequences.

Keywords: Comparative genomics, phylogeny, co-evolution, lateral gene transfer, mod-
ules.

1 Introduction

Viruses are small particules of nucleic acids assembled in a proteic envelope which can develop a
variety of types of interactions with the different organisms they co-exist with. How these complex
interactions between several organisms are acquired and maintained throughout evolution is a ques-
tion which remains open. Answering this question implies adressing questions on the exchange of
genetic information between the interacting genomes such as: are some sequences more prone to
horizontal transfer than others? and if so, are they related to specific metabolic pathways in the hosts?
Determining if transfers are specific to families of viruses or if some global trends can be determined
is also crucial for the understanding of the co-evolution between viruses and their host, in particular
in the case of several intermediary hosts. We therefore namely focused in this study in detecting
how genetic material is exchanged between the different interacting genomes and in determining how
these exchanges affect both virulence and immunity mechanisms.
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Viruses are usually mostly considered as pathogens responsible for a wide range of human patholo-
gies, ranging from common cold to cancer, as it is now acknowledged that viruses are responsible for
around 15 to 20% of human cancers. Hosts can be infected through air, direct contact, but also
through vectors, namely insects. This is the case of highly virulent viruses such as the Flaviviruses
responsible for dengue, Yellow fever or West Nile fever. The availability of a very large number of
viruses, of an increasing number of pathogen vectors – Aedes aegypti, Anopheles gambiae, Culex
pipiens quinquefasciatus – and of the human genome allows for a global approach on this matter.

2 State-of-the-art

In order to perform efficient comparative genomics analysis on the lasting interactions between
viruses and their hosts, a first step is to be able to group related sequences together. This can, for in-
stance, help detecting horizontal transfers of genetic material. However there is no available database
integrating genomic data on both viruses and hosts. Most available viral databases are aimed at pro-
viding information on a specific viral family (HIV, influenza and Hepatitis C databases of the Los
Alamos National Laboratory or VirusBanker for the Bunyaviridae). The only global database in-
tegrating families of homologous proteins between several viruses is the Viral Orthologous Cluster
(VOCs) developped and maintained at the Viral Bioinformatics Resource Center. It however does not
contain data on host sequences. We have therefore built a database focusing on homologies between
viral and host sequences based both on the proteic level and on the domain level.

3 Results and Discussion

A complete set of non redundant viral sequences was obtained from RefSeq, and the complete
genomes of human, Aedes aegypti, Anopheles gambiae, Culex pipiens quinquefasciatus were down-
lodaded from public databases. We have built a database of viral, human and insect vectors proteins
using both (1) a similarity-based clustering algorithm which identifies homologies between complete
proteic sequences and groups them into families and (2) a domain-based clustering algorithm which
identifies homologies between segments of sequences and groups them into families. The similarity
searches and clustering algorithms were adapted to fit the very divergent data. In order to integrate
data for easy interpretation of evolutionary history, we pre-computed alignments of the sequences
inside each family and inferred corresponding phylogenetic trees. An interface for domain visualisa-
tion as well as an integration of protein-protein interaction data offers an efficient tool for studying
the impact of lateral gene transfer on the metabolism of host cells.

First of all, we obtain results regarding the homology between viral sequences and human se-
quences. We confirm the presence of retroviral oncogenes derived from cellular oncogenes in retro-
transcribing RNA viruses – such as the Alpharetroviruses. We also find some typical retroviral
oncogenes such as the serine/threonine-protein kinase family that present homologies with non-
retrotranscribing viruses – such as the Phycodnaviridae – and which could be identified as putative
oncogenes. We also present some results on the evolution by modularity notably on polyprotein-
containing viruses such as the Flaviviridae. The strong homology of giant Mimivirus sequences,
presenting a large number of similar domains with human sequences, is here reaffirmed as well as the
uniqueness of Globuloviridae which seem to present no similarity with current available sequences.
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Abstract: Paramecium is a unicellular eukaryote that belongs to the ciliate phylum. 
The Paramecium tetraurelia genome is remarkably gene rich (~ 40 000 protein 
coding genes), the result of successive whole genome duplications (WGDs) in the 
Paramecium lineage. In order to build a model organism database capable of 
integrating the sequence and comparative genomic data from the genome project 
with genetic and other biological data from the community, we used the generic 
tools provided by the Generic Model Organism Database (GMOD) open source 
project: the Chado modular, ontology-based, database schema to store the data; 
the Turnkey web framework to render text; the Generic Genome Browser to render 
graphics; BioMart for the advanced query interface and Apollo for editing genome 
annotations. 

Keywords: Genomics, model organism, databases, whole genome duplication. 
 

1 Introduction 

The genome of Paramecium tetraurelia, recently sequenced at Genoscope [1], has been shaped by 
at least 3 whole genome duplications (WGDs), and a low rate of large-scale genome rearrangement 
facilitated reconstruction of the ancestral genome for each WGD and made it possible to establish  
synteny relationships between duplicated chromosomes. In order to build a Paramecium model 
organism database (http://paramecium.cgm.cnrs-gif.fr) [2] that integrates the data from the 
sequencing project with genetic and other biological data from the community, we used the generic 
tools provided by the Generic Model Organism Database (www.gmod.org) open source project.   
 
2     Results 

The data in ParameciumDB is stored in a relational database using the modular Chado schema 
developed by FlyBase [3], implemented under the open source RDBMS PostgreSQL. All of the  
data is typed with ontology terms, so that new classes of sequence-related data can be integrated 
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without any changes to the schema. 
Type of data Chado Module          Number of features 
Sequence feature (all) Sequence 1731294 
     gene  Sequence 40703 
     cDNA Sequence 78110 
    comparative (all) Sequence 739326 
microarray probe signal Mage 11658738 
stock Stock 1041 
genotype + phenotype Genetic + Phenotype 286 + 73 
publication Pub  2309 
 

Table 1. Major types of data found in ParameciumDB (January 2009) 

ParameciumDB text pages are rendered by the Turnkey/GMODWeb framework [4], which greatly 
accelerated  design of the ParameciumDB web site. The Turnkey software first uses a code creation 
tool (Turnkey::Generate) to produce a model view controller (MVC)-based website given the 
database schema. A page-rendering module (Turnkey::Render)  links the generated MVC code to an 
Apache mod_perl webserver. Finally, templates and cascading style sheets are used to customize 
the web pages.  
ParameciumDB uses the Generic Genome Browser [5] for interactive genome browsing and for 
rendering graphic insets in Gene pages. BioMart [6] provides a data warehouse, an easily 
customized advanced query interface and web services. The Apollo Genome Editor [7], interfaced 
to the ParameciumDB Chado database using a JDBC direct read-write protocol, enables expert 
curation  of the genome annotations by community members.  
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Abstract: Numerous cases of horizontal transfers (HT) have been described in eukary-
ote genomes, but no whole genome evaluation of HT has been carried out. The main
reason being the lack of methods taking into account the intrinsic heterogeneity of these
genomes. Here we propose to adapt a simple and tested method based on local varia-
tion of genomic signature to analyze the genome of the pathogenic fungus Aspergillus
fumigatus. We detected about 1 Mb (3% of the genome) of DNA that exhibit atypical sig-
natures. By analyzing the origin of these HTs by comparing their signatures to a home-
made bank of species signatures, 3 major groups of donor species emerged: bacteria
(40%), fungi (25%) and viruses (22%). It has to be noticed that though inter-domain
exchanges are confirmed, we put in evidence only very few exchanges between eukary-
otic kingdoms. In conclusion, we demonstrated that HT is quantitatively of a certain
importance in eukaryote genomes though in a lower extent than in prokaryote genomes.

Keywords: Horizontal transfers, eukaryote, whole genome, Aspergillus fumigatus.

1 Introduction

HT in eukaryotes are commonly detected by methods that spot incongruencies in phylogenetic
trees. These methods work on a gene basis. However, the quantitative importance of HT in eukaryotes
is poorly known though they were proposed to play a role as important as for prokaryotes, especially in
fungi. But up to now, no whole genome evaluation of HT has been carried out for eukaryote genomes
due to their complexity coming from non coding sequences, low complexity regions, isochores and
fragmented genes. It was shown that variation of short oligonucleotide usage is moderate in some
fungi genomes and that parametric methods based on this type of criterion could be applicable to
them. Here we propose to adapt a simple and tested method based on local variation of genomic sig-
nature to analyze the genome of Aspergillus fumigatus which is an ubiquitous pathogenic fungus for
a wide host range including Humans, ruminants and avians. This pathogen is implicated in different
diseases from allergy to invasive aspergillosis eventually leading to the death of immunosuppressed
patients.
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2 Results

We used an HT detection method adapted from Dufraigne et al based on local variations of ge-
nomic signature of four-letters words. In a first step, all the centromeric and telomeric low complexity
regions were removed from the genomic sequence. We then scanned the genome with sliding over-
lapping 5Kb-long windows, comparing the signature of each window to the signature of the whole
genome in terms of Euclidian distance. We classified the windows in two classes on the basis of
their genomic signature and their Euclidian distance to the whole genome. The class containing few
windows showing high distances to the whole genome were excluded while the large class with ho-
mogenous signatures and small distance to the whole genome, called ”host genome”, was used to
compute the HT detection treshold. One hundred and eighty nine distinct atypical regions were de-
tected. They represent roughly 3% of the total genome (908 kb out of 29.4Mb). The average size of
the atypical regions is 4.5 kb, ranging from 500 bp to 52.5 kb and they are widespread on all chromo-
somes. We searched the functions of the genes included in these atypical regions. One hundred and
thirty four of these atypical regions contain 214 annotated genes, most of which exhibit homologous
counterparts in Genbank with the exception of 21 ORFans. It can be noted that if 56% of them have a
homolog only in fungi species, 19% exhibit homologs in other domains of life; for instance, 16 genes
have homologs quite exclusively in bacteria. The functions of the transferred genes are mainly un-
known. For the genes to which a putative function was inferred from annotation, half of them (23 out
of 58) belong to central and intermediate metabolisms and none are involved in pathogenicity. Fifty-
five atypical regions contain no annotated genes. BlastX and BlastN analyses detected gene relics
in 24 (47%) of those regions. Besides some rRNA genes, detected by the method but supposedly
not transferred, we found pseudo genes of nuclear or mitochondrial origin, transposons and plasmid
parts. We compared the signatures of the 189 atypical regions to a hand-made bank of species sig-
natures. For 117 regions, plausible donor species could be assigned. Three major groups of donors
were identified: bacteria (40%), fungi (25%), and viruses (22%). Two groups are over-represented
among the bacteria species: proteobacteria and actinobacteria. As a general trend, the origin of genes
provided by the blastP analysis and the origin of the region proposed by the comparison of signatures
agree. In conclusion, we demonstrated that HT is quantitatively of a certain importance in eukaryote
genomes though in a lower extent than in prokaryote genomes. The global proportion of HT falls from
the average 5.6% in tested prokaryotes to 3% in A. fumigatus. It remains to elucidate the biological
mechanisms underlying those transfers and the importance of the biological role of the transferred
genes.
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Abstract: Lineage-specific gene-loss detection is an essential step to pinpoint the 
evolutionary forces that occur across species. Gene loss can derive from the 
process of pseudogenization that can occur rapidly under certain environmental 
circumstances or selection models. Pseudogenization may be detectable by the 
comparative analysis of nucleotide sequences between orthologous genes, 
through the ratio of replacement to silent nucleotide substitution rates (dN/dS). In 
this study, we used the dN/dS ratio to assess the level of selective constraints acting 
on 55 genes predicted as pseudogenes in the canine genome that are functional in 
primates and rodents. A strong relaxation of selective constraints was determined 
for pseudogenes with several in-frame mutations while no detectable relaxation of 
selective constraints was identified for pseudogenes with one in-frame mutation. 
This correlation  may reflect different scenario of pseudogenization events in the 
dog genome. To perfom the analysis of dN/dS, we have developed OMEGA, a user-
friendly web server that fully automates the analysis of selective constraints 
acting on genes across multiple lineages. 

Keywords:  Selective constraints, pseudogenes, dog, evolution. 
 

1 Introduction 

Investigating the ratio of amino acid replacement (nonsynonymous, dN) to silent (synonymous, dS) 
substitution rate indicates selective constraints acting on a given protein-coding gene [1]. Therefore to 
assess the validity of pseudogene predictions at the nucleotide sequence level, the dN/dS ratio provides a 
proxy for the evolutionary constraints that occur on nucleotide substitution. The analysis of selective 
constraints using multiple species provides a mean to determine lineage-specific pseudogenes in a 
phylogenetic context. In such context, dN/dS ratio that show deviations from the expected rate of 
evolution in comparison to other species may reflect relaxation of constraints in a specific lineage. 
Here, we have investigated 55 canine pseudogenes through dN/dS analysis, for which we developed 
OMEGA, a web server that automates the analysis of selective constraints acting on genes across 
multiple lineages. 
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2 Results  

 2.1   Canine-specific pseudogenes characterization 

Among genes that are functional in human, chimpanzee, rat and mouse species, we previously 
characterized 55 gene predictions containing ORF-disrupting mutations that suggested 
pseudogenization events in the dog genome [2]. Two subsets of pseudogenes were identified; a subset 
of pseudogenes (n=21) with accumulated mutations (mean=4.2) and a subset of pseudogenes with one 
mutation (n=34). To further characterize these subsets, we calculated the dN/dS ratio for each of the 
candidate pseudogene in comparison to their human functional orthologous gene from pairwise 
transcripts pair alignments. Assuming a constant mutation rate, the dN/dS ratio between dog pseudogenes 
and their human functional orthologs should theoretically relax towards 0.55 (average of 1.0 in the 
absence of selection and <0.1 for negative selection). For the pseudogenes with accumulated mutations, 
we calculated a median dN/dS of 0.50 indicating a considerable relaxation of selective constraints of the 
canine pseudogenes. For the pseudogenes with one mutation, a median dN/dS of 0.18  suggested no 
detectable differences in selective constraints between predicted canine pseudogenes and their human 
functional counterparts. These results further validated the 21 canine-specific pseudogene predictions 
with accumulated mutations. Interestingly, it raises the question whether pseudogene predictions with 
one mutation correspond to sequence artifacts or may have been inactivated much more recently in 
comparison to pseudogenes with several mutations.  
 
 2.2   A web server for automating the analysis of dN/dS 

To fully automate the computation of dN/dS, we have developed OMEGA, a user-friendly web server. 
OMEGA can be used to analyze personal data for which it frees the user from the tedious task of 
computing codon-based alignement and dN and dS calculation. The server is also designed as a resource 
through which one can extract for a gene or groups of gene of interest pre-inserted dN , dS and  values. To 
analyze personnal datasets, the server builds multiple sequence codon-based alignments, calculates the 
ratio of silent to replacement nucleotide substitution rates (dN/dS), provides features to calculate 
statistical analysis of the query set in comparison to benchmark set and returns a graphical display of 
the dN/dS distribution. In contrast to other tools [3], OMEGA is not limited to pairwise analyses; it is 
designed to analyze orthologous gene sets between several species (n≥3) enabling the assessment of 
selective constraint of each lineage in comparison to the rest of the phylogenetic tree. The server is 
designed to run in batch mode analysis with up to 100 sequences sets that can be submitted at the same 
time. OMEGA is available at: http://dogs.genouest.org/OMEGA.html 
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The most important mechanism of oxidative damage in proteins is metal-catalysed 
oxidation (MCO). Carbonyl derivatives are formed by direct MCO attacks on the amino-acid side 
chains of proline (P), arginine (R), lysine (K) and threonine (T) residues. In recent years, several 
groups have been working on the identification of Carbonylated Sites (CS) within proteins from 
various organisms ([1], [2], [3], [4], [5]). These studies have led to two major observations: (i) sites 
are selectively carbonylated among all carbonylatable sites and (ii) CS are mainly located at the 
protein surface. Although these studies have contributed to shed light on the basis of protein 
carbonylation specificity, to date no rule have been found to predict sites more prone to 
carbonylation.  In this study and with the use of mass spectrometry analysis, we identified 
carbonylated sites in oxidized BSA upon in vitro MCO, as well as in 23 proteins shown to be 
carbonylated from exponentially grown Escherichia coli. Moreover, we observed that the majority 
of carbonylated sites are located within an hot spot of carbonylation defined as RKPT-enriched 
regions within a particular environment. These observations led us to propose an in silico model 
that allows the efficient and accurate prediction of sites and proteins more prone to carbonylation in 
the E. coli proteome. Finally, our predictive model was extended to the detection of carbonylated 
proteins formed via direct MCO attacks in all organisms. Consequently, we are currently build a 
web tool called CSPD that will allow online predictions of carbonylated proteins 
(http://lcb.cnrs-mrs.fr/CSPD/). Our presentation will discussed (i) the motif rules governing 
carbonylation of proteins as well as the description of the CSPD model; (ii) analysis of the 
performance of the CSPD tool and (iii) comparative analysis of the predictive carbonylated proteins 
in prokaryotes and eukaryotes. This work comes from a narrow collaboration between biologists 
and bioinformatics teams and we hope that it will supply an new dimension to the identification of 
carbonylated proteins.  
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Abstract: Three-dimensional structures of proteins are the support of their 
biological functions. Their folds are stabilized by contacts between residues. Inner 
protein contacts are generally described through direct interactions between side-
chain atoms, i.e. atomic proximity. Using Voronoï-Delaunay tessellation software, 
VLDP, we compare contact distributions as given by the classical distance method 
and the parameter-free diagrammatic approach. 

Keywords: Voronoï, Delaunay, protein contact, folding, inter-residue interaction. 

 
1 Introduction 

Les structures tridimensionnelles des protéines sont le support de leurs fonctions biologiques. Les 
protéines peuvent être décrites à l’aide des structures secondaires ou d’alphabets structuraux [1]. 
Les interactions entre résidus sont essentielles pour le repliement des protéines et la stabilisation de 
leur structure. Entre autres, ces interactions sont assurées par des liaisons covalentes, dépendantes 
directement de la séquence en acides aminés. Des liaisons non covalentes, plus faibles, sont 
également impliquées dans l'édifice. Par exemple, les liaisons hydrogènes jouent un rôle majeur 
dans le repliement et la stabilisation des structures secondaires, hélices α et feuillets β. A ce titre, les 
interactions entre résidus font l’objet de nombreuses recherches. 
En général, les contacts entre résidus sont déterminés en appliquant un seuil fixe de distance, le plus 
souvent entre Cα. Lors d’une précédente étude, nous avons montré que, selon le type de distance 
utilisé, le nombre moyen de contacts était très différent. De plus, il n'impliquait souvent pas les 
mêmes paires de sites [2]. Les diagrammes de Delaunay ou de Voronoï sont une alternative robuste 
à cette définition de contact, libre de tout seuil défini a priori [3]. La construction de 
Delaunay/Voronoï a été utilisée pour étudier le packing, les structures secondaires, etc [4]. 
L’objectif de cette étude est de comparer les contacts définis par l’approche classique des seuils et 
ceux recensés entre les cellules de Voronoï. 
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Figure 1. Différence (%) entre nombre moyen de contacts suivant les 2 méthodes 

2 Définitions des contacts et tessellations 

Classiquement, les contacts sont définis par un seuil de distance ; le plus souvent les distances sont 
mesurées entre Cα avec une valeur seuil de 8 Å [2]. En tessellation de Voronoï, les contacts sont les 
facettes séparant des cellules entourant des sites appartenant à des résidus différents. Les 
diagrammes de Voronoï-Delaunay ont été calculés avec le programme VLDP, développé au LPTM, 
à partir des coordonnées de tous les atomes ; la protéine est placée dans une boite d’eau équilibrée, 
une solution au problème de cellules du bord [5]. Ces deux points diffèrent d’analyses telles que [6]. 
L’algorithme VLDP procède par insertion séquentielle des sites, selon une méthode incrémentale à 
la fois robuste et efficace. VLDP contient plusieurs modules : calcul des aires et des volumes, 
composantes connexes, matrice de contacts, etc. 

3    Principe de l’analyse et objectif de l’étude. 

Nos statistiques portent sur un ensemble de structures protéiques, composé de 357 monomères,  
sélectionné sur les critères suivants: moins de 25% d'identité entre séquences; au moins 99% de 
résidus complets; compatibles avec les logiciels d'analyses dont nous disposons. Lors de l’analyse, 
les contacts à courtes distances dans la séquence (à moins de 4 résidus d’intervalle) sont éliminés, 
car ils ne sont pas informatifs. En utilisant les fréquences relatives de contacts [2], nous analysons 
les couples d’acides aminés sur- et sous-représentés, susceptibles de jouer un rôle privilégié au sein 
des structures protéiques. Selon nos premiers résultats, la méthode de seuil sous-estime 
fréquemment le nombre moyen de contacts (Figure 1). Des analyses en fonction de la taille, des 
structures secondaires des protéines ont également été réalisées.  
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Abstract: Our aim is to build a generic framework with which one could simulate the
behavior of complex systems of interconnected regulatory cycles.For the simulation of a
biological system we use the traditional reaction-rate approach by means of equations
describing the system.Once constructed the model, we aim to study the various modes
of the cell behaviour according to the concentrations of relevent enzymes in enzymatic
reactions.Until now we have constructed a model for the central part of the system of
the GlyceroPhosphoLipid metabolism in the human cell.We currently use this approach
to study the stability analysis of a complex metabolic network containing several inter-
connected regulatory cycles.

Keywords: ordinary differential equations, enzymatic reactions, stability analysis,cycle
oscillations,equilibria.

1 Introduction

Biochemical reactions are continually taking place in all living organisms. The complexity of bio-
chemical and biological processes is such that the development of computer models is often essential
in trying to understand the phenomenon under consideration. Our aim is to build a generic framework
with which one could simulate the behavior of complex systems of interconnected regulatory cycles.

2 Methods

For the simulation of a biological system we use the traditional reaction-rate approach by means
of equations describing the system. In this approach, chemical reactions are modeled by ordinary
differential equations (ODEs) representing the variations of the concentrations of the substances. In
each of the differential equations we express the kinetics of one reactant as a sum of fractional terms
for enzymatic reactions and non-fractional terms for simple reactions.

3 Analyses

Once constructed the model, we aim to study the various modes of the cell behaviour according
to the concentrations of relevent enzymes in enzymatic reactions. Since stable and unstable equilibria
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play different roles in the dynamics of a system, it is useful and important to be able to classify
equilibrium points based on their stability, and this is what we are able to do by simulation and also
by mathematical study. By stability analysis, first given an equilibrium we can determine if it is a
stable point or not; furthurmore through a mathematical study based on differential equations we are
able to find regions which correspond to stable steady-state behavior or cycle oscillations of the model
by changing one or several parameters. This stability could be local or global. In some special cases
we are able to prove mathematically that a stability is global.

4 Results and Models

As a first try we have constructed a model for the central part of the system of the GlyceroPhos-
phoLipid metabolism in the human cell. The Phospholipid metabolism has attracted the attention of
many researches in cancer studies and they think the ability to follow phospholipid metabolism is of
paramount importance in many circumstances in which cell survival and cell proliferation are of con-
cern for example in neurological disorders and cancer . Thus there was an important need to develope
a model for these biosynthesis, and that is the reason we tried to find a model for the important part
of the system of GlyceroPhospholilid metabolism in the human cell. The model comprises enzymatic
reactions of PhosphatidyleEthanolamine (PtdEth) and the PhosphatidylCholine (PtdCho)[?][?].Our
analysis concerns twenty-four biochemical reactions. Given the values of metabolite concentrations
(Ci) which were observed experimentally we have managed to find the appropriate parameter values
(Pi) which allow us to completely describe the system with a set of ordinary differential equations
(ODE). Our analysis of this model demonstrates that, with these parameter values, the system has a
stable solution. Moreover, we investigatedthe possibility that a change in parameter values could give
an unstable or oscillating solution. For that purpose we studied the system mathematically in a large
range of values and we prove that the solution is always stable and without oscillations regardless the
parameter values of the system.

We have also applied our method to the cell division cycle model; welknown interactions of
proteins cdc2 and cyclin. A mathematical model was already constructed by Joun Tyson [?], who used
numerical integration (carried out by using Gear’s algorithm) for simulation and stability analysis of
model. We studied this system of interactions and using our approach based on the analysis of the
eigenvalues of the linearized system we confirmed the nature of the results for the same parameter
values.

We currently use this approach to study the stability analysis of a complex metabolic network
containing several interconnected regulatory cycles such as Glycolysis, Krebs cycle, Phospholipids
pathway and Amino acids.

References

[1] Henry, S. A., and Patton-Vogt, J. L. (1998) Prog. Nucleic Acids Res. Mol. Biol. 61, 133-179

[2] R.Sundler,B.Akesson,Biochem.J.146(1975)309–315.

[3] J.Tyson,(1991) Cell Biology, Vol 88. pp. 7328–7332.



JOBIM 2009 Nantes

153

Co-evolution of blocks of residues and sectors in protein
structures

L. Dib1, A. Carbone2

Génomique Analytique, Laboratoire de Génomique des Microorganismes, FRE3214 CNRS-UPMC
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Evolutionarily conserved networks of residues have been demonstrated to mediate allosteric com-
munication in proteins involved in cellular signaling, the process by which signals originating at one
site in a protein propagate reliably to affect distant functional sites. The general principles of pro-
tein structure that underlie this process remain unknown. In a seminal paper Ranganathan described
a sequence-based statistical method for quantitatively mapping the global network of amino acid
interactions in a protein [10,12]. The method reveals a surprisingly simple architecture for amino
acid interactions in each protein family: a small subset of residues forms physically connected net-
works that link distant functional sites in the tertiary structure. The evolutionarily conserved sparse
networks of amino acid interactions are proposed as representative structural motifs for allosteric
communication in proteins. Investigating further Ranganathan approach, a new method, based on a
fine combinatorial analysis of phylogenetic trees associated to a protein family has been developed
to reconstruct networks of co-evolved residues from sequence analysis [3]. Various other approaches
for identifying covariant amino acid pairs in protein sequences have been proposed [11,1,8,5]. Gloor
[6] and Travers [7] methods have been designed to ensure that no detected signal is induced by phy-
logenetic side-effects due to an underrepresentation of sequences. Yeang [13] studied co-evolution in
a domain and between domains.
We propose a method to detect co-evolved blocks of residues, numerically rank them depending on
their level of co-evolution, and clusterize them to obtain networks of co-evolved blocks. In contrast
to Ranganathan method, or to the various methods proposed in the literature, where coevolution of
alignment columns is analyzed through a comparison of their residue distributions, our main focus
is on groups of successive positions in the aligned homologous proteins, called blocks. In short,
we compare the information content of pairs of blocks by looking at the way they evolve, possibly
accepting exceptions. We define an appropriate score of co-evolution between pairs of blocks and
develop a methodology to extract functional, structural and mechanical signals for protein families
from co-evolved blocks. These signals will correspond to networks of co-evolved residues.
Given an alignment of n sequences, we consider groups of m consecutive positions in the alignment,
where m ≥ 1. For each group of consecutive positions and for each sequence in the alignment, there
is a uniquely identified word that belongs to the group of positions and appears as a subword in the
sequence. We look at the set of n words associated to a group of positions and study the combinatorial
properties of the distribution of words in the group. Depending on these properties we shall say that
a group is a block or not. Intuitively, we look at the space of all words of length m and check the
variability of the words in a group. This is done by varying a parameter that accepts errors in words,
and that allows words to be different but eventually partly conserved in several sequences. There
are n different dimensions that are used to evaluate the space of words, and they correspond to the
number of ”errors” or ”exceptions” that we want to accept. Dimension 0 is the most restrictive one
and allows for no error, while dimension n allows for errors in all sequences. For each dimension, we
evaluate pairs of groups of positions with a score of co-evolution and predict co-evolved blocks.
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We report a detailed analysis realized on the MukB domain family. This family is highly conserved
with an average identity of 79%. Although very conserved, our co-evolution method discovers, at
dimension 0, only 3 blocks: the block from position 35 to 42, and residues at positions 144 and 162.
The block from position 35 to 42 corresponds to the known motif [AG](X)4GK[ST ], called the
Walker-A motif, and reported in [9,2] for the putative G loop in MukB domain. The method proposed
in [9] has been validated on this motif and a predicted 44 amino acids to be functionally important
for the MukB domain family, where only 3 out of them are part of the G-walker motif. In contrast,
our method selects 10 positions, 8 of which form the Walker-A motif. This finding confirms that by
looking at co-evolved blocks provides fine predictions at a high level of specificity. Our co-evolution
method discovers also two groups of highly co-evolved residues that surround this motif, both iden-
tified at dimension 1. They form two separated networks of blocks, made by residues that did not
co-evolve with each other, and that in three dimensions, surround the Walker-A motif, like in a sand-
wich, with an upper layer and a lower layer. We call them sectors. This notion is novel and does not
coincide with the one of a domain.
We consider a second example, the guanido phosphotransferase, C-terminal catalytic domain (PF00217
in PFAM:1bg0) analyzed in [4] where conserved positions that are involved in ligand binding sites
are detected in addition to enzyme active sites. In contrast, we discover three independent networks
at dimension 1, located just behind conserved hot spots. The networks are known to maintain the
binding cavity of the enzyme active sites.
A large scale analysis of the performance of our method is underway.

Keywords: Coevolution, phylogeny, allosteric function.
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Abstract: Genomic studies on bacteria have shown the existence of 
chromosomal organization. Moreover, transcriptomic analyses have 
demonstrated that, in free-living bacteria, gene transcription levels and 
chromosomal organization are mutually influenced. We analysed 
chromosomal organization structures likely to modulate gene expression in the 
highly reduced genome of Buchnera aphidicola, the primary endosymbiont of 
the aphids. 

Keywords: Buchnera aphidicola, transcriptional regulation, DNA topology, 
chromosome organization, intracellular symbiosis. 

Most bacterial chromosomes consist of a single closed-circular DNA molecule folded into a 
compact and dynamic structure called the nucleoid. Variations of chromosome 3D-structure act 
as a global regulatory factor of gene expression. More particularly, the modulation of genome 
architecture is admitted to belong to the class of mechanisms allowing genome-wide 
transcriptional profile variation in response to environmental changes [1].  

We searched for evidences of spatial organization of the chromosome in an extremely 
intriguing bacterial model: Buchnera aphidicola. Associated with most agricultural pest aphids 
and being partly responsible for their harmfulness, Buchnera are one of the most studied 
intracellular symbiotic bacteria of insects. Their genomes present all the characteristics of 
intracellular bacteria: (1) small size of 400 - 600 kb depending on aphid species, (2) highly 
biased base composition towards A and T and (3) high evolutionary rate due to the isolation of 
Buchnera populations within the host cells combined with the drastic bottlenecks that occur in 
the population dynamics of the bacteria during their transmission to the aphid progeny.  

A crucial stage for the symbiosis comprehension passes through the understanding of 
symbiont gene expression regulation, and yet little is known about the transcriptional 
regulation capabilities of the bacteria. Given the “poor” catalogue of transcriptional factors it 
was suggested that the bacteria are no longer able to regulate their gene expression. Also, 
Buchnera conserved target genes for regulatory proteins absent in their genome. Nevertheless, 
recent works using a dedicated microarray showed that Buchnera respond specifically to some 
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nutritional stresses imposed to their host [2].  
The aim of this work was to study potential structural units of the Buchnera chromosome 

and the impact they could have on the gene expression regulation. For this purpose, we 
analysed the potential structural domains of the chromosome at different scales and the main 
contributor proteins for the organization and maintenance of these domains. Our study brings 
evidences for (1) the existence of structural chromosomal units at several scales, (2) a 
functionally complete set of proteins essential for nucleoid organization and (3) the tight 
interdependence between these proteins, the chromosome architecture and the gene expression 
profile.   

Basic genomic structural elements in bacteria participating to the chromosome organization 
are transcription units (operons). A transcription unit contains one or several adjacent genes 
transcribed as a single mRNA. Thus, genes belonging to the same transcriptional unit display 
strong correlated transcription levels. A first annotation of Buchnera transcription units was 
available in BioCyc (http://biocyc.org/). We found that some of these transcriptional units were 
not consistent with the analysis of the gene expression profile. Thus, we decided to re-annotate 
the transcription units of Buchnera taking into account gene expression levels, gene order 
conservation, sequence features of Buchnera, like Rho-independent terminators inferred 
withTransTermHP [3] and specific intergenic distances. We tested this new annotation with 
microarray gene expression data.  

A higher level of structural units in bacterial genomes is represented by the organization in 
topological domains (~10kbp in E. coli). These structures are mainly organized and maintained 
by Nucleoid Associated Proteins (NAPs). Analysis of the NAP set of Buchnera pointed out 
that, despite genome reduction, the bacteria retains the most important members of the group 
(IHF, H-NS, Fis, DnaA and HU). Our bioinformatics analysis of these proteins confirms a 
strong conservation of structural domains and 3D structure. Moreover, key amino acids (their 
mutation compromises NAPs function in E. coli) are also well conserved. As NAPs must 
frequently bind DNA (every 10 kbp) to form dynamic inter-domains barriers, they rather 
recognize specific topologic structures (i.e., bend DNA) than specific motive binding sites.  

Combination of topological domains and DNA fold are at the origin of a third class of larger 
structural units in bacterial chromosomes. Previous results of our team pointed out a periodic 
transcriptional pattern that supports the existence of these kinds of structures in Buchnera [4]. 
We completed this work by using a more realistic distance on the chromosome (i.e., physical 
distance (bp), instead of the “gene number” distance). 

Our work brings several evidences that Buchnera chromosome is a functional structure 
probably playing an active role in gene expression regulation. This kind of regulation was often 
neglected in free-living bacteria but might be central in shrunken genomes of endosymbionts. A 
short-term perspective of our work will be to inactivate in vivo specific NAP proteins of 
Buchnera and analyse the induced modifications within the gene expression profile of the 
symbiotic bacteria. 
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Abstract: Even though plant and animal mitochondrial (mt) genomes share a common
ancestor, the plant mitochondrial genome exhibits peculiar features when compared with
its animal counterpart: a large variation in size (200-800 kb in plants, 15-16 kb in ani-
mals) and in gene order due to intra-genomic recombination. This variation observable
at the intra- and inter-species levels is caused by active recombination sequences, most
likely acquired by the ancestral plant lineage. We compared eight maize mitogenomes
and proposed a rearrangement phylogeny. Despite the fact that those genomes are highly
rearranged and thought difficult to analyze, our observation led us to propose a phylo-
genetic tree combining inversions and tandem duplication events.

Keywords: rearrangements, tandem duplication, mitochondrial genome, maize

1 Materials and methods

Dataset. We used eight Zea mays mitochondrial genomes whose sequences are available from Gen-
Bank [1,2]. Five of them are from Zea mays ssp. mays: two fertile cytotypes NA and NB , and three
cytoplasmic male sterile (CMS): CMS-C ,CMS-S and CMS-T. The three others are Zea mays ssp.
parviglumis, Zea luxurians and Zea perennis. The two last ones serve as outgroups. The length varies
between 535,825bp and 739,719bp. The difference in length is mostly due to large duplicated parts
found in 3 genomes (NA, CMS-C and Zea mays ssp. parviglumis).

Methods. We extracted annotated protein coding genes, tRNA, rRNA and ORFs from the genomes,
called genes. We then compared genes in order to determine othologous and paralogous relationships
using the reciprocical best hit principle. We numbered each of the 87 genes and obtained a sequence
of numbers for each genome, with some duplicated numbers. Notice that duplicated genes are not
always the same ones in each genome, and a duplicated gene is not necessarily duplicated in all
genomes. Rearrangement phylogenetic analyses were performed using GRIMM [3] with Neighbor-
Joining or MGR [6].

2 Results and discussion

Difficulty to take duplicates into account. The common way to deal with duplicates is i) to follow
the exemplar model where exactly one copy of each gene is conserved or ii) to follow the maximal
matching model where a maximum number of copies are conserved. In the latter case, one has to
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determine orthologous relationships but as the duplicated genes are not the same in each genome,
such a method is not suitable. With our data, the number of trees obtained with the exemplar model
is more than 16 millions which makes this method unusable.

Model of tandem duplication with partial losses. When looking the gene sequences, we can see that
duplicated genes are often grouped together in tandem (see for example Zea mays ssp. parviglumis,
Figure 1 left, last row). Nevertheless, the set of genes is not exactly the same between the duplicated
parts. This suggests that the set of genes involved into the duplication may have evolved by deletion
of some of them after the duplication event. Such a tandem duplication with partial losses (TDPL)
event explain the majority of the duplicated parts of the eight genomes. A similar event has been
highlighted in animal mitogenomes [5]. Therefore we assume a common way of evolution between
plant and animal mitogenomes due to their supposed common origin. Other duplicated genes are
involved into a different context and thus we can easily distinguish orthologous from paralogous.

Our method. We used the following scheme: i) identify TDPLs and collapse them in order to keep
one copy of each gene, ii) distinguish between paralogous and orthologous for remainded duplicated
genes, iii) apply usual rearrangement algorithms (no duplicates remains), iv) expand the previously
collapsed TDPL. Figure 1 gives an example explaining the evolution of the maize mitogenomes.
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Figure 1. A scenario involving a TDPL for Zea mays parviglumis and a rearrangement phylogeny (inversions
(R), duplications (TD), losses (L) and TDPLs).
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Abstract: MicroRNAs (miRNAs) are a class of endogenes of 18 − 25 nucleotides (nt)
in length which are derived from a precursor (pre-miRNA) with a characteristic hairpin
secondary structure. miRNAs are involved in post-transcriptional regulation of protein-
coding genes in animals and plants by sequence complementarity within the correspond-
ing messenger RNA. Since the discoveries of lin-4 and let-7 [1,2] in Caenorhabditis
elegans, the number of published miRNAs in miRBase [3] has grown to 8273 entries
of mature miRNAs products in primates, rodents, birds, fish, worms, flies, plants and
viruses. Experimental identification of novel miRNAs is difficult because of their expres-
sion in specific conditions or cell types and only 4518 of the 8273 entries have been
experimentally verified.
Several computational methods were developed to detect new miRNAs. A first family of
methods finds sequences which are homologous to known pre-miRNAs and which respect
physical and geometrical characteristics of pre-miRNAs hairpin structures [4,5,6,8].
These characteristics concern the specific binding of the miRNA with his complement
(miRNA*) coded in the hairpin structure, secondary structural stability and hairpin
structure of consensus fold between the predicted pre-miRNA and known ones. A second
family of methods uses more restrictive conditions involving thermodynamically stable
pre-miRNA hairpins and characteristic patterns of sequence conservation [10,11,13,14,15].
Tools have been developed to confirm pre-miRNAs based on machine-learning algo-
rithms [7,9,17] or on the ranking of euclidian distances in a multi-dimensional space
constructed from more than 30 parameters capturing the structure of pre-miRNAs [12].
As other methods, we present a genome-wide search algorithm. It looks for homologous
miRNA sequences and explores a multidimensional space, based on only 5 (physical
and combinatorial) parameters. The method has been applied to a pool of phyloge-
netically distant genomes using a large set of already known miRNAs (all entries of
miRBase). The first step of the algorithm searches for similar sequences in the genome
under study by using an approximate string matching algorithm derived from [21]. Then,
given a putative miRNA, it searches, using an adapted implementation of the RNAfold
[16] algorithm, for putative pre-miRNAs containing it and satisfying some thresholds
for the length of the sequence, for the miRNA-miRNA* bonds condition and for AMFE
(AMFE= MFE

length ∗ 100, where MFE stands for Minimum Free Energy) as in previous
approaches. It exploits two more parameters, the number of stems in the secondary
structure and a MFEI threshold (MFEI= AMFE

%GC ) [19].
The method is strikingly simple. Criteria defining a pre-miRNA are few but they turn out
to be powerful at least as much as more sophisticated methods, like machine-learning
algorithms, used to confirm pre-miRNA sequences. We applied our criteria on the data
set used in [17] and [18] from Homo sapiens. We trace the Receiver Operating Charac-
teristic (ROC) curves on these data set (varying MFEI and AMFE thresholds) and show
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that our criteria discriminate pre-miRNAs from other sequences. Results are compa-
rable to those using machine-learning, like in MiPred approach [17]. Numerically, we
have 89.81% (resp. 93.21% for MiPred) of specificity, 92.0% (resp. 89.35%) of sensitiv-
ity, 90.72% (resp. 91.29%) of accuracy and a Matthew’s correlation coefficient (MCC)
[20] of 0.822 (resp. 0.826) for parameters which optimize MCC. Based on the same
intervals of optimized values, analyses were run on data set from Arabidopsis thaliana,
C. elegans, Oryza sativa and Rattus norvegicus with similar performance. A similar
comparison on all experimentally validated pre-miRNAs described in miRBase is in pro-
cess. An exploratory analysis on eukaryotic species where no or few miRNAs are known
experimentally is also running.
In conclusion, our methodology detects new miRNAs which are similar in sequences to
already known miRNAs. It demonstrates that machine-learning is not a necessary algo-
rithmic approach for pre-miRNAs computational validation. In particular, our criteria
applied to pre-miRNAs including new miRNAs is done by using only five parametrized
thresholds. We obtain very satisfactory sensitivity and specificity (as shown in the com-
parison with machine-learning methods) for our system. The adjustment of the parame-
ters allows us to calibrate specificity and sensitivity and this is a key feature for predictive
systems (that is not present in machine learning approaches). Also, it allows us to adapt
our search to pre-miRNAs which can be different from already known ones. In contrast,
machine-learning can only confirm pre-miRNAs which look alike known ones, this being
a limitation while exploring species with no known pre-miRNAs.

Keywords: microRNA, homologs, computational identification.
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Abstract: Small molecules and drugs usually interact with proteins by binding in cav-
ities on the protein surface. Prediction methods are able to detect more or less ac-
curately these binding-sites, but they don’t describe them in term of geometrical or
physico-chemical properties. However binding-sites seem to have intrinsic properties
that theoretically could set them apart from other protein cavities. In this study, we
try to identify geometrical and physico-chemical properties discriminating binding-sites
cavities from other ones. This project could have a significant role in the process of drug
discovery.

Keywords: Drug-design, druggability, bioinformatics, chemoinformatics.

Accurate identification of protein binding-sites provides a basis for many structure-based drug
design applications and protein-ligand docking algorithms. Identifying the geometrical and physico-
chemical properties of ligand binding-sites plays a crucial role in virtual screening of ligands against
protein structure that is widely used for the discovery of new therapeutical compounds. Given the
rapidly increasing number of high resolution protein structures, it has become of great importance to
develop analytical tools that identify potential binding-sites (figure 1).

Figure 1. A ligand in its cavity.

Such prediction methods already exist. Generally, they analyse protein geometry only. Empirical
studies then show that true binding-site usually coincides with the largest pockets. Among these meth-
ods we find Ligsite [1], Pass [2] or PocketPicker [3]. Other methods analyse energetic citeria and rank
cavities according to the greatest energy : Q-SiteFinder [4] or PocketFinder [5]. All of these methods
can predict binding-site localisation and give some description of its size and shape. PocketPicker
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[3] computes a buriedness index and a rough estimate of the volume. PocketFinder [5] predict the
envelope and volume of binding-sites cavities. Better knowledge of binding-sites properties should
improve protein-ligand docking algorithm in speed and efficacity. So we try to determine in this
study which properties, among geometrical and physico-chemical ones, are significatively different
between binding-sites cavities and other protein cavities.

With this aim, we first discover two sets : a druggable set composed of drug binding-site cav-
ities, and a non-druggable set composed of cavities that are not able to interact with drugs but are
identified as potential binding-sites by prediction methods. We then compute several geometrical and
physico-chemical descriptors such as volume, surface area, amino acids composition, polarity or hy-
drophobicity. We then apply diverse statistical methods such as support vector machine and logistic
regression to find which properties contribute to discriminate cavities from binding-sites.

In agreement with An et al. [5], it was found that the volume is of great importance to discriminate
binding-site cavities from other protein cavities : binding-sites are larger than other sites (figure 2,
left). On the contrary, the charge show no significant difference in the two sets (figure 2, right). A
predictive model combining volume, polarity and amino acids accurately predicts potential targets
for drug design with an accuracy rate greater than 85% which is a quite relevant rate compared with
Nayal et al. [6]. At present new descriptors such as rugosity or compacity are under consideration.

Figure 2. Example of descriptors : volume (left) and charge (right). Black is for the druggable set, white for
the non-druggable set.
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Abstract: The use of computing scienceis now almost obligatory part of research in Life
Sciences, either for extraction or analysis of experimental results. In this context, several
in silico tools are used sequentially or in parallel. The project’s EnvProg development
platform is also born in this context. The aim was twofold:
– to provide a graphical interface to design a bioinformatic protocol .
– to provide a compiler allowing the transformation of the designed protocol rawing

into an automaton.
The two successive phases of developments have led to a first working version of EnvProg.

Keywords: Bioinformatics protocols automation, software linkage.

1 Introduction

La recherche en Sciences du Vivant impose aujourd’hui le recourt quasi-systématique à différents
outils informatiques (algorithmiques, statistiques) pour l’extraction et l’analyse des résultats d’expé-
riences. Ces outils sont utilisés soit de manière séquentielle, soit en parallèle. L’utilisateur (chercheur,
technicien,. . . ) doit alors gérer manuellement les flux de données entre chacun des ces outils de
manière à réaliser le protocole défini. C’est dans ce contexte qu’est né le projet de développement
de la plateforme EnvProg. L’objectif de ce projet est de fournir une interface graphique permettant de
dessiner un protocole bioinformatique. La compilation de ce dessin permet la création d’un automate
informatique permettant l’exécution dudit protocole.

Les développements se sont déroulés en deux phases :
le gestionnaire d’exécution : cet élément est capable de gérer le bon déroulement d’un automate

de manière à mener à bien l’analyse souhaitée. Les premiers tests ont été effectués à partir de
protocoles codés directement en C++.

l’interface graphique avec le compilateur : cette deuxième phase de développement s’est déroulée
en gardant à l’esprit de fournir une interface simple permettant à un non informaticien de créer un
programme lui-même.

2 Gestion d’exécution de pipelines : package LASTec

Afin de faciliter la conception d’un pipeline et de conserver des séquences de traitement comme
une étape globale, le graphe d’exécution intègre la notion de hiérarchie où un nœud (composant
d’analyse) peut être constitué de plusieurs autres nœuds. Ainsi, l’utilisateur peut voir en profondeur
afin de concevoir son chaı̂nage. Le notion de hiérarchie implique de décomposer la gestion de l’exé-
cution des actions en deux entités distinctes : la séquence d’exécution et le gestionnaire d’exécution.

La séquence d’exécution est un vecteur de composants d’analyse avec une définition des dépen-
dances entre chaque composant. Elle peut être apparentée au design d’un sous-modèle de traitements.
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Le gestionnaire d’exécution lance et détruit les modules successivement en fonction des con-
traintes d’exécution. Il est capable de faire travailler ensemble tous les types de modules informa-
tiques, c’est-à-dire qu’il gère les applications externes, les ressources algorithmiques internes, les
interactions avec les fichiers et l’interrogation de serveurs par protocole HTTP. Par exemple, on peut
lancer simultanément les modules A, B et C lors du démarrage de l’exécution du protocole. Puis,
lorsque B se termine, il le détruit et lance D en lui fournissant les données issues de B.

3 L’environnement de développement graphique :

Cet environnement propose deux fonctionnalités principales :
– la programmation qui repose directement sur l’interface graphique (Figure : 1).
– l’exécution de protocoles bioinformatiques basé sur le Gestionnaire d’exécution.

1

2 3 4

1 : Choix du noeud de 
traitement

2 : Interaction avec les 
données (IO)

3 : Zone de programmation 
du protocole

4 : Boîte à outils

Figure 1. Interface graphique

L’interface graphique se décompose en plusieurs types d’éléments : les palettes d’outils, la zone
de programmation et les éléments de gestion de données d’exécution. La zone de programmation
permet de dessiner le protocole en déposant, organisant et liant des icônes représentants les outils
choisis dans les palettes. Les liens créés entre les icônes symbolisent le flux des données entre les
outils associés.

La compilation constiste à analyser le dessin fait part l’utilisateur pour générer l’automate qui sera
transmis au Gestionnaire d’exécution. En fait, ce dessin est un graphe orienté dans lequel tous les
sommets représentent des outils et les arcs, le flux des données. La compilation consiste donc à
créer la séquence d’exécution à partir de ce graphe.

La gestion des données s’opère par le biais de 2 éléments graphiques : l’un pour le choix du module
d’analyse, l’autre pour l’interaction (fixation/consultation avec les entrées/sorties (IO)) de l’outil
choisi. En effet, chaque sommet du graphe est listé dans le premier élément et la sélection dans
cette liste permet l’affichage des IO dans le second élément. L’utilisateur peut alors saisir la valeur
d’une entrée et consulter les résultats après analyse.
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Abstract: SMALLA is a perl package based on the annotation platform LeARN. It 
provides a comprehensive suite of programs and web interfaces for analyzing the 
data generated by projects aiming at studying the expression of smallRNA on the 
basis of deep sequencing. 

Keywords: Genomics, smallRNA, miRNA, expression profiling, annotation 

1 Introduction 

Les technologies de séquençage actuelles rendent possible l’analyse de l’expression des 
molécules régulatrices que sont les smallRNA (20-25nt). Ces analyses produisent des dizaines de 
millions de lectures qu’il est nécessaire de filtrer pour séparer les molécules potentiellement actives 
des produits de dégradation. Cette étape accomplie, il devient possible de cartographier ces 
séquences sur le génome d’intérêt pour identifier les gènes ayant potentiellement généré les 
précurseurs de ces molécules et/ou pour analyser la redondance intra banque afin de comparer les 
profils d’expression. Parmi l’ensemble des smallRNA, les miRNA jouent un rôle majeur dans la 
régulation de l’expression ou de la traduction des ARN messagers de gènes codant pour des 
protéines. Les précurseurs des miRNA ont une structure secondaire particulière qu’il est possible de 
caractériser [1], de classifier et d’annoter en utilisant les séquences générées [2] pour finalement 
compléter l’analyse en identifiant les ARN messagers ciblés par les miRNA [3,4]. 

Des boites à outils bioinformatiques ont été développées récemment, par exemple miRDeep [5] 
qui permet de gérer le processus de détection et l’ « UEA sRNA toolkit » [6] qui propose une 
interface web pour répondre à une grande partie des questions posées par l’analyse des smallRNA. 
SMALLA est également une boite à outil bioinformatique qui comme l’UEA toolkit permet de 
gérer une grande partie du processus d’analyse des smallRNA et plus particulièrement des miRNA. 
SMALLA est basé sur l’architecture de LeARN [7] qui est une plateforme d’annotation destinée à 
l’annotation des ARN non codant pour des protéines (ncRNA) à l’échelle génomique et qui propose 
de nombreuses fonctionnalités pour visualiser et éditer l’annotation de ncRNA. Ainsi SMALLA, au 
contraire de l’ « UEA toolkit », peut d’une part être installé localement et paramétré selon 
l’organisme d’intérêt et les données disponibles, et d’autre part être utilisé pour visualiser et pour 
éditer l’annotation des précurseurs de microARN.  
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2 Principales fonctionnalités de la boite à outils SMALLA 

2.1  Outils communs à toutes les classes de smallRNA 

La boite à outils propose un ensemble de programmes permettant de nettoyer les séquences 
produites par les séquenceurs de type 454 ou solexa. Ce processus inclut l’identification et la 
suppression des adaptateurs, la suppression des lectures correspondantes à des ARN de transfert ou 
ribosomaux ainsi que la génération de statistiques sur la banque. Les lectures de longueurs 
sélectionnées (entre 20 et 25 nt par exemple) peuvent être cartographiées sur un génome d’intérêt 
par ncbi-blastn ou glint (Faraut et al.) puis filtrées sur la base du nombre de mesappariements. Le 
résultat de cette analyse produit des représentations graphiques de type « heatmap » générées par le 
logiciel circos ainsi que des fichiers GFF3 pouvant être intégrés dans une base chado ou 
visualisés directement via Gbrowse. L’interface utilisateur est un cgi-perl qui fournit un accès aux 
données et aux analyses en proposant les points d’entrée classiques que sont la recherche par 
identifiant, par séquence ou par similarité. De plus, l’interface propose un formulaire pour la 
recherche de molécules différentiellement exprimées entre  différentes conditions dont la 
significativité est évaluée par la méthode proposée par Herbert et al. [9]. 

2.2 Outils spécifiques aux miRNA 

Le package contient également des programmes qui vont permettre de déterminer les structures 
secondaires correspondant à des précurseurs de miRNA. La détection est basée sur le programme 
mirfold [1] dont les résultats sont filtrés, annotés et classifiés d’après les critères de la littérature 
[2]. Nous proposons également un programme qui permet une première analyse phylogénomique en 
comparant les séquences de mir matures à la banque de référence mirbase [8] afin d’extraire les 
profils des différents mir candidats. Cette analyse est complétée grâçe à un programme qui va filtrer 
les résultats produits par miranda [3] selon les critères définis par Jones-Rhoades et al. [4] pour 
prédire les ARN messagers qui pourraient être considérés comme des cibles potentielles du mir. 

 
3 Disponibilité 

 

SMALLA est disponible sous licence CECILL2 et intégré au package LeARN téléchargeable à 
partir de http://symbiose.toulouse.inra.fr/LeARN (version >= 1.5) 
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Abstract: Yeast-two hybird method allow to detect protein-protein interactions and 
allowed the construction of a protein interaction network in the model bacterium 
Bacillus subtilis. This network comprise a interaction center involving 9 proteins of 
unknown functions: a hub. It is located at the interface of essential cellular 
processes. We combine experimental and bioinformatic methods to explore the 
function of this hub. This integrative approach allow to take into account different 
types of data. In particular, analysis of transcriptomic data allowed us to detect 
expression correlations between genes of the "hub" and to adapt different 
statistical tools such as biclustering in order to affect genes of the "hub" to 
functional groups. 
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 Le protéome qui est l’ensemble des protéines exprimées, est organisé en réseaux structurés 
d’interactions protéiques : l’interactome. Dans ces réseaux d’interactions, la plupart des protéines 
ont un petit nombre d’interactions alors que quelques protéines, appelées centres d’interactions ou 
hubs, ont un grand nombre de connexions. Notre projet se concentre sur une question biologique 
importante : comprendre la fonction biologique d’un hub. L’objet d’étude est un hub, découvert 
chez Bacillus subtilis, et qui se situe à l’interface de plusieurs processus cellulaires essentiels : la 
réplication de l’ADN [1], la division cellulaire [2], la ségrégation des chromosomes [3], la réponse 
au stress et la biogenèse de la paroi bactérienne [4]. Pour obtenir une vision globale de la fonction 
du hub, une démarche de biologie intégrative a été menée.  
 Après avoir réalisé une analyse du contexte génomique [5] des gènes codant pour les protéines 
du hub, une démarche de biologie intégrative a été amorcée en analysant des données 
transcriptomiques hétérogènes disponibles dans des bases de données publiques. L'analyse 
statistique de ces données a permis d’identifier des groupes de gènes co-régulés avec les gènes du 
hub. En première approche, l’analyse des corrélations entre l’expression des gènes à travers diverses 
conditions a été menée sur la base de l’utilisation classique de la statistique telle que la 
classification non supervisée. Cette première analyse, nous permet d'associer certains gènes du hub 
à des groupes fonctionnels, de valider et d'identifier des régulons. Elle nous permet aussi de mettre 
en évidence les limites d’une telle approche et la nécessité de recourir à des méthodes permettant 
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d’identifier les conditions dans lesquelles les gènes sont co-régulés. A cette fin, et apres une 
normalisation des données,  nous avons utilisé des méthodes de bi-clustering, qui permettent 
d’identifier des groupes de gènes co-exprimés dans un ensemble significatif de conditions 
spécifiques. Parallèlement à cette analyse transcriptomique, de nouveaux partenaires des protéines 
du hub ont été identifiés et intégrés à l'analyse des corrélations. Il nous a donc été possible de 
combiner ces deux approches : l'étude du transcriptome et celle de l'interactome, l'une comme 
l'autre ont été menées de façon systématique à l'échelle du génome complet. L'intégration de ces 
deux types de données enrichies par une analyse phylogénétique nous permet d'éclairer le contexte 
fonctionnel de certains gènes de notre étude et d'émettre des hypothèses quant à la nature des 
interactions entre protéines du hub. 
 La génération et le traitement d'un tel jeu de données répond à des enjeux scientifiques majeurs, 
nécessitant la mobilisation des compétences, des connaissances, et des outils pour accéder à une 
compréhension plus globale du fonctionnement des organismes vivants. Le jeu de données constitué 
est utilisé pour mettre en œuvre d’autres méthodes statistiques ou informatiques. Tout cela nous 
permettra de disposer de méthodes permettant in fine d’extraire des informations de grands jeux de 
données en cours de production, ce qui constitue un enjeu majeur de la biologie intégrative. 
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1 Background 
Up to now, the experimental approach to study protein families has been rather standard. Sound 

homologues are multiply aligned with an automatic tool. Then, this crude alignment is manually 
edited to reach an optimal alignment (reference multiple alignment) from which it becomes 
reasonable to reconstruct a phylogenetic tree. We call composite protein family an array of 
homologues that share the same (bio)chemical function while displaying a more or less wide 
assortment of biological functions. Accordingly, analyzing the tree of a composite family not only 
is useful in terms of protein history/species evolution but may help to cope with one of the main 
challenges in genomics, i.e. the step of functional annotation of newly sequenced genomes. 

Each time a new homologous sequence is made available, the whole process has to be repeated 
in order to get an updated tree. With the deluge of new sequences of the complete genome of nearly 
any organism (around four new genomes per week), it becomes more and more demanding to add 
manually each new homologue to the tree of a composite family. To cope with this challenge, we 
designed a nearly automatic approach that starts from an initial set of experimentally characterized 
homologous sequences and adds in a stepwise process more and more sound homologues. 

2 Continuously updating a reference multiple sequence alignment 
2.1. Producing a seed alignment 
Our initial set of amino acid sequences must be reliable at the level of their functional annotation. 
Accordingly, we collected in the Swiss-Prot database [1] protein sequences having an existence of 
type 1 (proteins that have been experimentally studied). These sequences are organized in a 
relational database and multiply aligned [2]. This multiple sequence alignment (MSA) is further 
manually edited to be used as a seed alignment. In particular, the automatic introduction of indels is 
ascertained by using information from the known tertiary structures of the sequences under study, if 
available. Such certification is becoming routine with the rapid increase of the number of new 3D 
structures that are added to the PDB. Alternatively, if enough amino acid sequences of crystallized 
proteins are available, we align them directly with the program 3D-Coffee [3] that has been 
benchmarked as optimal when sequence identity between target and template falls below 50% [4]. 

2.2. From the seed alignment to the reference alignment 
This seed alignment is further enlarged with homologues that present a reliable level of identity 
with at least one of the experimentally studied proteins using the following steps:  

• Each sequence of the seed alignment was used as a query in a search (Blastp program used 
with the Blastall feature) of partners in public databases that share at least 30% identity with a 
pairing extending at least 67% of the length of the shorter matching protein. 
• Close homologues (sharing at least 70% identity with a pairing extending at least 67% of the 
length of the shorter matching protein) are further clustered using the Cd-hit program [5].  
• For each cluster, a MSA is built [2] and a HMM profile is computed (HMM_cluster). In 
parallel, another HMM profile is computed for the set of sequences present in the seed 
alignment that are the closest ones to this cluster (HMM_seed). Then, the two profiles 



JOBIM 2009 Nantes

170

HMM_cluster and HMM_seed are aligned using the HHalign program [6]. 
• A stepwise approach allows adding progressively each aligned cluster to the seed alignment. 
Starting with highly identical sequences and repeating the whole process by progressively 
lowering the identity threshold down from 60 to 55, 50, 45, 40, and 30 makes the update of the 
MSA more efficient and safer. In particular, this help to limit the addition to the eventually 
obtained reference alignment of new indels that are not compatible with information based on 
the seed alignment. 

2.3. Updating the reference alignment and the phylogenetic tree 
We can further update this optimal MSA by adding, as soon as they are published, any new 
homologous sequence by reiterating the approach described above. Accordingly, one can 
reconstruct the most recent phylogenetic tree [7], allowing to refine the study of protein history and 
species evolution and to improve by monophyly the functional annotation of the added homologues. 

3 A test case 
To illustrate the efficiency of our tool, we applied it to a badly defined composite family. We chose 
dihydroorotases (third step of pyrimidine biosynthesis) as a test case because (i) this enzyme family 
is rather complex with two types separated in several classes [8], (ii) we previously showed that 
some of these types interact with aspartate carbamoyltransferases  (second step of pyrimidine 
biosynthesis) at the level of their quaternary structures [9], (iii) these dihydroorotases belong to the 
superfamily of amidohydrolases [10]. Using our approach, we obtained a tree that allows to 
(re)annotate many of these amidohydrolases and to precise the type and class of each 
dihydroorotase. Over the past two years, the tree kept its global topology at each update, allowing 
many new unknown homologues to be correctly annotated or reannotated. We will demonstrate the 
efficiency of our approach by using specific statistical tools [11,12] to compare the tree made with 
our tool and the standard tree obtained when aligning in one step the same set of sequences. 
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Abstract: To understand the functional role of an RNA in the cell, it is useful to know its
structure or at least an approximation of its structure such as the secondary structure.
In this perspective, the energy landscape gives a useful insight into all potential confor-
mations of the molecule. Here we propose to study the energy landscape of a given RNA
sequence by considering locally optimal structures. Locally optimal structures are ther-
modynamically stable structures maximal for inclusion: they cannot be extended without
producing a conflict. We propose a new algorithm, Regliss, that computes all locally
optimal structures for an RNA sequence. The algorithm is implemented and runs on a
publicly accessible web server.

Keywords: RNA, energy landscape, secondary structure, locally optimal structures

1 Structures localement optimales

Pour découvrir et comprendre la fonction d’une molécule d’ARN, comme un ARN non-codant, il
est utile de connaı̂tre sa structure, ou au moins une description de sa structure comme la structure
secondaire. Dans ce contexte, le paysage énergétique d’un ARN fournit une information riche: c’est
l’ensemble des conformations possibles et leur énergie.

Peu d’outils existent pour étudier ce paysage énergétique. Mfold [8,4] prédit la structure op-
timale d’un ARN, ainsi que certaines structures sous-optimales. Cet ensemble ne couvre toutefois
pas l’intégralité des structures sous-optimales. Pour chaque paire de bases, Mfold génère en effet
la meilleure conformation contenant cette paire de bases. Certaines structures contenant deux ap-
pariements non optimaux ne sont ainsi pas obtenues. Alternativement, RNAsubopt [7] produit toutes
les structures secondaires d’une séquence d’ARN. Vu le nombre exponentiel de ce type de structures,
les informations intéressantes pour obtenir un paysage énergétique sont alors noyées dans un grand
nombre de structures inutiles. À cet effet, RNAshapes [6] est un post-traitement de RNAsubopt
qui réduit ce grand nombre de structures à quelques structures globalement différentes.

On voit que malgré ces méthodes existantes, décrire d’une manière concise et exacte l’ensemble
des conformations pertinentes d’une molécule d’ARN reste un problème non résolu. Comment
choisir des représentants pertinents parmi toutes les conformations possibles ? Les structures lo-
calement optimales sont des structures secondaires maximales par l’inclusion: dans ces structures,
tout nouvel appariement entre deux bases conduit à la création d’un pseudo-nœud ou d’un triplet.
Ce concept a déja été étudié par Clote [1], qui a proposé un algorithme de dénombrement de telles
structures. À côté de cette définition topologique, a été introduite une définition énergétique [3]: les
structures sont les minimums locaux du paysage énergétique sur le modèle de Turner, et cet ensemble
contient la structure optimale.
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2 Regliss: algorithme et implémentation

Nous proposons une approche qui s’inspire de la définition topologique, tout en prenant en compte
les informations énergétiques, à travers la formation d’hélices thermodynamiquement stables. Pour
cela, nous considérons des structures localement optimales construites à partir d’un ensemble de tiges
potentielles (fournies par exemple par unafold [4], mc-fold [5] ou représentant des contraintes
connues par l’utilisateur). Les relations entre deux tiges potentielles sont: juxtaposition, croisement,
inclusion ou conflit. Une structure localement optimale est ici une structure contenant le maximum
de tiges compatibles: on ne peut plus ajouter de tiges sans créer un conflit.

Nous avons conçu un algorithme, appelé Regliss (pour RNA energy landscape and secondary
structures), pour ce problème. L’idée de l’algorithme est que l’ensemble des structures localement
optimales peut être généré à partir de l’ensemble des structures maximales par juxtaposition, sans
relation d’imbrication. Pour produire ce type de structures, l’efficacité du calcul est assurée par
deux propriétés. En premier lieu, l’algorithme procède par programmation dynamique, constru-
isant l’ensemble des structures maximales pour la juxtaposition de manière incrémentale, à partir
des résultats sur les sous-séquences. Le deuxième point est qu’il dispose d’un mécanisme de filtrage
qui évite de reproduire les structures déjà incluses dans une autre structure précédemment trouvée.

Il est à noter que la définition d’optimalité locale est principalement topologique, et permet de
s’affranchir d’un modèle énergétique sophistiqué. Nous proposons toutefois, en option, de trier et
de sélectionner les structures localement optimales suivant l’énergie libre fournie par le modèle ther-
modynamique standard avec RNAeval [2]. Regliss a été implementé en C. Un serveur web est
disponible à l’adresse http://bioinfo.lifl.fr/RNA/regliss, qui offre également des
outils de visualisation des structures localement optimales.

Figure 1. Exemple de résultat de Regliss.
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Abstract: RNAspace is a web platform for non-coding RNA (ncRNA) identification 
in genomic sequence. The platform offers an integrated environment for running a 
variety of ncRNA gene finders, exploring predictions with dedicated tools for 
comparison, visualization and edition of candidate ncRNAs and exporting results 
in various formats. The platform is developed both as a web site (with limitations 
on analyzed sequence size and execution time), and for local installation with user 
authentication. 

Keywords: non coding RNA, annotation, ncRNA gene finder. 

The availability of complete genome sequences and the development of high throughput 
technologies have led to the accumulation of raw biological data at an unprecedented scale. 
Whereas structural and functional protein annotation is now considered as a task which is relatively 
well solved, ncRNA genes are not (or at a weak level) integrated in these environments. This fact 
can be explained by a few reasons which are respectively a recent interest for ncRNA, the absence 
of general ncRNA prediction methods and the difficulty to analyze these molecules with regard to 
their sequence and structure conservation. The latter task generally requires an expertise level not 
widespread and the need to use analysis and edition tools more sophisticated than pure similarity 
search. The increasing number of ncRNA discovered and the lack of user friendly tools for finding 
and annotating them, have made necessary to propose to biologists an in silico environment 
allowing structural and functional annotations of these molecules.  
For this purpose, a web platform called RNAspace is being developed as a collaborative and open 
software allowing to: 

• run a variety of ncRNA gene finders in an integrated environment,  
• explore computed results with dedicated tools for comparison, visualization, alignment and 

edition of putative ncRNAs  
• and export them in various formats (FASTA, GFF, RNAML).  
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Gene finders are organized into three categories containing respectively : 
1. known RNA based gene finders including (i) sequence homology search tools (BLAST 

[1], YASS [2]) on ncRNA databases (Rfam [3], fRNAdb [4]), (ii) general purpose 
RNA motif search tools (darn! [5], Erpin [6]), (iii) specialized search tools (RNAmmer 
for ribosomal RNAs [7], tRNAscan_SE for transfer RNAs [8]) 

2. comparative analysis gene finders (an ad hoc pipeline has been implemented based on 
BLAST or YASS for similarities search and caRNAc [9] or RNAz [10] for consensus 
structure inference), 

3. an ab initio gene finder based on detection of atypical GC% regions.  

Once the execution of selected gene finders is achieved, an overview of all putative ncRNAs 
found on the genomic sequence is given. Their main characteristics are displayed in a list that can 
be dynamically explored by sorting and filtering its content. For each putative ncRNA or a selection 
of them, more details are computed on line (e.g., compute and visualize a secondary structure, align 
a selection of predictions and visualize the alignment, save and store an alignment...). It is also 
possible to edit and to delete any putative ncRNA.  

The platform is developed to be both available through a web site www.rnaspace.org (with 
limitations on analyzed sequence size and execution time) and local installations with user 
authentication. RNAspace is a collaborative platform, that is intended to be in constant 
development. In the near future, we plan to incorporate supplementary prediction approaches, to 
provide advanced tools to eliminate redundant results, to add visualization features using a genome 
browser, to include information on the genomic context... 

Acknowledgements 

This work is founded by RNG (Réseau National des Génopoles), french network of Genomic 
Centers. 

References 

[1] S.F. Altschul, W. Gish, W. Miller, E.W. Myers, D.J. Lipman, Basic local alignment search tool. J Mol 
Biol 215 (3): 403–410, 1990. 

[2] L. Noe, G. Kucherov, YASS: enhancing the sensitivity of DNA similarity search. Nucleic Acids 
Research, 33(2), 2005: 

[3] P.P. Gardner, J. Daub, J.G. Tate, E.P. Nawrocki, D.L. Kolbe, S. Lindgreen, A.C. Wilkinson, R.D. Finn, 
S. Griffiths-Jones, S.R. Eddy and A. Bateman, Rfam: updates to the RNA families database. Nucleic 
Acids Research, 37(Database Issue), 2009. 

[4] T. Kin, K. Yamada, G. Terai, H. Okida, Y. Yoshinari, Y. Ono, A. Kojima, Y. Kimura, T. Komori, K. 
Asai, fRNAdb: a platform for mining/annotating functional RNA candidates from non-coding RNA 
sequences. Nucleic Acids Research, 35(Database Issue), 2007. 

[5] M. Zytnicki, C. Gaspin, T. Schiex, DARN! A Weighted Constraint Solver for RNA Motif Localization. 
Constraints, Vol. 13, 2008.  

[6] D. Gautheret, A. Lambert, Direct RNA Motif Definition and Identification from Multiple Sequence 
Alignments using Secondary Structure Profiles. J Mol Biol. 313:1003-11, 2001. 

[7] K. Lagesen, P. Hallin, E.A. Rødland, H.-H. Stærfeldt, T. Rognes, D.W. Ussery, RNAmmer: consistent and 
rapid annotation of ribosomal RNA genes. Nucleic Acids Research, 35(9), 2003. 

[8] T.M. Lowe, S.R. Eddy, tRNAscan-SE: A program for improved detection of transfer RNA genes in 
genomic sequence. Nucleic Acids Research, 25(5), 1997. 

[9] H. Touzet, O. Perriquet, CARNAC: folding families of non coding RNAs. Nucleic Acids Research, 
142(Web Server Issue), 2004. 

[10] S. Washietl, I.L. Hofacker, P.F. Stadler, Fast and reliable prediction of noncoding RNAs. Proc. Natl. 
Acad. Sci. U.S.A. 102, 2454-2459, Feb. 2005. 



JOBIM 2009 Nantes

175

A new portal on INRA URGI bioinformatic platform, to bridge 
genetics and genomics plant data with 2 new tools, a quick 
search tool and an advanced search tool to mine the data 

 
 

Delphine Steinbach1, Erik Kimmel1, Aminah-Olivia Keliet1, Michael Alaux1, Nacer Mohellibi1, Daphné 
Verdelet1, Joelle Amselem1, Sophie Durand1, Cyril Pommier1, Isabelle Luyten1, Sébastien Reboux1, Hadi 

Quesneville1 

1URGI (Unité de Recherche Génomique-Info, INRA, 
Centre INRA de Versailles, bâtiment 18, RD 10, 78000, Versailles, France 

urgi-contact@versailles.inra.fr 
 

Abstract: URGI (Unité de Recherche Génomique-Info) is an INRA bioinformatics unit dedicated to 
plants and pest genomics. Created in 2002, one of its mission is to develop and host a genomic and 
genetic information system called GnpIS, for INRA plants of agronomical interest and their 
bioagressors. It hosts a bioinformatics platform which belongs to the ReNaBi network and has a 
national interorganism label (RIO/IBISA 2007). The URGI maintains an efficient computing 
environment and offers services covering database conception, software engineering, and 
bioinformatics. Since 2008, a focus is done on doing an interoperability between both the tools (a 
set of Oracle, PostGreSql, MySql databases and their interfaces in Java,Perl ) and the data located 
in all these databases (for example on Wheat and Gravevine data). New developments and 2 new 
tools were developped since march 2008 to search through all these data like a “google search” 
via indexes (“Quick search tool”) or via dedicated marts (“Advanced search tool”) We will 
present here these last developments, already available since January 2009 on our public web site 
at this url:http://urgi.versailles.inra.fr/gnpis. In summary ,it is the first version of a new portal to 
bridge plant genetics and genomics data, which rely on a set of databases (GnpIS) and 2 new tools 
to query through all these databases transparently, one tool (“a quick search tool”) based on 
Lucene (a high-performance, full-featured text search engine library, http://lucene.apache.org,), the 
other one (“an advanced search tool”) based on Biomart (a query-oriented data management 
system http://www.biomart.org) 
 
Keywords: Genomics, databases, information system, bioinformatics platform, index, lucene, mart 
 
1 Introduction 

   INRA Unité de Recherches Génomique-Info (URGI) is a bioinformatics research INRA unit 
created in 2002 (previously known as Genoplante-info). The unit has a research team which works 
on genome structure, dynamics and evolution by focusing on repeat sequences analysis (REPET 
pipeline). The unit hosts a bioinformatic platform, labelled at national level: RIO/IBISA 2007 and 
member of the French National Network of Bioinformatic Platforms (ReNaBi). The main platform 
mission is to maintain a repository called GnpIS for plant and pest genomic and genetic data and to 
offer tools, web interfaces, pipelines and support to biologists and bioinformaticians to mine and 
extract valuable information in a single repository to be able to navigate, analyze, compare and 
export data. The platform is since 2000, the official repository for Genoplante projects data. It is 
also now the repository for Wheat and Grape data at INRA level but also at international level for 
Grape sequence annotation data. It is in increase in terms of size and projects number as coordinator 
or partners. It maintains a private site for these partners (https://gpi.versailles.inra.fr, ask urgi-
contact@versailles.inra.fr for an account) and for all a public Web site: 
(http://urgi.versailles.inra.fr). 



JOBIM 2009 Nantes

176

The results presented in this poster are focused on the last developments done since 2008, in the 
frame of an ANR GnpInteGr project, whose aim is to build a new portal to be able i) to query 
transparently and rapidly (as “a google search”) through genomics and genetics data located in all 
the databases (GnpIS) of the URGI platform information system and also to be able ii) to build 
complex queries over dedicated marts, made according to biologist needs in fields like genetic and 
physical mapping, polymorphism and genome annotations.  

2 GnpIS, information system :  

   The URGI information system called GnpIS, is a web based system composed of a several 
applications (in Java and Perl) built above a centralized relational database that includes schemas 
dedicated to sequence data (EST, contigs) in GnpSeq database module, genomic annotation data in 
GnpGenome, genetic mapping data (markers, maps, QTLs)  in GnpMap, expression data in 
GnpArray, proteomic data in GnpProt, SNP data in GnpSNP but also genetic resources data and 
phenotypes in Siregal, Ephesis applications. Data are submitted by the laboratories through an 
automatic Web submission tool which allows the checking and the data bulk loading. Web 
interfaces allow the biologists to query and visualize the data and navigate through them.  
   The 2008-2009 ongoing developments are the creation of an interoperability between the 
genomic and genetic databases modules to allow either a quick simple query like “a google 
search”, either integrated queries based on dedicated datamarts, involving all kind of data 
together and providing both as results, a list of items allowing to go deeper into details in the 
data via the existing Gnp* interfaces. 2 technologies are used, Biomart and Hibernate/Lucene 
technology, JAVA J2EE technology. We will present in this poster, the first version of this new 
portal, on line since December 2008 for its first version on http://urgi.versailles.inra.fr/gnpis. This 
interface is improved and released regularly (following Agile development methodology) to add 
new functionalities according to users feedbacks and user needs. Some demo and tutorial (electronic 
tutorial via animation) are available. New important data are also in progress to be loaded into the 
information system, to provide more useful links to biologists in their research fields to identify for 
example, genes responsible for their traits of interest. 3 ‘interoperable’ pilots data sets ‘ are in the 
way to be released on the public site: a poplar, a grapevine and a wheat sets. A publication is in 
preparation. 
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Abstract: The URGI genomic annotation platform, developped in the framework of 
the GnpAnnot project, relies on well known GMOD tools (http://gmod.org): 
Apollo, Chado and GBrowse. Apollo is the graphical interface for visualization 
and annotation edition allowing curators to edit their genes according to evidences 
(transcript and protein similarity, comparative genomics). Manual annotations 
(gene curation validated/in progress) are saved in a dedicated Chado database 
and shared at the same time with other community annotation members. Validated 
genes/pseudogenes are then commited in a second Chado database accessible by 
Gbrowse. We will present here this “roundtrip” annotation system. 
 
Keywords:  genomic annotation platform, structural annotation, functional 
annotation, manual curation, database, GMOD, Apollo, Chado, GBrowse, URGI, 
GnpAnnot. 

1 Introduction 
The INRA URGI (Unité de Recherche en Génomique-Info) is a bioinformatic team whose main 
mission is to develop and maintain an information system for plant and bio-agressors genomes 
through the development of national or international collaborative projects involving biologists and 
bioinformaticians. It maintains a public Web site: http://urgi.versailles.inra.fr 
URGI is involved in the GnpAnnot project to set up a structural and functional manual annotation 
system for eukaryotic genomes.  
 
2 Roundtrip Apollo – Chado – GBrowse  
In the framework of the GnpAnnot project, we set up a manual genomic annotation platform relying 
on the international open source project Generic Model Organism Database (GMOD, 
http://www.gmod.org). The main goal is the development of  the data flow management called 
“the roundtrip” between Chado database, Apollo genome annotation editor and GBrowse genome 
browser. Apollo is directly connected to Chado using the “pure JDBC” direct communication 
protocol.  Moreover, we are also involved in the improvement of Apollo software. 
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Researchers create/curate genes  using Apollo genome editor on their personal computer. Once 
genomic annotations are validated (genes, pseudogenes), a pipeline extracts data from  
Chado4Apollo database to gff3 files, then updates Chado4Gbrowse database interfaced by 
GBrowse available at: http://urgi.versailles.inra.fr/gbrowse. 
 

 
Figure 1. Roundtrip Apollo <-> Chado <-> Gbrowse 

This figure shows the different steps of the roundtrip. Results obtained from automated annotation 
are parsed in GFF3 format. This GFF3 files are used to populate both Chado4Gbrowse and 
Chado4Apollo databases (Chado model). Gene manual curation is done by scientists using Apollo 
interface. Chado4Gbrowse is periodically updated with validated genes extracted from 
Chado4Apollo. 
 

3 Application 
Manual curation roundtrip system, using Apollo, has been set up for two genome communities 
annotators: the International Aphid Genome Consortium and the International Botrytis-Sclerotinia 
genome project consortium. We are currently setting up new instances of the system in the 
framework of the Franco-Australian Leptosphaeria maculans genome project, the Franco-Italian 
Tuber genome project and the International Vitis genome consortium. 
 

4 Perpectives 
In the future, we will improve the manual curation platform and develop a fonctional annotation 
curation system.  Try to make easier the “roundtrip” with only one database for GBrowse and 
Apollo.  
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Abstract: The small Heat Shock Proteins (sHSP) belong to the chaperone family. 
Until now, only three structures of sHSP are available in the Protein Data Bank 
(PDB). The database sHSPprotseqDB aims at collecting the large amount of 
protein sequences of sHSP reported in Uniprot in order to predict their structural 
properties. The sHSP are ubiquitous proteins that can be classified into distinct, 
well-characterized groups. Combining sequence alignments, secondary structure 
predictions and available data reported in the literature, the three regions, Nter, 
ACD and Cter, are delimited for each protein. Preliminary statistical analyses 
reveal that it is more relevant to study separately the three regions than the whole 
sequence. Our first results show that these regions display specific properties in 
their length, amino acid composition or main secondary predicted structure. The 
database is intended to facilitate further correlation analysis on the sHSP. The 
originality of this database is to include sequence features and structural 
properties in order to help the biologist to design experiments, for instance 
mutagenesis on appropriate locations, and to gain some structural information. 

Keywords: small Heat Shock Proteins (sHSP), chaperone, database, structure 
prediction. 

The small Heat Shock Proteins are chaperone-like proteins. Under a cellular stress, they are able to 
protect unfolded proteins or non native proteins against aggregation [1]. They are thus able to 
interact with a large variety of substrates, however the mechanisms of this chaperone-like function 
are still poorly described. At structural level, they form assemblies of variable size but the building 
subunit of the assembly has a very conserved fold within the family. This subunit is composed of 
three regions, namely the Nter, the Alpha Crystallin Domain (ACD) and the Cter region [2]. 
Whereas only 3 structures are available in the Protein Data Bank (PDB), more than 2000 protein 
sequences are reported in Uniprot.  
We aim to collect and explore the protein sequences in order to predict structural properties in the 
sHSP family. In this work, we present the first database, sHSPprotseqDB, dedicated to the small 
Heat Shock Protein family. This database (DB) was built in several steps : (i) determination of 
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criteria to extract the protein sequences from Uniprot, (ii) classification of the sequences in groups 
as described in the literature, (iii) extraction of properties on the whole sequences or on the different 
regions (amino acid composition, length, secondary structure predictions ...), (iv) implementation of 
queries in the DB for correlation analysis.   

A preliminary dataset was built containing more than 2000 protein sequences collected in 
Uniprot. These sequences were selected depending of their protein attributes (sequence length, 
protein existence level, ...) as defined in Uniprot. Different informations are also extracted directly 
from Uniprot annotation (accession number, organism, protein attributes, function, subcellular 
location ...). According to the literature, the sequences are classified into groups such as fungi, 
plants, animals, archaea, or bacteria [3]. Structural properties and sequence analysis are computed. 
All these results are combined with the three sHSP known structures to delimitate the three regions, 
Nter, ACD and Cter, in each sequence. Our first results show that it is relevant to study the different 
regions separately instead of the whole sequence. In accordance with the literature, the ACD region 
is the most homogeneous region with about 88 residues in length. This region is described as the 
signature of this protein family. In contrast, the Nter and Cter have much more variable lengths 
ranging from few to hundreds of residues. In term of amino acid composition, we can point out 
differences comparing the regions that are not detectable in the whole sequence. Finally, each 
region has a propensity to fold in a particular secondary structure: the structure prediction in ACD 
region is mainly beta strands whereas in the Nter, it is preferentially helices. At this stage of the 
work, we are exploring correlation analysis between groups and/or between regions, extracting 
conserved motifs and predicting other structural properties from sequences. All these data will be 
combined to give some clues from sequence to structure. 
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Abstract: The Génolevures online database (http://cbi.labri.fr/Genolevures/ and 
http://genolevures.org/) provides exploratory tools and curated data sets relative to 
nine complete and seven partial genome sequences. They were determined and 
manually annotated by the Génolevures Consortium, to facilitate comparative 
genomic studies of Hemiascomycete yeasts. The 2008 update of the Génolevures 
database provides four new genomes in complete (subtelomere to subtelomere) 
chromosome sequences, 50 000 protein-coding and tRNA genes, and in silico 
analyses for each gene element. A key element is a novel classification of 
conserved multi-species protein families and their use in detecting synteny, gene 
fusions and other aspects of genome remodeling in evolution. Our purpose is to 
release high-quality curated data from complete genomes, with a focus on the 
relations between genes, genomes and proteins. 

Keywords: comparative Genomics, databases, protein families, syntenies, yeast. 

1 Introduction 

Depuis 1999, Le consortium Génolevures explore l'évolution génomique des eucaryotes à travers 
une comparaison à large échelle de génomes de levures annotés manuellement. La base de données 
publique Génolevures évolue à chaque nouvelle version significative telle que : en 2004 avec 13 
génomes partiels [1,2], en 2006 avec 4 génomes complets [3,4] et en 2008 avec 4 nouveaux 
génomes complets [5].  
 
2 Les données et résultats des études 

Le consortium Génolevures séquence, annote, et analyse des génomes complets venant de la 
branche des Hemiascomycetes et réalise sur ses données et celles provenant de génomes extérieurs, 
de nombreuses études de comparaison in silico et expérimentales. 
A partir de ces comparaisons, nous produisons des classifications de gènes, de protéines et de 
séquences pour faciliter les études sur l'évolution moléculaire. Pour la conservation des gènes, les 
gènes spécifiques, nous fournissons des familles de protéines et un outil d'étude des motifs 
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d'épissage, Génosplicing. Par exemple, les 48 889 protéines dans les protéomes prédits des 9 
génomes complets sont classées dans 7927 familles, dont 4369 sont commun à au moins 2 espèces. 
Pour la conservation des fonctions, nous donnons accès aux données de YETI, une classification 
des protéines de transport membranaires, les liens vers d’autres bases de données, aux familles de 
protéines, ou encore à une étude de reconstruction de voies métaboliques. Enfin pour le remodelage 
des génomes, nous mettons à disposition les résultats de travaux sur les blocs de synténies et les 
fusions de gènes. 

3 L'exploration et la structuration du site 

La base de données Génolevures est conçue pour fournir des outils aidant à comprendre les 
mécanismes d'évolution moléculaire des eucaryotes. Ainsi, les questions clés dans le cas de 
Génolevures sont :1) Quels gènes existent, quels sont les orthologues pour mon gène favori ou quels 
sont les membres d'une classe fonctionnelle (mot clé, alignement, homologie)? 2) Qu'est-ce qui est 
connu sur un élément chromosomique donné (élément chromosomique)? 3)Quels types de relation 
existent dans une famille de protéine (familles de protéines)? 4) Comment sont organisés les 
génomes individuellement (cartes, genome browser) et entre eux (synténie)? 5) Comment sont 
classifiés les gènes et les protéines (familles de protéines, fusions, tandems, intron, YETI)?. Pour 
aider les chercheurs à répondre à ces questions, nous fournissons un outil de recherche d'éléments 
via une interrogation par son nom, son annotation, son appartenance à une famille. La recherche 
d’élément peut aussi se faire via son positionnement dans le génome, dans ce cas-là, nous donnons 
accès à la carte des chromosomes et le Genome Browser. Chaque élément ou groupe d’éléments 
présent dans la base de données possède une page descriptive.  

 Toutes les données présentes sur le site Génolevures sont librement disponibles et les instructions 
pour les citer y figurent. Le site web Génolevures est développé en utilisant une architecture 
"transfert d'état representationel" [6] (REST) et les URLs pour les ressources identifiées 
individuellement peuvent être construites systématiquement, par exemple les ressources concernant 
des éléments chromosomaux tel que les gènes (prefix/elt/Abbrev/Element_identifier) ou les familles 
de protéines (prefix/fam/Family_identifier). 
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Abstract: A bioinformatics portal, called HeliaGene (http://www.heliagene.org) 
has been developed for in-depth analyses of Helianthus sp. EST data. This portal 
provides a variety of pre-computed analyses and tools for EST clusters and for 
exploring gene function and protein families in a user-friendly fashion. HeliaGene 
provides the biologists with an interactive access to the annotation of tens of 
thousands of clusters and their corresponding peptides as well as the 
bioinformaticians with a programmatic access to BioMoby web-services and 
BioMoby-based workflows. 

Keywords: Sunflower Genomics, Web-services, Workflows. 

1 Introduction 
 
Grâce d’une part à sa capacité d’adaptation aux environnements pauvres en eau des régions du sud 
de l’Europe  et d’autre part à son potentiel de production de matériel pour les bio-carburants, 
l’espèce de tournesol Helianthus annuus est amenée à occuper une place de plus en plus importante 
parmi les plantes cultivées  pour la production de biocarburants de première génération. Le projet de 
séquençage du génome commence à peine mais une quantité conséquente d’EST de sept espèces 
Helianthus est dès à présent disponible dans les banques publiques (284,251 au 18/01/2008).  
Afin de permettre l’exploitation de ces premières ressources de séquences nous avons développé le 
portail HeliaGene dont le système de navigation permet (i) de rapidement visualiser les 
caractéristiques des clusters d’EST, (ii) d’explorer les fonctions des gènes, (iii) d’analyser les gènes 
et les familles de protéines, (iv) de rechercher des SNP potentiels à partir de polymorphisme intra et 
inter espèces. 

Ainsi, la première analyse des données a été la prédiction de régions codantes à partir des clusters 
d'EST ; prédiction délicate du fait de l'hétérogénéité de ces derniers en terme de profondeur de 
couverture mais aussi par le polymorphisme induit par l’utilisation des séquences de sept variétés 
pour la génération des séquences consensus. Cet assemblage « multi-espèces » a été utilisé comme 
matrice de la puce affymetrix « tournesol » et sert donc de référence à la communauté. Pour prédire 
les peptides nous avons appliqué le programme FrameDP [1] qui est particulièrement adapté à la 
prédiction de CDS à partir de données bruitées. InterProScan a ensuite été utilisé pour analyser 
l'ensemble des peptides prédits afin d'en déterminer la composition en domaines et sites 
fonctionnels et pour proposer une classification basée sur la « Gene Ontology ». 
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2 Le portail http://www.HeliaGene.org 

Le portail web http://www.heliagene.org/ est écrit en Perl-CGI. L'accès aux données se fait via des 
formulaires de recherche multicritères ou via des outils standard tels Blast ou PatScan. Une fiche 
synthétique reporte les caractéristiques de chaque entrée (clusters d’EST et peptides prédits) ainsi 
qu'un résumé des différentes analyses. Plusieurs niveaux d'authentification sont possibles, 
garantissant la confidentialité des données privées. Le portail propose aussi bien des interfaces pour 
les utilisateurs biologistes que des web-services BioMoby pour un accès programmatique aux 
données et aux programmes d’analyses. 

 
2.1 Entrepôt de Données 
 
Les données et les analyses sont structurées au format XML. Nous utilisons le moteur d'indexation 
CLucene (implémentation C++ de Lucene) afin d'indexer et stocker  les fichiers XML. Pour ce 
faire, nous avons développé une suite de programmes Perl qui permettent à partir d'une description 
au format XPath d'indexer n'importe quel fichier XML, de requêter ces index et de générer un site 
web dynamique intégrant un formulaire de recherche multicritères. Nous avons packagé ces scripts 
sous le nom de EZLucene et étendu les fonctionnalités afin d'être capable d'analyser n'importe quel 
fichier texte à partir d'une description basée sur des expressions régulières Perl.  Les résultats 
d'analyses bruts sont quant à eux compressés et stockés dans une BerkeleyDB afin de limiter le 
nombre et la taille des fichiers présents sur le système de fichiers tout en permettant un accès direct 
aux fichiers de données. Enfin, un système de moteur de template (AnotherTemplate.pm) permet un 
rendu HTML des fichiers XML. 
 

2.2 Web Services et Workflows 
 
L’ensemble des données et des programmes sont mis à disposition via des web-services ou des 
workflows BioMOBY[2], les web-services sont soumis à des procédures de test quotidiennes pour 
garantir leurs disponibilités. Ils sont de plus accessibles via le portail Mobyle[3] du LIPM ou à 
partir des gestionnaires de workflows tels Remora[4] et Taverna[5]. 
  

3    Disponibilité 

HeliaGene est accessible à l'adresse http://www.heliagene.org. EZLucene, PlayMOBY et le serveur 
Mobyle du LIPM sont disponibles à partir de http://lipm-bioinfo.toulouse.inra.fr/. 
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Transposable elements (TEs) are repeated genomic sequences almost ubiquitous among prokaryote 
and eukaryote genomes and have a large impact on genome evolution. They are acknowledged as 
main agents involved in genome structure dynamics such as genome size variations and 
chromosomal rearrangements [1] but they can also be viewed as “controlling” elements [2] 
involved in epigenetics mechanisms [3] and the tinkering of gene regulatory networks [4]. 

As the number of sequencing projects is ever increasing, from model species to less studied ones, 
automatic de novo approaches are required to overcome the challenge of detecting nested, 
fragmented TEs in large, newly sequenced genomes. In this aim, we compared several programs 
and implemented a combined approach, the TEdenovo pipeline [5], now part of the REPET 
framework [6]. This comparative analysis has been performed on the Drosophila melanogaster 
release 4 genome as the Berkeley Drosophila Genome Project (BDGP) provides an exhaustive set 
of experimentally verified TEs present in this genome. 
Our de novo approach, namely the TEdenovo pipeline, returns a set of classified, non-redundant 
consensus, each of them built from a multiple alignment of at least 3 genomic sequences. On the 
Drosophila melanogaster release 4 genome, we obtain 704 consensus, a number much larger than 
the 126 sequences present in the BDGP reference databank. We investigated this discrepancy and 
discovered that the  classified, non-redundant consensus obtained with TEdenovo correspond to 
sub-families rather than families within the studied genome. We then reconstructed the families via 
an all-by-all comparison of the consensus followed by a clustering with a 50% coverage constraint. 
We then focused on several families by first looking at the multiple alignments of the consensus, 
and second at the multiple alignments of the genomic sequences used to make these consensus. 
While the former gave a hint, the latter showed that a TE family cannot be reduced to a single 
reference sequence because of the structural variants of the sub-families. 
The fact that de novo approaches detect structural variants for each TE family should improve the 
subsequent annotation process [7]. Therefore, using several consensus for the same TE family, each 
of them corresponding to a specific structural variant, will not only benefit the annotation process 
but will also give insights into the dynamics of the genome subject to TE proliferation. Indeed, this 
lead us to analyse the patterns of indels present in the TE copies. Two statistical analyses are 
performed [8,9] in order to estimate the deletion rate. The first approach uses the positive, 
monotonic correlation between nucleotide substitutions and short deletions to estimate the deletion 
rate with a Poisson law. The other uses a pair-HMM to annotate the indels in a multiple alignment, 
and thus estimate the deletion rate. Therefore, these analyses allow us to quantify the rate at which 
the genome gets rid of TEs by means of small deletions. 
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Abstract: Legoo is a bioinformatics portal (http://www.legoo.org) dedicated to 
legume studies. It targets knowledge integration and focuses on i) comparative 
analysis of genome sequences ii) integration of genome sequences with on one 
hand genetic maps of crops species and on the other hand transcriptomic data 
available on legume models iii) the structuring and representation of knowledge 
derived from the transcriptomic and proteomic approaches.   

Keywords: Genomics, comparative genomics, integration, knowledge base 

1 Introduction 

La biologie intégrative végétale peut être définie comme une intégration multidimentionnelle. 
Ainsi il convient, dans un premier temps, d’intégrer différents types de données « haut-débits ». Le 
second axe d’intégration doit permettre l’interprétation des données moléculaires à des niveaux 
d’organisations plus importants (cellule, tissu, etc.). La troisième dimension de l’intégration 
correspondant au transfert de connaissances entre les espèces modèles et d’intérêts agronomiques 
rendu possible par la comparaison de cartes génétiques et de génomes. « Legoo » fournit de 
nombreuses ressources le long des trois axes de l’intégration. Contrairement aux ressources 
existantes, Legoo se focalise sur la gestion et la représentation des connaissances à partir des 
réseaux de gènes et de comparaisons inter-espèces, proposant ainsi de  multiple points de vues sur 
les données et les connaissances acquises chez les légumineuses. 

2 Principales fonctionnalités du portail  

2.1  Outils génomiques génériques. 

Legoo fournit un accès aux données des légumineuses pour lesquelles des ressources génomiques 
ont été produites (Medicago truncatula, Lotus japonicus, soja). Ainsi une vingtaine de jeux de 
données peut être analysée à partir de serveurs « Blast » et « PatScan ». Les génomes annotés sont 
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quand à eux accessibles sous forme de fichiers plats et à partir des logiciels d’annotation Artemis 
[1] et Apollo [2] exécutés en mode web-start afin de simplifier leur utilisation. 

2.2 Structuration et représentation des connaissances 

L’objectif actuel est d’être capable de modéliser les processus biologiques pour tenter de prédire in 
silico l’évolution  de ces processus sous différents contraintes. Afin d’entraîner ces modèles, il 
convient dans un premier temps de structurer et de collecter les connaissances. C’est pourquoi, nous 
avons implémenté une base de connaissance « minimale » qui va permettre de structurer sous forme 
de graphe les connaissances issues de la littérature ou d’une analyse experte. Une interface web 
permet de renseigner, d’interroger et de naviguer dans ce graphe de relation qui peut être également 
chargé automatiquement dans cytoscape [3].  

2.3 Intégration des « omics » et transfert des connaissances entre espèces. 

L’exploration du transcriptome de Mt a été initié bien avant l’achèvement de la séquence du 
génome, ce qui a conduit a utiliser dans la littérature de multiples nomenclatures liées aux 
différentes technologies et rend difficile la comparaison de listes de gènes. Nous avons donc 
développé l’outil « nickname » qui à partir de n’importe quel identifiant d’abord identifier le jeu de 
données auquel il appartient puis tous ses synonymes dans les jeux de données cibles.  

Le mécanisme d’intégration des données proposé par  nickname est complété par l’exploitation 
systématique des comparaisons de génomes via la plateforme Narcisse  dédiée aux plantes [4]. 
Ainsi, Narcisse permet d’identifier et de représenter intéractivement les régions synténiques entre 
les différentes légumineuses. Il est ainsi aisé d’identifier les régions synténiques entre la plante 
modèle (Mt) et l’espèce d’intérêt agronomique, le soja (Gm), puis, pour une région synténique 
d’intérêt d’interroger dynamiquement la base de connaissance « Medicago truncatula » pour mettre 
graphiquement en vis-à-vis les données d’expression obtenues sur le modèle avec les gènes 
orthologues potentiels de l’espèce d’intérêt et ainsi faciliter le transfert de connaissances. 

3     Disponibilité 
 

Legoo est mis à disposition http://www.legoo.org aussi bien pour une utilisation par les utilisateurs 
finaux que sont les biologistes que pour un accès programmatique a partir des web-services 
BioMoby développés à partir du « framework » PlayMOBY (http://lipm-bioinfo.toulouse.inra.fr). 
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Abstract: ELIXIR is an EU Framework 7 Preparatory phase project for research 
infrastructures. Its goal is to construct and operate a sustainable infrastructure for 
biological information in Europe to support life science research and its 
translation to medicine and the environment, the bio-industries and society. 
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1 Introduction 

The objective of ELIXIR is to secure funding commitments from government agencies, research 
councils, funding bodies and scientific organisations within Europe, with the purpose of 
constructing a world-class and globally positioned European infrastructure for the management and 
integration of information in the life sciences. 

2 Mission 

To build a sustainable European infrastructure for biological information supporting life science 
research and its translation to medicine, the environment, the bioindustries, and society. 

3 Benefits 

ELIXIR will contribute to European science by: 
• Optimising access to and exploitation of life-science data. 
• Ensuring longevity of data and protecting investments already made in research. 
• Increasing the competence and size of the user community by strengthening national efforts in 

training and outreach. 
• Enhancing the global success and influence of Europe in life-science research and industry. 

4 Rationale 

To thrive, Europe needs:  



JOBIM 2009 Nantes

190

• Coordinated data resources for the life sciences, with improved access and links with data in 
other related domains. 

• A united European voice to influence global decisions and maintain open access. 
• Adequate, sustainable funding for this distributed infrastructure 
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Abstract: TranscriptomeBrowser is a software for integration and analysis of high-throughput
genomic data. It is based on a database that stores a large collection of transcriptional
signatures. This paper describe the development of new tools, a web service and the
RTools4TB R package, that are intended to ease programmatic access to the database.
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1 Introduction

We recently developed a novel clustering algorithm, DBF-MCL (“Density Based Filtering and Markov
Clustering”), that relies on nearest neighbor call analysis and on subsequent graph partitioning step
using the Markov clustering [1][2]. One interesting aspect of DBF-MCL is that it was designed
to handle noisy microarrays datasets as it can detect informative genes (those that fall into a cluster)
prior to classification procedure. Taking advantage of the capabilities of DBF-MCL we searched clus-
ters of co-regulated genes in a large panel of human, mouse and rat Affymetrix microarray datasets
stored in the Gene Expression Omnibus database. All transcriptional signatures (TS) where stored
in a relational database and a JAVA interface, TranscriptomeBrowser (TBrowser, http://tagc.univ-
mrs.fr/tbrowser), was developed [1]. As reported earlier, TBrowser can be used to search though
hundreds of experiments for the joint regulation of several genes or to find the biological contexts
in which they are regulated. In order to ease programmatic access to the TranscriptomeBrowser
(TBrowserDB) database we have (i) extended the capabilities of the search engine, (ii) developped
a dedicated web service and (iii) build RTools4TB, an R package that implements the DBF-MCL
algorithm and can perform calls to the web service.

2 TBrowser search engine improvement and web service development.

TranscriptomeBrowser comes with a sophisticated seach engine that allows complexe queries to be
performed by the use of logical operators (“&”, “|”, “!”). As an example, user can search for TS
containing the CD3E and CD4 markers but not the CD22 or CD14 marker :“CD3E & CD4 & !(CD19
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|C14) ”. We implemented a new search method that allows one to find TS containing at least a given
proportion (e.g., 80%) of a user-defined gene list. This novel type of query is particularly interesting
when one wants to compare large gene lists (as those provided by all high throughput methods) to
previously obtained microarray results. Moreover, still with the motivation of facilitating access to
TBrowserDB, we developped a web service. Queries can be performed through the RTools4TB R
package described below.

3 RTools4TB

RTools4TB (http://tagc.univ-mrs.fr/tbrowser/Rlib) is implemented in R programming language. For
the representation of DBF-MCL results (DBFMCLresult class), we used the ’S4’ system of formal
classes and methods, that was popularized by the bioconductor project [3]. The core subroutine of
DBF-MCL algorithm were written in C and are linked dynamically into R. Currently, the partitioning
step is performed using a system call to the MCL application. This limits the use of RTools4TB
to unix-like platforms. RTools4TB implements several popular normalization methods that can be
applied to the dataset prior to classification (normal score transformation, quantile normalization, rank
normalization). Furthermore, the DBF-MCL function can be used with various metrics for distance
calculation (Euclidean distance, Pearson’s correlation coefficient-based distance, Spearman’s rank
correlation-based distance). Finally, access to TBrowserDB can be done using various functions in
order to retrieve a set of transcriptional signatures (based on gene composition, experiment, platform
or annotation) or to retrieve informations about a microarray experiment or a platform.

4 Conclusions and prospects

We have developed several new tools to facilitate programmatic access to the TBrowserDB. In the
future, we plan (i) to provide local database support and (ii) to integrate additional technologies such
as ChIP-chip and ChIP-seq data.
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Abstract: New methods and tools are needed to exploit the unprecedented source of
information made available by the completed and ongoing whole genome sequencing
projects. The Narcisse database is dedicated to the study of genome conservation, from
sequence similarities to conserved chromosomal segments or conserved syntenies, for
a large number of animals, plants and bacterial completely sequenced genomes. The
query interface, a comparative genome browser, enables to navigate between genome
dotplots, comparative maps and sequence alignments.
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1 Introduction

L’un des défis majeurs de la bioinformatique de la période actuelle réside certainement dans sa
capacité à exploiter pleinement l’information apportée par les génomes entièrement séquencés. Nous
proposons d’accéder aux génomes séquencés et à leurs annotations à travers un navigateur de génomes
comparés nommé Narcisse. Le nom de l’outil est inspiré par le principe adopté d’une représentation
en miroir des segments chromosomiques conservés : les synténies conservées. L’originalité de l’outil
réside, à nos yeux, dans sa capacité à caractériser différents niveaux de conservation, de l’alignement
de séquences à la conservation de segments chromosomiques. Il est disponible à l’adresse suivante :
http ://narcisse.toulouse.inra.fr [1].

2 Données et méthodes

Données Tous les génomes entièrement séquencés et publiquement disponibles sont intégrés à
Narcisse. La grande majorité des génomes et leurs annotations sont téléchargés à partir de la division
genome de genbank. Les génomes de certaines espèces de plantes sont téléchargés à partir de sites
dédiés. Les données sont structurées en quatre “règnes” : bactéries, champignons, plantes et animaux.
Seules les espèces d’un même règne sont comparées entre elles.

En plus du site web, nous proposons aux développeurs de workflows un accès aux données via
des services web de type Biomoby [4].
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Reconstruction des synténies conservées Au sein d’un même règne, toutes les comparaisons
2-à-2 de génomes sont réalisées aussi bien au niveau nucléique que protéique. Pour la comparaison
nucléique, un programme nommé glint, développé par deux d’entre nous (Faraut et Courcelle, en
préparation), permet une comparaison efficace grâce à un principe d’indexation de génomes. Le pro-
gramme blast [2] est utilisé pour la comparaison protéique. Les alignements protéiques sont projetés
sur le génome et combinés aux alignements nucléiques avant de procéder à l’identification de seg-
ments conservés. Les clusters d’alignements locaux qui présentent un certain degré de colinéarité
entre les deux génomes sont considérés comme reflètant une conservation ancestrale de régions sous-
jacentes. Afin de distinguer les réarrangements à petite échelle des réarrangements impliquant de
larges régions chromosomiques, les conservations de synténie sont organisées sur plusieurs niveaux
d’organisation hiérarchique.

Méthodes de visualisation Le navigateur de génomes comparés Narcisse permet d’explorer les
niveaux de conservation à l’aide de différentes méthodes de représentation : dotplot, cartes comparées
et représentations circulaires (Circos [3]). Des mesures quantitatives caractérisant les régions chro-
mosomiques (gc%, densité en gènes, ...) complètent les annotations qualitatives habituelles (gènes,
exon, rna, ...). Des fonctionalités avancées de zoom sont offertes, ainsi que la possibilité de choisir
l’un ou l’autre des niveaux de conservation proposés, suivant le niveau de détail souhaité. Enfin, des
liens hypertextes sont proposés vers les entrées correspondantes de Genbank.

Notre site permet également de comparer un génome de référence à plusieurs génomes cibles
simultanément, aussi bien dans la représentation principale qu’avec la représentation circulaire Cir-
cos. Nous proposons également une comparaison d’un génome avec lui-même afin de localiser les
duplications internes (en particulier pour l’instance dédiée aux plantes).
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[2] Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ (1996). Gapped BLAST
and PSI-BLAST : a new generation of protein database search programs. Nucleic Acids Res 25 :3389-402.

[3] Krzywinski M. http ://mkweb.bcgsc.ca/circos/.

[4] Carrere S, Gouzy J. (2006) REMORA : a pilot in the ocean of BioMoby web-services. Bioinformatics
22 :900-1.



JOBIM 2009 Nantes

195

Hierarchical study of Guyton Circulatory Model

Rodrigo Assar Cuevas1, Hayssam Soueidan1, David J. Sherman1

INRIA Team MAGNOME and CNRS UMR 5800 LABRI, Université Bordeaux
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Abstract: This article presents an initial study of the Guyton Circulatory Model using
BioRica. This model consists of 18 connected modules, each of which caracterise a
separate physiological subsystem. We have focused the present analysis in the Renin-
Angiotensin-Aldosterone System (RAAS). The use of BioRica allowed us to build an
hierarchical model for this system by means of directly mapping modules to BioRica
nodes. The results of each node were validated by comparison with published results.

Keywords: Hierarchical Models, Blood Circulation, Renin-Angiotensin-Aldosterone Sys-
tem.

The Guyton model ([1]) is an extensive mathematical model of human circulatory physiology, that
caracterises relations between conditions and physiological responses. Initially it defined relations
between cardiac ouput and central venous and right atrial pressure, and was extended over time to
include many physiological control processes. The Guyton Circulatory Regulation model consists of
18 connected modules, each of which characterises a physiological subsystem. Circulation Dynamics
is the primary module. This model is naturally hierarchical, but historically has been defined using
a flat collection of differential equations. We started analyzing the main points of the renal control
of the blood pressure, in particular the Renin-angiotensin-aldosterone system (RAAS). The RAAS
is crucial for the model ([2], [3]) and therapeutic manipulation of this pathway is very important in
treating hypertension and heart failure. In general terms, a sustained fall in blood pressure causes the
kidneys to secrete renin. This hormone stimulates the production of angiotensin in the circulation,
whicht causes blood vessels to constrict, and stimulates the adrenal gland to produce aldosterone. This
causes the tubules of the kidneys to retain sodium and water resulting in increased blood pressure.
The mechanism of autonomic nervous controls of salt and water balance by the ADH (antidiuretic
hormone) is also included. In this study we obtain, implement and test a true hierarchical model of
the RAAS using BioRica. Our final goal is to build a more extensive model.

BioRica ([4]) is a high-level modeling framework developed by the MAGNOME team of INRIA
that extends AltaRica ([5]) for biological applications, integrating discrete, continuous, stochastic,
non deterministic and timed behaviors in a non-ambiguous way. The main advantage of using BioR-
ica is that allows the caracterisation of hierarchical relations between nodes by means of dataflow
links, leading to more expressive designs that can be more easily understood. Each module of the
Guyton model that is associated to the RAAS was mapped into a BioRica node. We obtained the
BioRica RAAS model, the hierarchical set of nodes and input-ouput relations between them. The
nodes that were coded are: Angiotensin control, Aldosterone control, Antidiuretic hormone control
(ADH mechanism), Electrolytes and cell water, Thirst and drinking and Kidney.

Each one of these nodes was either directly implemented in BioRica, or by encapsulating Mat-
lab scripts that are used like SBML simulators. The implementations of each node were validated
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by comparing its simulations results with results from the Physiome Project (see [6]), which were
obtained using JSim (http://www.physiome.org/jsim/models/cellml/). Statistical analyses, Student’s
t-test (a parametric hypothesis test) and Kolmogorov-Smirnov for comparing two distributions (a
nonparametric hypothesis test) were used to demonstrate that the values in simulation results are not
significantly different. The parameters that are external to the RAAS were fixed according to the
default values of the Physiome Project.

The challenge is how to test the integration of the nodes into the hierarchical model. The first step
was analyzing the physiological interpretation of the nodes of the BioRica RAAS model. According
to biological knowledge the system is activated when there is a loss of blood volume. Specialized
cells (macula densa) of distal tubules sense the amount of sodium and chloride ions in the tubular
fluid, and if it is low then renin is secreted, stimulating the production of Angiotensin. This process
is represented in Angiotensin node. Angiotensin causes the secretion of Aldosterone, its produc-
tion and functions is represented in Aldosterone node. Angiotensin also produces the blood vessels
constrict, resulting in increased blood pressure, control that is represented by the relation ANM
(multiplier effect of angiotensin), MDFLW (rate of flow of fluid in the renal tubules at the mac-
ula densa) between Angiotensin and Kidney node. Aldosterone causes the tubules of the kidneys to
retain sodium and water controlling the blood pressure. The Kidney inputs AMK (multiplier effect
for control of potassium transport trough cell membranes) and AMNA (multiplier effect for control
of sodium) generated by Aldosterone node are used to compute the control of Na concentration, ex-
cretion of potassium and urine production by means of the outputs NOD (Na reabsorption), KOD
(K secretion) and V UD (volume of urine). Another control process corresponds to the secretion of
vasopressin, antidiuretic hormone (ADH) that promoves the reabsorption of fluid in the kidneys. The
secretion of Antidiuretic hormone is represented by Antidiuretic node, linked with Kidney node. The
production of vasopressin induces the reabsorption of water in the kidneys (Thirst node). In Elec-
trolytes node is computed the concentration of K and Na by means of volume of fluid (TV D and
V UD coefficients), rate of reabsorption of sodium NOD and rate of secretion of potassium KOD.

The second step was studying simulations. The direct effects of Angiotensin and the functions of
Aldosterone and Antidiuretic hormone were reviewed by means of the inspection of the equations,
relations and simulations. To test the results of the model we checked the control of the rate of flow
of fluid in the renal tubules sensed by the macula densa, as one hoped it is taken to its normal level
when initial level is low or high.

The doctoral thesis of Rodrigo Assar Cuevas is supported by INRIA. BioRica development is
partially supported by YSBN EU FP6 LSHG 2005-18942.
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Abstract: HasSium is a free software developed to sort, count and classify a large 
set of data from pyrosequencing. HasSium help biologists studying molecular 
biodiversity by using multiple alignments and phylogenetic trees for sorting the set 
of sequences. 
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1  Introduction 

 Since the development of pyrosequencing, biologists can approach new issues, like the 
biodiversity of ecosystems, the haplotype frequencies or allele quantification in a population and the 
mutation/SNP analysis. Biodiversity is often studied using amplicon analysis of one or several 
known genes in populations or samples. The pyrosequencing technology generates large amounts 
(many millions of sequences) of “noisy” short data due to imperfect reading accuracy and quality, 
and a lot of redundancy that needs to be counted. The assembling of numerous pyrosequencing 
reads into consensus sequences and the analyses of these sequences (clustering, classification, 
phylogeny, etc.) need the development of fast, dedicated and highly accurate bioinformatic tools. 
Indeed, already existing assembling and multiple sequence alignment algorithms are slow and/or 
innacurate. Specific tools were developed but suffer several limits [1, 2, 3]. In order to tackle these 
issues, a new application, HasSium, has been designed so as to be capable of addressing large 
amounts of sequences of the same gene, dealing with noisy data, sorting sequences into groups, 
assigning a kingdom, phylum or organism to every group, and finally counting and determining the 
diversity.  

2 Method 

2.1 HasSium Overall Pipeline 

Since alignment algorithms have difficulties in dealing with millions of sequences, HasSium 
proposes to pre-filter the incoming data so that multi-sequence alignments will only be performed 
on datasets of reasonable size. These alignments will in turn be used to generate phylogenetic trees, 
which may help discriminate among sequences. Searching known anchors in sequences may then be 
employed to assign a kingdom, phylum or organism to every group of sequences. The project 
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finally involves counting the number of sequences and evaluating the diversity within every class. A 
diagram showing the different steps of the functional pipeline of HasSium is shown on Figure 1.  

 
Figure 1. HasSium succesive steps. 

2.2 Filtering Step 

The first step of our algorithm consists in reducing the number of sequences that will be presented 
to the multiple sequence alignments algorithm. In order to sort the sequences using discrete criteria 
such as size, nucleotidic, di-nucleotidic and tri-nucleotidic content, boundaries will be homogenized 
using anchors specific of amplicon primers (when available) or amplified gene conserved 
sequences. Thus, at the end of the process, only sequences possessing the same size, nucleotidic, di-
nucleotidic and tri-nucleotidic content will be collected in the same group.  Finally, all sequences 
inside one group are compared to validate the homogeneity of the group. All sequences in one 
group are then considered to be similar. 

2.3 Classification Step and Phylogenetic trees 

At the end of the filtering step, one sequence per group is collected for classification. Anchors 
characterizing the kingdom, phylum and organism are implemented in HasSium for RNA 18S and 
RNA 16S. Biologists may also enter their own anchors and associated labels. The representative 
sequences collected by HasSium are classified using these anchors. After this step, multi-sequence 
alignments and phylogenetic trees are generated. 

3 User Interface and Results 

HasSium is a Java standalone application that makes use of a wizard to guide the biologist step by 
step, in order to produce a suitable set of parameters necessary to process the input data (the set of 
sequences). The parameters include the choice of primers, the identification anchors, the alignment 
algorithm, the phylogenetic tree algorithm. The results are presented in a graphical user interface 
that allows the biologist to show, parse and save images, sequences and tables for further analysis. 
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Abstract: Due to a prominent automated production mode, proteomic data must be val-
idated and/or curated before interpretation. This process, mostly manually performed,
represents a bottleneck mainly resulting from a lack of suitable tools integrated into
proteomic databases. Once validated, data often need to be subjected to various sta-
tistical analyses. Only few databases offer such functionality within their environment
to date. In order to make these data accessible to as many scientists as possible, pro-
teomic databases need to be included into international federative databases such as
the “World-2DPAGE”. To this end, we will develop PROTICws, a PROTICdb2-based
bioinformatic environment dedicated to validation, analysis and sharing of proteomic
data.

Keywords: Database, comparative proteomics, mass spectrometry, two-dimensional poly-
acrylamide gel electrophoresis, Gene Ontology.

1 Introduction

L’approche la plus commune pour l’analyse du protéome est la combinaison de l’électrophorèse
à deux dimensions (2-DE) pour la séparation des protéines et de la spectrométrie de masse (MS) pour
leur identification. Elle permet de déchiffrer les processus biologiques dans le but de leur assigner une
fonction [1]. De nombreuses données de protéomique ont été accumulées dans les laboratoires. Mais
leur exploitation est souvent incomplète du fait du manque d’outils pour assister les protéomiciens
dans les tâches de validation et d’analyse des données. De plus, le manque de standardisation pour la
désignation des fonctions des séquences biologiques, la description des échantillons et des conditions
expérimentales est un autre obstacle à l’échange et à l’analyse croisée des données. Pourtant des
formats standards et des ontologies sont développés grâce à des initiatives internationales telles que
celle du Proteomics Standard Initiative (PSI). Certaines bases de données telles que make2D-DB II
[2],[3] et le « World-2DPAGE »ainsi que PROTICdb [4] sont compatibles avec ces standards, ce qui
doit permettre de les fédérer facilement. L’objectif du projet PROTICworkshop est de répondre à ces
problématiques en développant autour de PROTICdb un environnement logiciel pour valider, analyser
et partager des données de protéomique.
? Le projet PROTICws est financé par l’ANR, programme Génomique.
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2 Présentation de ProticWorkShop

2.1 La base de données PROTICdb 2

PROTICws est basé sur la base de données PROTICdb 2 qui est maintenant disponible en télé-
chargement pour utilisation en environnement de production. La version 2 de PROTICdb apporte de
nouvelles fonctionnalités telles que la visualisation simplifiée de gels (Gel Browser), la présentation
des spectres annotés et des tables d’ions en respectant le standard MIAPE ainsi que l’exportation des
données dans les formats standards (mzXML 2.1, mzData v1.05, PRIDE 2.1).

2.2 Les modules de ProticWorkShop

PROTICannotate est un logiciel qui permettra d’annoter et de valider les données issues de PRO-
TICdb 2. Il sera également possible de supprimer et d’éditer les données. Un moteur d’annotation
automatique sera aussi implémenté, dans le but d’enrichir l’annotation des séquences biologiques à
partir d’autres bases de données externes par recherche de similiarité et de domaines (GeneOntology,
SwissProt, Interpro etc.). Les processus d’annotation pourront utiliser des données locales ou dis-
tantes. Enfin les données pourront être exportées dans des formats ad hoc pour des dépôts publics,
locaux ou des outils tiers.

Le principal objectif de PROTICstat sera de faciliter l’accès aux outils statistiques pour les biolo-
gistes non spécialistes. L’idée est de mettre à disposition des chercheurs, via une interface web sim-
ple, un catalogue de chaı̂nes de traitements statistiques pré-définies basées sur R. Ces chaı̂nes seront
décrites dans un manifeste au format XML de façon à pouvoir être créées par un bioinformaticien et
implantées dans PROTICstat. Les utilisateurs pourront donc facilement adapter PROTICstat à leurs
besoins. En plus des données présentes dans PROTICdb, ProticStat pourra accéder à d’autres bases
de données telle que MERY-B (métabolomique) ou à des fichiers.

PROTICport comprendra une API pour dialoguer avec PROTICdb et une API pour créer des web-
services sans avoir besoin d’une connaissance préalable de la structure de la base de données. En
utilisant une unique fonction ou une combinaison de fonctions, un utilisateur avec des compétences
minimales en informatique sera capable de créer des web-services spécifiques à ses propres besoins.
PROTICport doit permettre également d’intégrer PROTICdb dans le réseau fédératif de bases de
données de protéomique « World-2DPAGE »maintenu par le SIB.
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Abstract: The Medline database contains millions of records which can be queried 
with the PubMed interface. Using this keyword-based Boolean search engine 
shows limitations for very specific topics, as it is difficult for a non-expert user to 
find all of the most relevant keywords. Additionally, when searching for more 
general topics, the same approach may return numerous unranked references. Text 
mining tools could help scientists focus on relevant abstracts. We have created the 
MedlineRanker webserver which allows a ranking of Medline for any topic of 
interest without expert knowledge. Given few abstracts related to a topic, the 
program finds automatically the most discriminative words in comparison to a 
random selection. Then, by using word relative frequencies, other abstracts can be 
ranked by relevance, including not annotated recent publications. We show that 
our tool can be highly accurate and that it is able to process millions of abstracts 
in a practical amount of time. The MedlineRanker webserver is available at 
http://cbdm.mdc-berlin.de/tools/medlineranker. 

Keywords: Data mining, Text retrieval, Biomedical literature, Text Mining. 

1 Introduction 

The PubMed query interface, which uses keywords to retrieve related biomedical documents, 
returns a list of abstracts, which are not sorted by relevance. If a search for a general topic is 
performed, hundreds or thousands of records may be returned; in this case, interesting abstracts may 
be hidden to the user because of their bad position in the list of results. Furthermore, for a very 
specific biological field, non-expert users would not be able to provide all the relevant keywords for 
the query. To improve text retrieval by scientists, text mining tools have been developed that offer 
alternative ways to query and select abstracts from the Medline database.  
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Some tools allow focusing on specific topics and filter out abstracts that are not relevant to the topic 
of interest (1-3). However, a proper set of keywords, which may not be obvious for a non-expert 
user, is still required to query the database. Making a query to Medline without using keywords or 
without knowing a specific vocabulary or query language is also possible using various text mining 
methods (4-5). Yet, these methods use one single abstract or text paragraph which may not be the 
best sample for a whole biomedical field and the resulting list is expected to contain irrelevant 
abstracts. Few methods have proposed automatic extraction of relevant information from a set of 
abstracts representing a topic of interest, and the use of this information to return a list of records 
ranked by relevance.  

2 Results and Discussion 

Based on an already published fast algorithm (6), we have implemented the MedlineRanker 
webserver, which allows a flexible ranking in Medline for a topic of interest without expert 
knowledge. The user defines their topic of interest using their own set of abstracts, which can be 
just a few examples, and can run the analysis with default parameters. If the input contains at least 
100 closely related abstracts, the program returns relevant abstracts from the recent bibliography 
with high precision (up to 99%). This was illustrated with a benchmark ranking various topics, 
including complex topics defined by inter-related concepts, and comparison to similar ressources 
(7). Manual validation of 200 abstracts selected by MedlineRanker showed the relevance of our 
method which can lead to very high positive predictive values (up to 90 or 99%). It can process 
thousands of abstracts from the Medline database in a few seconds, or millions a in few minutes.  It 
is not limited to specific topics and can be useful for all scientists interested in ranking or retrieving 
relevant abstracts from the Medline database, including specific subsets from particular databases. 
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Abstract: Thanks to the improvement of metabolomics analytical techniques, more and more 
profiles are generated. The exploitation of these data needs platforms for profiles management and 
metabolites identification. Different databases exist for the management of plant metabolome 
profiles, such as the Golm Metabolome Database, which provides  public access to Gas 
Chromatography – Mass Spectrometry (GC-MS) spectra. The Human Metabolome Database is 
another example of available knowlegebase for the human metabolome. However, currently, in the 
context of plant metabolomics, no platform exists to manage and analyse Nuclear Magnetic 
Resonance (NMR) metabolomics experiment. To this end, we will present MeRy-B, the first plant 
metabolomic platform allowing the storage and display of NMR plant metabolomics profiles.  

Keywords: Metabolomics, NMR, plant, databases, ontologies. 

1 Introduction 

Dans une démarche de génomique fonctionnelle, l’étude du métabolome est un complément 
indispensable de celle du transcriptome et du protéome. Parmi les techniques permettant 
l’acquisition de profils métaboliques, la spectrométrie de masse couplée à une séparation par 
chromatographie, et la spectroscopie par RMN du proton sont deux méthodes complémentaires. Ces 
techniques génèrent une grande quantité de données (metadata, raw data, peak list, analytes). Pour 
exploiter ces données, différentes bases de données proposent le stockage de profils 
métabolomiques : Golm Metabolome Database [1], Human Metabolome Database (HMDB) [2]… 
Cependant, aucune plateforme ne propose de stocker et analyser les études métabolomiques par 
RMN dans le domaine des plantes. 
Un tel environnement de stockage et d’analyse des données, issues de RMN chez les plantes, est 
offert par l’outil MeRy-B. 

2 Présentation de MeRy-B  

2.1 Choix des outils et méthodes  

Le schéma de la base de données est basé sur le modèle ArMet [3] et utilise le système de gestion 
de base de données PostgreSQL Les formats de description de données s’appuient sur MSI (OBO). 
Le format des spectres RMN supporté par MeRy-B est JcampDX. L’application est interfacée pour 
le Web. 
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2.2 Les fonctionnalités 

Lors de la description de l’expérience, nous avons choisi d’utiliser les standards et formats 
recommandés par l’initiative internationale « Metabolomics Standards Initiative » impliquant les 
ontologies telles que le Plant Ontology Consortium (POC) pour le tissu et l’organe, la Taxonomy du 
NCBI pour les espèces et une partie de Environment Ontology (EO). A cela s’ajoute le format pdf, 
moins contraignant, permettant une description plus complète des protocoles. 
L’outil MeRy-B offre quatre types d’interrogations : i) par projet , permettant une vue globale du 
plan expérimental sous forme de tableaux synthétiques, donnant accès aux protocoles et incluant 
une visualisation par analyses statistiques ; ii) par recherche de spectres selon des critères tels que 
l’espèce, le tissu, … ; iii) par recherche de métabolites selon son nom ou ses caractéristiques 
spectrales ; iv) par construction d’une question complexe dans le but d’exporter les données vers 
d’autres outils statistiques. 
 
La base de connaissance MeRy-B a pour perspective de s’enrichir en accumulant des données 
provenant de divers laboratoires. L’outil MeRy-B est accessible à l’adresse suivante : 
http://www.cbib.u-bordeaux2.fr/MERYB/index.php.  
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Plants are an extraordinary reservoir of molecules that exhibit various biological activities on a 
large amount of different organisms. Here, we present the effects of two bisbenzylisoquinoline, 
curine and guattegaumerine isolated from roots of Isolona hexaloba, on the multidrug efflux pump 
mdr1b which is the homologue of human MDR1 pump. The predicted binding of these two 
molecules to human MDR1 protein was performed by using an in silico approach. 
 
One the resistance mecanisms of cancer cells to anticancer agents, such as alkaloid drugs, is the 
extrusion of these molecules by efflux pumps like the membrane P-glycoprotein (P-gp) protein 
encoded by MDR1 gene. We, therefore, tested the effects of curine (H127) and guattegaumerine 
(H128) on the efflux of rhodamine 123, a substrate of P-gp, using a drug resistant cancer cell line 
(HTCR), and compared them to the effect of the verapamil, an inhibitor of P-gp. 
 
Curine and guattegaumerine reduce the flow rate of rhodamine by 40 and 20% respectively, while 
the verapamil reduces this rate by almost 90%. The simultaneous addition of curine and 
guattegaumerine shows additive effects with a 68% decrease in the rate of Rhodamine efflux 
(Fig.1).  
                     

                              
Figure 1.Rhodamine efflux from HTCR cells by P-gp      Figure 2.Rhodamine efflux from HTCR by P-gp                              

in presence of verapamil and bibenzylisoquinolone  
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When curine or guattegaumerine is added to verapamil, inhibition of rhodamine efflux by verapamil 
disappears. Flow rates of rhodamine efflux are becoming identical to those observed with curine or 
guattegaumerine alone (Fig.2). The two bisbenzylisoquinolines seem to inhibit P-gp pump, and 
therefore, might compete with verapamil to alter R123 efflux. 
 
To investigate any potential interaction between these two molecules and P-gp protein and to 
explain the inhibitory effect of these alkaloids, we performed docking analyses by using AutoDock 
4.0.  
To achieve this, we have used the available MDR1 PDB (1MV5 [3]) file and Openbabel to produce 
PDB files for all the chemicals used in theses studies (3D structure). Using AutoDock 4.0, we have 
identified interaction domains and binding sites for curine, guattegaumerine, verapamil and 
Rhodamine123 (fig 3) within MDR1 protein. The occupied positions by curine and guattegaumerine 
in MDR1 could explain the inhibitory effect observed on R123 efflux.  
As an output of Autodock 4.0, Inhibitory Constants (Ki) were automatically estimated: 45nM for 
Curine, 137nM for Guattegaumerine and 1,28 μM for Verapamil. The graphical docking of curine 
or guattegaumerine interaction with P-gp protein is presented in figure 3. We can observe that 
curine competes directely with verapamil for the same binding whereas guattegaumerine interacts 
with P-gp on another site.  
 

     
Figure 3. Docking of Curine (Volume) and Gauttegaumerine (Sticks) with p-GP  

(arrows indicate verapamil binding site)   

According to our findings, these two molecules might represent potential inhibitors of anti-cancer 
drugs efflux pumps. 
 
References : 
 
[1]  Becker, J. P., G. Depret, F. Van Bambeke, P. M. Tulkens and M. Prevost (2009). "Molecular models of 

human P-glycoprotein in two different catalytic states." BMC Struct Biol 9(1): 3.  
[2] Brown, R. S., Jr., N. Lomri, J. De Voss, C. M. Rahmaoui, M. H. Xie, T. Hua, S. D. Lidofsky and B. F. 

Scharschmidt (1995). "Enhanced secretion of glycocholic acid in a specially adapted cell line is 
associated with overexpression of apparently novel ATP-binding cassette proteins." Proc Natl Acad Sci 
U S A 92(12): 5421-5.  

[3]  Seigneuret, M. and A. Garnier-Suillerot (2003). "A structural model for the open conformation of the 
mdr1 P-glycoprotein based on the MsbA crystal structure." J Biol Chem 278(32): 30115-24. 

[4]  Morris, G. M.,  Goodsell, D. S.,  Halliday, R.S.,  Huey, R.,  Hart, W. E.,  Belew, R. K.  and  Olson, A. J.  
(1998).  "Automated Docking Using a Lamarckian Genetic Algorithm and and Empirical Binding Free 
Energy Function". J. Computational Chemistry, 19: 1639-1662. 



JOBIM 2009 Nantes

207

High-throughput construction and optimization of 140 new 
genome-scale metabolic models 

Christopher Henry1, Matt DeJongh2,3, Aaron Best2, Paul Frybarger2, Rick Stevens1,4 

1 Argonne National Laboratory, Argonne, IL 60439, USA 
chrisshenry@gmail.com 

2 Hope College, Holland, MI 49423, USA 
dejongh@hope.edu 
best@hope.edu 

paul.frybarger@hope.edu 
3 LaBRI, Université de Bordeaux 1, 33405 Talence cedex, France 

4 University of Chicago, Chicago, IL 60637, USA 
stevens@anl.gov 

Abstract: Genome-scale metabolic models of organisms are useful for predicting 
genotypic and phenotypic characteristics, but the rate of model development has 
lagged far behind the rate of genome sequencing.  We describe an automated 
process for genome-scale metabolic model generation that incorporates new 
developments in biochemical reaction network construction, and report the results 
of applying this process to generate models for 140 diverse prokaryotic genome 
sequences. 

Keywords: metabolic reaction networks, flux balance analysis, model optimization, 
prokaryotic genomes. 

One of the valuable end products of the genome annotation process is the development of a 
genome-scale metabolic model of the organism being annotated [1].  These models provide a means 
of predicting genotypic and phenotypic characteristics of organisms, such as necessary growth 
conditions, gene essentiality, and response to genetic mutations, as well as potential for metabolic 
engineering [2].  However, the rate of genome-scale metabolic model development has lagged far 
behind the rate of genome sequencing for several reasons, including the presence of errors and gaps 
in the biochemical reaction databases used to build metabolic models, incomplete understanding of 
biochemical reaction directionalities, and errors and gaps in genome annotations [3].   

 
 Fortunately, solutions to these problems have emerged.  Continuous refinement and expansion of 
biochemical databases such as the KEGG [4], and publication of numerous genome-scale metabolic 
models provide dependable resources for constructing reaction networks that represent much of the 
variety of central and intermediate metabolism.  The recently developed Group Contribution 
method enables the prediction of reaction directionality based on thermodynamic feasibility [5].  
New gap filling algorithms determine the minimal set of reactions that must be added to a metabolic 
network in order for every fundamental component of biomass to be synthesized from compounds 
available in the media [6].  The GrowMatch algorithm identifies how genome-scale metabolic 
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models must be modified in order to correct erroneous predictions regarding gene essentiality [7].  
Finally, the SEED framework for comparative genome analysis enables the rapid, accurate 
annotation of newly sequenced prokaryotic genomes using subsystems technology [8]. 

 
 We have extended the SEED framework to integrate these resources in the context of an 
automated process for construction of genome-scale metabolic models of prokaryotes [9].    We 
have applied this process to produce functioning models for a diverse set of 140 organisms across 
14 bacterial divisions.  On average, these models are comprised of 960 reactions associated with 
624 genes covering 20% of the genome.  Application of a gap filling algorithm results in the 
addition of an average of 83 reactions without gene associations.  The GrowMatch algorithm is 
applied when gene essentiality and/or phenotyping data are available, resulting in some models that 
predict over 90% of the data.  These extensions to the SEED framework are being incorporated into 
the RAST (Rapid Annotation based on Subsystems Technology) server [10], to enable the rapid 
construction and optimization of a genome-scale metabolic model for every sequenced prokaryotic 
genome. 
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Abstract: Protein structures are classically described in terms of secondary 

structures. Even if the regular secondary structures have relevant physical 

meaning, their recognition from atomic coordinates has some important 

limitations, and 50% of all residues are left undescribed, i.e. the coil. Thus 

different research teams have described local protein structures with the aim of 

approximating locally every part of the protein backbone. These libraries of local 

structures consist of sets of small prototypes named "structural alphabets". We 

have developed a  structural alphabet, named Protein Blocks, not only  to 

approximate the protein structure, but also to predict them from the sequence. 

Since its development, we and other teams have explored numerous new research 

fields using this structural alphabet. We review here some of the most interesting 

approaches. 

Keywords: Structural alphabet, protein structure, structure prediction, structural 

superimposition, mutation, binding site, Bayes theorem, Support Vector Machines. 

The classical description of protein structures involves two regular states, the α-helices and the β-

strands and one non-regular and variable state, the coil. Nonetheless, this simple definition of 

secondary structures masks numerous limitations. For instance, 3 states may over-simplify the 

description of protein structure; 50% of all residues, i.e., the coil, are not described even if it 

encompasses repeating local protein structures. Description of local protein structures have hence 

focused on the elaboration of complete sets of small prototypes called "structural alphabets" (SAs), 
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that helps to analyze local protein structures and to approximate every part of the protein backbone 

[1]. The principle of a structural alphabet is simple. A set of average recurrent local protein 

structures is firstly designed. They approximate (efficiently) every part of known structures. As one 

residue is associated to one of these prototypes, we can translate the 3D information of the protein 

structures as a serie of prototypes (letters) in 1D, as the amino acid sequence. Our structural 

alphabet is composed of 16 structurally averaged protein fragments that are 5 residues 

length, called Protein Blocks (PBs, [2]). They have been used both to describe the 3D 

protein backbones and to perform a local structure prediction [3] 

(http://www.dsimb.inserm.fr/~debrevern/LOCPRED/). Our works on PBs have proven their 

efficiency in the description and the prediction of long fragments [4-6] and short loops [7], 

to define a reduced amino acid alphabet dedicated for mutation design [8], to analyze 

protein contacts [9] and in the building of a transmembrane protein. We have also used 

protein blocks to compare / superimpose protein structures (http://bioinformatics.univ-

reunion.fr/PBE/). Developments made performed in other laboratories, using PBs, have 

focussed on the reconstruction of globular protein structures, the design of peptides, the 

definition of binding site signatures, novel prediction methodologies (http://www.fz-

juelich.de/nic/cbb/service/service.php) and fragment-based local statistical potentials. The 

features of this alphabet have been compared by Karchin et al. with those of 8 other 

structural alphabets showing that our PB alphabet is highly informative, with the best 

predictive ability of those tested. It is nowadays the most widely used SA in the world. For 

a complete review of the different published SAs, please read ref [1]. 
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Abstract: Modeling biological systems requires precise temporal concepts. Biological
observations are often issued from discrete event measurements which make discrete
modeling especially interesting. However time is absent of these models or defined a
priori. In this paper, we propose a new formalism to specify time in discrete logical
model and illustrate the power of our approach using a eukaryote cell cycle model.

Keywords: System biology, discrete dynamical modeling.

1 Introduction

Among the formalisms available to model biological system, discrete modeling is especially appeal-
ing because the modeled events resemble to biological observations. Discrete model-ling is of par-
ticular interest as it benefits from a wealth of work done in circuit and program verification with
well-established concepts and languages such as temporal logic, and efficient data structures and de-
cision procedures. However, a major drawback of discrete model-ling, presently used in Systems
biology, is the lack of specification on the order of the transitions. This is deferred to the interpre-
tation of the model in a simulator. The common approaches are the synchronous and asynchronous
interpretations. In synchronous mode, all the possible changes occur in one evolution step whereas in
asynchronous mode, only one change is allowed at each step. Recently, authors [2] have introduced
priorities on transitions to get finer description of time. Nevertheless, these assumptions are still not
part of the model but directives to the simulator. With complex directives on the sequencing of transi-
tions, analysis and verification methods rapidly become impossible to implement. Here, we propose
a new formalism to include time inside the model and use a unique interpretation for all models. This
formalism is inspired by the formal models underlying real time programming languages like Signal
[1]. Time is the logical time used in computer science: it does not correspond to the duration of events
but to their relative sequencing. This allows the description of several biological signals with different
clocks, i.e., multiclock systems.

2 Time in discrete model : A language for specifying multiclock system

To experiment with the multiclock concept applied to biological models, we are developing Biosignal,
a language for specifying time in discrete logical models using. A multiclock dynamical system is
specified by states, signals and clock constraints. For instance for the variable X:

state(X, r_X, false); clock(h_X)
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r_X := ((not Y) and (not Z)) when h_X
synchro(h_X, h_Y)

X is the state variable, r_X is the refreshing signal that modify X, and false is the initial value.
clock(h_X) is the free clock of X, ie., a time parameter of the system. Clock constraint between
the signals h_X and h_Y is synchronous but could be exclusive or ordered by priorities.

3 Results

Using the Biosignal language, we illustrate the use of clocks in the implementation of time specifica-
tions with the cell cycle model proposed by [2]. The simulation of our model with the synchronous
and asynchronous specifications and identical initial state as in [2], give isomorphic transition graphs.
These simulation results shows that our approach gives the same behaviors as an approach where tim-
ing considerations are in the interpretation of the model and not in the model. Using the same model
and formalism, we can also apply formal verification. For instance, we studied the behavior of our
model without any clock constraints. To this aims, we introduced Boolean constraints corresponding
to the 4 successive phases of the cell cycle (i.e., G1, S, G2, M ) and based on the activity/inactivity
of the CDK-cyclin complexes as summarized in literature. We were then able to verify using model
checking techniques that our model reaches S (whether or not starting in G1). We also showed that
with specific clock constraints, the model can reach G1 then S without going through G2 ∪M .

4 Conclusions

We introduced a new formalism inspired by computer science formal models, to build models of
biological systems based on discrete event systems. This formalism is implemented as a specification
language: Biosignal . We showed that our formalism is well suited for building models with complex
clock constraints. Compare to simulation approaches, we do not separate clock constraints from
logical conditions. The first advantage of having both in the same formal model is to provide a
clear semantic of clock constraints. The second advantage is to make clock constraints amenable
for proofs. In particular, this allows the use of model checking, whatever the complexity of the
clock constraints. Finally, it gives means to compute on models. This has an important potential
for model fitting and experiment planning. Presently, Biosignal is a primitive language. We hope
that practical use of Biosignal will foster specification patterns which could be turned into elaborate
language constructions. Property specification for model checking will be also implemented.
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Abstract: Species identification by DNA barcoding has gained sufficient coverage today.
In this paper we present an informatics program, EcoPrimer, to infer a barcode usable
region and barcode primers allowing its PCR amplification from a set of sequences. To
develop this program, we propose two indices to measure the quality of barcode region
called specificity and coverage. The actual program works around finding the conserved
regions from the input set of sequences to design PCR primers and to measure the quality
of the region between the two conserved regions to use it as barcode.

Keywords: DNA Barcoding, Primers, Specificity, Coverage.

Introduction DNA barcoding is a tool for characterizing the species origin using a short sequence
from a standard position in the genome [?]. From a practical point of view, a barcode locus should be
flanked by two conserved regions to design PCR “universal” primers. Several manually discovered
barcode loci are routinely used today, but no objective function has been described to measure their
quality in terms of universality (barcode coverage, Bc) or in terms of taxonomical discrimination
capacity (barcode specificity, Bs). In this paper, we propose a more formal approach to qualify a
barcode region (Bc , Bs functions) and a new way for identifying barcode loci without a priori on
the candidate sequences. Our barcode inferring method is the combination of an algorithm to detect
conserved regions from a set of full genome sequences to design PCR primers and objective functions
to determine the quality of a barcode locus.

Materials and Methods 4000 sequences of fully sequenced mitochondrial genomes were extracted
from genbank and filtered according to their taxa resulting in 837 unique taxon sequences which were
used as training set. The EcoPrimer software is written in C language.

Results The measurement of the quality of barcode region is based on two factors; the barcode
specificity (Bs) and barcode coverage (Bc).

Measure of the specificity of a barcode region The specificity of a barcode region measures
the ability of this region to discriminate between two taxa. It is the ratio of well identified taxa to
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the total number of taxa. The number of well identified taxa are calculated by putting in a relation
a region and a set of taxon, via the individuals of the taxon and the barcodes that they own for this
region. We say that a taxon t is well identified by a barcode region r if the barcode regions possessed
by the individuals of the taxon are not shared by the individuals of any other taxon.

Measure of the coverage of a primer pair The coverage index is the ratio of amplified taxon
to the total number of taxa in the input data set. This second measure aims to estimate the quality of
the primers in terms of their capacity to amplify a broad range of species

Barcode Region Inference from whole genomes: ecoPrimer The software ecoPrimer is
developed using a heuristic approach in which it first finds the strict primer which are present in at-
least a certain percentage of sequences specified by quorum value. Then it locate approximate copies
the strictly identified primers with the Baeza-Yates/Manber algorithm [?] (Agrep algorithm). Finally
primers are paired by taking into consideration the distance between two primers on a sequence and
quality is measured using the above mentioned indices.

ecoPrimer can also find the primers specific to a subclade of the input sequences by giving its
taxid. The sequences which correspond to this taxid are called example sequences and the others are
called counter example sequences. The software finds primers which are present in more than Qe

example sequences and less than Qc counter example sequences. It is some times important to find
the primers which are spcific to a particular subgroup of sequences. This is particularly important
when you work on ancient DNA to reduce noise induce by contamination with modern DNA.

Some newly identified regions on birds In collaboration with the Museum d’Histoire Naturelle
de Grenoble, we want to determine the origin of the feathers of an Egyptian mummy’s pillow. The
main problem is to analyse an ancient vertebrate DNA of bird, contaminated by human DNA another
vertebrate. To achieve this, our program was run on the 837 vertebrates data set considering the 71
birds sequences as example sequences. The size of the barcode DNA was limited to 150 bp to take
into account the degraded status of our DNA sample. The results shown in table 1 correspond to
three primer pairs which potentially amplify a small region of the 16S RNA gene of 98% of these 71
species.

Primer Name Sequences Count Family Genus Species Fragment size (bp)

Direct Reverse Bs Bc Bs Bc Bs Bc min max average
P01 aaaaacatagccttcagc gccattcatacaagtctc 68 94.87 97.5 89.29 98.25 84.62 98.48 98 108 101.3
P02 aaaaacatagccttcagc agccattcatacaagtct 68 94.87 97.50 89.29 98.25 84.62 98.48 99 109 102.3
P03 aaaaacatagccttcagc tagccattcatacaagtc 68 94.87 97.50 89.29 98.25 84.62 98.48 100 110 103.3

Table 1. A selection of three primer pairs proposed by our software for birds. The program was run with the following
parameters : primersize = 18bp, quorum = 70%, minlength = 20bp, maxlength = 1000bp.
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Abstract: To study the effect of structural changes on expression we assessed gene expression in 
genomic disorder mouse models. Both a microdeletion and its reciprocal microduplication mapping 
to mouse chromosome 11 (MMU11), which model the rearrangements present in Smith-Magenis 
(SMS) and Potocki-Lupski (PTLS) syndromes patients, respectively, have been engineered. We 
profiled the transcriptome of five different tissues affected in human patients in mice with 1n 
(Deletion/+), 2n (+/+), 3n (Duplication/+) and uniallelic 2n (Deletion/Duplication) copies of the 
same region in an otherwise identical genetic background. The most differentially expressed 
transcripts between the four studied genotypes were ranked. A highly significant propensity, are 
mapping to the engineered SMS/PTLS interval in the different tissues. A statistically significant 
overrepresentation of the genes mapping to the flanks of the engineered interval was also found in 
the top-ranked differentially expressed genes. A phenomenon efficient across multiple cell lineages 
and that extends along the entire length of the chromosome, tens of megabases from the 
breakpoints. These long-range effects are unidirectional and uncoupled from the number of copies 
of the CNV genes. Thus our results suggest that the assortment of genes mapping to a chromosome 
is not random. They also indicate that a structural change at a given position of the human genome 
may cause the same perturbation in particular pathways regardless of gene dosage. An issue that 
should be considered in appreciating the contribution of this class of variation to phenotypic 
features. We will also discuss the molecular networks that are altered in the different models. This 
network analysis enables the identification of metabolic pathways that potentially play a function in 
the SMS/PTLS phenotypes and allows a better comprehension of the roles of the different genes of 
the interval. 
 
 

Keywords: Copy Number Variation, Epigenetics, Transcriptomics, Diseases, Position effect, 

chromosome rearrangement. 
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Abstract: In the last few years, there has been a growing interest in studying biological
networks. Many deterministic and probabilistic clustering methods have been devel-
oped. They aim at learning information from the presence or absence of links between
pairs of vertices (genes or proteins). Given a network, almost all these techniques par-
tition the vertices into disjoint clusters, according to their connection profile. However,
recent studies have shown that these methods were too restrictive and that most of the
existing biological networks contained overlapping clusters. To tackle this issue, we
present in this paper a latent logistic model, that allows each vertex to belong to multi-
ple clusters, as well as an efficient approximate inference procedure based on global and
local variational techniques. We show the results that we obtained on a transcriptional
regulatory network of yeast.

Keywords: Biological networks, clustering methods, overlapping clusters, global and
local variational approaches.

1 Model and Notations

We consider a directed binary random graph G, where V denotes a set of N fixed vertices and X =
{Xij , (i, j) ∈ V2} is the set of all the random edges. We assume that G does not have any self loop,
and therefore, the variables Xii will not be taken into account.

For each vertex i ∈ V, we introduce a latent vector Zi, of Q independent Boolean variables
Ziq ∈ {0, 1}, drawn from Bernoulli distributions:

Zi ∼
Q∏

q=1

B(Ziq; αq) =
Q∏

q=1

α
Ziq
q (1− αq)1−Ziq , (1)

and we denote α = {α1, . . . , αQ} the vector of class probabilities. Note that in the case of a usual
mixture model, Zi would be generated according to a multinational distribution with parameters
(1,α). Therefore, the vector Zi would see all its components set to zero except one such that Ziq = 1
if vertex i belongs to class q. The model would then verify

∑Q
q=1 Ziq =

∑Q
q=1 αq = 1, ∀i. In this

paper, we relax these constraints using the product of Bernoulli distributions (1), allowing each vertex
to belong to multiple classes. We point out that Zi can also have all its components set to zero.

Given two latent vectors Zi and Zj , we assume that the edge Xij is drawn from a Bernoulli
distribution:

Xij |Zi,Zj ∼ B(
Xij ; g(aZi,Zj )

)
= e

XijaZi,Zj g(−aZi,Zj ),
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where
aZi,Zj = Zᵀ

i WZj +Zᵀ
i U+Vᵀ Zj +W ∗, (2)

and g(x) = (1 + e−x)−1 is the logistic sigmoid function. W is a Q × Q matrix whereas U and
V are Q-dimensional vectors. The first term in (2) describes the interactions between the vertices
i and j. If i belongs only to class q and j only to class l, then only one interaction term remains
(Zᵀ

i WZj = Wql). However, the interactions can become much more complex if one or both of
these two vertices belong to multiple classes. Note that the second term in (2) does not depend on Zj .
It models the overall capacity of vertex i to connect to other vertices. By symmetry, the third term
represents the global tendency of vertex j to receive and edge. Finally, we use W ∗ as a bias, to model
sparsity.

2 Experiments

We consider the yeast transcriptional regulatory network described in Milo et al. (2002) and we focus
on a subset of 192 vertices connected by 303 edges. Nodes of the network correspond to operons, and
two operons are linked if one operon encodes a transcriptional factor that directly regulates the other
operon. Such networks are known to be relatively sparse which makes them hard to analyze. In this
Section, we aim at clustering the vertices according to their connection profile. Using Q = 6 clusters,
we apply our algorithm and we obtain the results in Table 1.

cluster size operons
1 2 STE12 TEC1

2 33
YBR070C MID2 YEL033W SRD1 TSL1 RTS2 PRM5 YNL051W PST1 YJL142C SSA4

YGR149W SPO12 YNL159C SFP1 YHR156C YPS1 YPL114W HTB2 MPT5 SRL1 DHH1
TKL2 PGU1 YHL021C RTA1 WSC2 GAT4 YJL017W TOS11 YLR414C BNI5 YDL222C

3 2 MSN4 MSN2

4 32
CPH1 TKL2 HSP12 SPS100 MDJ1 GRX1 SSA3 ALD2 GDH3 GRE3 HOR2 ALD3 SOD2
ARA1 HSP42 YNL077W HSP78 GLK1 DOG2 HXK1 RAS2 CTT1 HSP26 TPS1 TTR1

HSP104 GLO1 SSA4 PNC1 MTC2 YGR086C PGM2
5 2 YAP1 SKN7

6 19
YMR318C CTT1 TSA1 CYS3 ZWF1 HSP82 TRX2 GRE2 SOD1 AHP1 YNL134C HSP78

CCP1 TAL1 DAK1 YDR453C TRR1 LYS20 PGM2

Table 1. Classfication of the operons into Q = 6 clusters. Operons in bold belong to multiple clusters.

First, we notice that the clusters 1, 3, and 5 contain only two operons each. These operons
correspond to hubs which regulate respectively the nodes of clusters 2, 4, and 6. More precisely,
the nodes of cluster 2 are regulated by STE12 and TEC1 which are both involved in the response
to glucose limitation, nitrogen limitation and abundant fermentable carbon source. Similarly, MSN4
and MSN2 regulate the nodes of cluster 4 in response to different stress such as freezing, hydrostatic
pressure, and heat acclimation. Finally, the nodes of cluster 6 are regulated by YAP1 and SKN7 in
the presence of oxygen stimulus. In the case of sparse networks, one of the clusters often contains
most of the vertices having weak connection profiles, and is therefore not meaningful. Conversely,
with our approach, the vectors Zi can have all their components set to zero, corresponding to vertices
that do not belong to any cluster. Thus, we obtained 85 unclassified vertices. Our algorithm was able
to uncover two overlapping clusters (operons in bold in Table. 1). Thus, SSA4 and TKL2 belong to
cluster 2 and 4. Indeed, they are co-regulated by (STE12, TEC1) and (MSN4 and MSN2). Moreover,
HSP78, CTT1, and PGM2 belong to cluster 4 and 6 since they are co-regulated by (MSN4, MSN2)
and (YAP1, SKN7).
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1 Département Signaux et Systèmes Électroniques, Supélec, 3, rue Joliot Curie, F-91190 Gif-sur-Yvette,
2 Laboratoire d’Exploration Fonctionnelle des Génomes, CEA, 2, rue Gaston Crémieux, F-91000 Evry

vincent.guillemot@cea.fr

Abstract: When analyzing genomic data, the researcher often encounters the situation
where different genetic regulation graphs can be determined from the same dataset. One
graph is often compared to another with the help of databases gathering already known
regulations: the more known interactions an inferred graph contains, the better it is. We
propose a different approach, adapted from the theory of sphericity tests, to determine
whether a graph fits the dataset.

Keywords: Genomics, graph, hypothesis test, sphericity test.

La détermination de graphes d’interactions génétiques est un problème récurrent en bioinforma-
tique. Ces graphes peuvent être construits soit à partir de bases de données faisant l’inventaire de
toutes les régulations observées dans des expériences de biologie, soit par des méthodes d’inférence
comme la méthode Graphical Lasso (glasso) [5]. Ce genre de méthodes fait l’hypothèse qu’un pro-
fil d’expression est une réalisation d’une variable aléatoire X ∼ N (µ,Σ). En se plaçant dans le
cadre des modèles graphiques gaussiens [2], la matrice de précision Σ−1 de la variable X permet de
déterminer un graphe de régulations génétiques.

Comment vérifier qu’un graphe est en adéquation avec un jeu de données transcriptomiques parti-
culier ? Parmi plusieurs graphes, quel est celui qui est le plus en adéquation avec les données dont on
dispose ? Les réponses que l’on apporte le plus souvent sont basées sur la comparaison des graphes
obtenus avec un ou plusieurs graphes provenant de bases de données. La littérature propose des alter-
natives sous la forme de tests � locaux � d’adéquation d’un graphe à un jeu de données [3,2]. Nous
proposons une approche globale pour déterminer si un graphe G donné correspond de façon signi-
ficative à la matrice de précision empirique de données transcriptomiques. Nous utilisons pour cela
une statistique inspirée de tests de sphéricité. Dans la suite, les données seront supposées gaussiennes
multivariées.

Soit une variable aléatoire N (µ,Σ). On considère un échantillon de cette variable, un individu
étant noté xα, α = 1, ..., (n+ 1). On pose de plus S = 1

n

∑n+1
α=1 (xα − x) (xα − x)′.

La statistique que nous proposons est notée W ′ :

W ′ =
1
p

tr([SΣ−1
0 − Ip]2)−

p

n

(
1
p

tr(SΣ−1
0 )
)2

+
p

n
.

W ′ est inspirée de la statistique W présentée dans [4], elle est généralisée au cas où Σ−1
0 n’est pas

forcément égale à Ip grâce à une transformation proposée par [1]. Elle permet de comparer la matrice
de covariance Σ0 déduite du graphe inféré G à S. Σ−1

0 est déduite de G de la façon suivante : si A est
la matrice d’adjacence de G, D la matrice (diagonale) des degrés de G et Ip la matrice identité, alors
Σ−1

0 = A + D + Ip.



JOBIM 2009 Nantes

220

Les résultats que nous avons obtenus sont uniquement basés sur des données simulées, n + 1 =
30 réalisations i.i.d d’une variable N (0,Σ0) à p = 150 composantes selon l’algorithme suivant :
générer un graphe aléatoire Gref de référence, générer un jeu de donnéesN (0,Σref ) tel que Σref =
(Aref + Dref + Ip)

−1 et enfin obtenir des graphes avec la méthode glasso en variant le paramètre ρ
de la méthode [5].

La figure 1(a) présente une comparaison entre la statistique W ′ et τ , le taux d’arêtes communes
entre Gref et G. Chaque point correspond à la simulation de profils d’expression de taille 30 × 150,
ρ variant entre 0, 01 et 0, 05. La figure 1(b) présente également W ′ en fonction de τ , mais pour un
seul jeu de données correspondant à un seul graphe Gref . On applique ensuite la méthode glasso pour
inférer des graphes avec différentes valeurs de ρ (prises entre 0, 01 et 0, 2).
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(a) Pour des jeux de données indépendants.
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(b) Pour un même jeu de données.

Fig. 1. W ′ en fonction du taux d’arêtes correctement inférées par glasso. n et p sont fixés.

Les deux figures 1(a) et 1(b) permettent de constater que l’évolution de W ′ est décroissante en
fonction de τ . De plus, lorsque deux graphes sont proposés pour un seul jeu de données, les statis-
tiques obtenues sont tout à fait comparables et permettent de déterminer quel graphe est le plus en
adéquation avec les données. La statistique W ′ présentée permet donc de comparer plusieurs graphes
inférés sur un jeu de données transcriptomiques, ce classement ayant été validé sur des données si-
mulées gaussiennes multivariées. Il faut maintenant travailler sur les résultats asymptotiques présentés
par Ledoit et Wolf pour développer un test d’hypothèses.
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Abstract: Chromatin immunoprecipitation on chip (ChIP-chip) is a well-established pro-
cedure to investigate proteins associated with DNA. ChIP-chip enables to study differ-
ences between two immunoprecipitated DNA samples. From a biological point of view,
we expect to distinguish four different groups: a group of non-immunoprecipited DNA,
a group of immunoprecipited DNA in both samples, and then two groups in which DNA
is immunoprecipited differently. We propose to model these data with a mixture of two-
dimensional Gaussians with four components. Biological knowledges are included as
constraints on the variance matrices. The parameters are estimated by the EM algo-
rithm. This method is applied to NimbleGen data in order to study the histone methy-
lation difference between the wild ecotype of model plant Arabidopsis thaliana and a
mutant.

Keywords: Gaussian mixture, Model selection, ChIP-chip

L’immunoprécipitation de la chromatine sur puce (ChIP-chip) est une technique utilisée pour
étudier les interactions entre protéines et ADN. Habituellement dans une expérience de ChIP-chip,
les deux échantillons co-hybridés sont les fragments d’ADN liés à la protéine d’intérêt (IP) et l’ADN
génomique total (INPUT), mais le ChIP-chip permet également d’étudier directement la différence
entre deux échantillons d’ADN immunoprécipité (issus d’un sauvage et d’un mutant par exemple),
sans hybrider sur la puce l’ADN génomique total (INPUT). On s’attend alors à distinguer quatre
groupes différents : un groupe d’ADN non-immunoprécipité, un groupe d’ADN immunoprécipité
identiquement dans les deux échantillons, et puis deux groupes dans lesquels l’ADN est immu-
noprécipité différemment. L’objectif de notre travail est de proposer une modélisation conjointe des
signaux IPs obtenus par un modèle de mélange de gaussiennes bi-dimensionnelles à quatre com-
posantes, où les connaissances biologiques sont prises en compte sous forme de contraintes sur les
paramètres du modèle.
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Soit Xi = (X1i, X2i) le signal log-IP de chaque échantillon pour la sonde i, la densité du couple
s’écrit :

f(Xi) =
4∑

k=1

πkφ(Xi|µk, Σk),

où πk est la proportion de la kème composante du mélange (0 < πk < 1, ∀ k = 1, ..., 4 et∑4
k=1 πk = 1) et φ(.|µk, Σk) est la densité d’une distribution gaussienne bidimensionnelle de pa-

ramètres (µk, Σk), où µk est la moyenne et Σk est la matrice de variance-covariance. Nous reprenons
une paramétrisation proposée par [1] qui considère la décomposition spectrale des matrices de va-
riance des classes. Cette paramétrisation permet de proposer de nombreux modèles de classification
[2].
Afin d’intégrer la connaissance biologique, des contraintes sont ajoutées au modèle : le groupe d’ADN
non-immunoprécipité et le groupe normal ont la même matrice d’orientation car ils sont tous les deux
orientés selon la première bissectrice. D’autre part, on suppose que le bruit est égal dans chaque
groupe, ce qui correspond à fixer la deuxième valeur propre de Σk. En effet, la première valeur
propre est associée au premier axe de l’ellipse (grand axe) et la deuxième est associée au petit axe de
l’ellipse. Nous obtenons ainsi :

Σk = DkΛkD
′
k, pour k = 1, .., 4

D1 = D2 = D

Λk =
(
λ1k 0
0 λ2

)
, pour k = 1, .., 4, avec λ1k > λ2

où Λk représente le volume et la forme, Dk représente l’orientation. Dk est la matrice des vecteurs
propres de Σk et Λk est une matrice diagonale avec les valeurs propres de Σk sur la diagonale dans
l’ordre décroissant.
Les paramètres (π1, ..., π3, µ1, ..., µ4, Σ1, ..., Σ4) sont estimés à l’aide d’un algorithme EM et les
sondes sont classées dans l’un des 4 groupes selon la règle du Maximum A Posteriori.

Nous illustrons cette méthode avec des données issues de la technologie NimbleGen. Les deux
échantillons co-hybridés sur la puce concernent la méthylation d’une histone de la plante modèle
Arabidopsis thaliana pour un sauvage et un mutant.

Références

[1] J.D. Banfield and A.E. Raftery, Model-based Gaussian and non-Gaussian clustering. Biometrics 49, 803-
821, 1993.

[2] G. Celeux and G. Govaert, Gaussian Parsimonious Clustering Models. Pattern Recognition 28, 781-793,
1995.



JOBIM 2009 Nantes

223

OxyGene&Co : Combining OxyGene and CoBalt to improved  the 
functional annotation of oxidative stress sub-systems 

 

David Thybert1*, David Goudenège1*, Stéphane Avner1, Céline Miganeh-Lucchetti1 , Frédérique 
Barloy-Hubler1 

* equal contribution to the work 
1 Equipe B@SIC, CNRS UMR 6026, Université  de Rennes 1, 

Campus de Beaulieu, Av. du Général leclerc, 35042 Rennes, France 
{david. thybert, david. goudenege, stephane.avner, celine.lucchetti,  

fhubler}@univ-rennes1.fr 

Abstract: In order to improve fucntionnal annotation of prokaryotic genomes, we 
combine OxyGene and CoBalt in a new tool, OxyGene&Co. This tool add a 
subcellular localization layer to OxyGene oxidative stress annotation. 
OxyGene&Co demonstrate that different location can be predicted for proteins of 
the same detoxification subfamily. 

Keywords: Genomes annotation, oxydative stress, subcellular localization. 

1 Introduction 

Since the massive delivery of genome sequences, improving the annotation accuracy and 
homogeneity  have become crucial since frequent imprecise, ambiguous or erroneous annotations 
[1] limit efficient comparative genomics and can cause interpretation mistakes regarding functional 
potentialities carried by genomes.  

2 OxyGene and CoBalt 

In order to deal with these problems, our group developed an innovative annotation strategy based 
on a new ontology organized in subsystems, i.e a set of gene classes and subclasses that share 
functions involved in the same biological process, and an anchor-based ab-initio genome 
annotation. This approach was implemented in a platform called OxyGene [3], used to annotate and 
analyze oxidative stress response subsystems in prokaryotic genomes. It improved the functional 
detection of ROS/RNS subsystem potentiality in prokaryotic genomes by simplifying and 
homogenizing the description of functions, by correcting errors and detecting forgotten loci [2].  
 In parallel, we also developed CoBalt (Consensus Based Localization Tool) [4] a database of  
the sub-cellular localization prediction the proteins. A very large number of specialized (signal 
peptide, alpha helices …) and global tools (localization prediction), using different methods (HMM, 
NN, SVM, patterns...), have been tested and 41 were selected. All the NCBI prokaryotic complete 
genomes were pre-computed and all protein results were stored in a specific interfaced database 
,organized in prediction boxes, (lipoprotein, signal peptide, helical transmembrane...).  
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3 OxyGene&Co 

As protein function is closely related to its activity location, OxyGene annotations have been 
associated with CoBalt predictions into a functional platform called OxyGene&Co. By combining 
OxyGene and Cobalt, we demonstrate that different subcellular localization can be predicted for 
proteins of the same ROS/RNS detoxification subfamily and that these location variations point out 
functional biodiversities, important for “genotype to phenotype” predictions.  
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Abstract: The advance of proteomics technologies has exposed the community to a 
deluge of data. The Proteomics Standard Initiative (PSI) has defined standards and 
controlled vocabularies (CVs) for the representation of experimental data. These 
data formats are commonly used and ensuring compliance to guidelines has 
become increasingly important.The PSI Semantic Validator addresses this issue by 
offering a framework for data validation, it allows the verification of correct CVs 
usage and complex integrity checking of the data. The framework is free, open-
source and can be adapted to any data format. 

Keywords: Proteomics, Standardisation, Data validation. 

1 Methods 

The framework is written in Java and can be based on any other data model. Given an instance of a 
data type and a set of rules, the validator will process the data and return a set of messages, each of 
which reports on inconsistencies found. The error level of each message denotes its severity. 
Different types of validation can be performed such as syntax of the data (if provided in a textual 
form such as XML), correct usage of CVs (including consistent use of CV hierarchy) and 
advanced data check based on rules created by a validator’s developer.  

It is common for a mass spectrometry experiment to report very large amount of data (i.e. XML of a 
few gigabytes). The Validator was developed with this constraint in mind so that it can process 
large volume of data with minimal memory footprint. 

2 Results 

The Proteomics Standards for Molecular Interactions [1] (PSI-MI) and Mass Spectrometry (PSI-
MS) have been widely adopted by the community and a large volume of experimental data is now 
available for scientists too (e.g. IntAct [2], PRIDE [3]). These data formats allow the effortless 
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aggregation of datasets, but falls short when it comes to enforcing complex constraints that ensure 
the data is biologically correct. The PSI Semantic Validator allows scientists to validate their 
proteomics data files as existing implementations of the validator have already been made available 
on the Internet  for PSI-MI and PSI-MS (http://psidev.info/validator). Furthermore, the framework 
has been written such that it can be adapted to any data type, provided it is based on a well defined 
structure. 

Another use of the validator is to check on user data submission to public repositories. Indeed, 
multiple rule sets can be developed for the same data format, thus defining different levels of 
stringency. For instance, data submission to the IntAct database could be checked against both the 
MIMIx guidelines [4], the IMEx curation manual [5] as well as the more stringent IntAct manual 
curation standards [6]. 

3 Innovative Aspects 

• Generic framework adaptable to any data format. 
• Seamless integration of CVs available in Open Biomedical Ontologies (OBO) format via the 

Ontology Lookup Service. 
• Optimized handling of XML data so that it can process large volumes with ease. 
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1 Introduction

We introduce a new algorithm for the mass spectrometric identification of proteins. Experimental
spectra obtained by tandem MS/MS are directly compared to theoretical spectra generated from pro-
teins of evolutionarily closely related organisms. This work is motivated by the need of a method that
allows the identification of proteins of unsequenced species against a database containing proteins
of related organisms. The idea is that matching spectra of unknown peptides to very similar MS/MS
spectra generated from this database of annotated proteins can lead to annotate unknown proteins.
This process is similar to ortholog annotation in protein sequence databases. The difficulty with such
an approach is that two similar peptides, even with just one modification (i.e. insertion, deletion or
substitution of one or several amino acid(s)) between them, usually generate very dissimilar spectra.
In this poster, we present a new dynamic programming based algorithm: PacketSpectralAlignment
(PSA). Our algorithm is tolerant to modifications and fully exploits two important properties that are
usually not considered: the notion of inner symmetry, a relation linking pairs of spectrum peaks, and
the notion of packet inside each spectrum to keep related peaks together.

2 Results

We compare our algorithm PSA to SpectraAlignment [1,2] on a set of simulated data. We generate
a dataset of 1000 random peptides of random size in [10, 25] in order to constitute a database that will
be used to create the theoretical spectra. Each peptide in the database is then modified by applying 0
to 4 random substitutions of amino acids to create simulated experimental spectra. Then we compare
each simulated experimental spectrum with each theoretical spectrum.
Our tests show that the two algorithms have a comparable behaviour for 0 to 2 shifts, with a slight
advantage for our algorithm. However, for more than two shifts, SpectralAlignment presents a fast
deterioration of its results, while PacketSpectralAlignment still gives good results (see Figure 1).

We have also evaluated the benefits supplied by the packets (a packet is a cluster of several peaks).
Thanks to packets, we do not test all masses in an experimental spectrum, but only those masses m
inducing an alignment of at least T peaks when a packet from the theoretical spectrum is positionned
at mass m. To evaluate this, we have computed the number of masses to treat for different values of
T on four different datasets (one of simulated spectra and 3 of experimental maize spectra). Table 1
shows the evolution of the number of possible masses in function of the threshold T for each set
of spectra. We can notice that the number of possible masses decreases considerably when T is
increased. We also note, on the first tests (Fig. 1), with a threshold T of 2, our algorithm PSA is
twice as fast as SA.
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Figure 1. Comparison of SA and PSA on our sets of 1000 random peptides

Number of Possible Masses
Threshold T

1 2 3 4
Simulated spectra 485 134 39 14

Experimental Maize spectra
no filtering 689 312 141 61
100 most intense peaks 540 180 57 17
50 most intense peaks 346 79 18 4

Table 1. Evaluation of the number of tested masses on four sets of spectra depending on the threshold T .

3 Conclusion

We have developed PacketSpectralAlignment, a new dynamic programming based algorithm that
fully exploits, for the first time, two properties that are inherent to MS/MS spectra. The first one con-
sists in using the inner symmetry of spectra and the second one is the grouping of all dependent peaks
into packets.
Our results are very positive, showing a serious increase in peptides identification in spite of modifi-
cations. The sensibility has been significantly increased, while the execution time has been divided by
more than two. More tests on experimental data will allow us to evaluate more precisely the benefits
provided by our new algorithm. In the future, a better consideration of other points, such as spectra
quality, will be added. Moreover, the score will be improved by taking into account other elements
such as peaks intensity.
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523 Place des Terrasses, 91034 Evry Cedex, France.

cdevauchelle@genopole.cnrs.fr

1 Introduction

Multiple sequence alignment (MSA) is often a requisite for sequence analysis, but it is a notoriously
difficult task. The idea of including local alignment information (pioneered by T-Coffee [1]) is also
at work in more recent tools like MUSCLE [2]. A latest trend tends to include structural or homol-
ogy information retrieved from existing databases (like DbClustal [3]). Yet another way to improve
the accuracy of existing MSA is to include user-specified anchor points, which are positions that
should turn out to be aligned in the output (like in Dialign [4]). We introduce a method to determine
automatically a set of anchor points to help multiple alignment software. The anchors are defined
combinatorially using a linear complexity algorithm based on the transitive closure of subword com-
position (N -local decoding [5]), where we adapt locally the value of the length N of the subword.
The anchor points produced are naturally multiple, and we define a graph-theoretic algorithm to en-
sure their consistency with a multiple alignment. Two types of anchor points are introduced into the
global software ClustalW2.0 and the improvement is tested on the benchmark BAliBASE3 ([6]).

2 Anchor selection on the partition tree of the local decoding

We consider a collection S of sequences s = s1 . . . s`(s) of lengths `(s) over a finite alphabet A. The
site space S = {(s, p)|s ∈ S, 1 6 p 6 `(s)} has a partial ordering σ = (s, p) ≤ σ′ = (s′, p′) if and
only if s = s′ and p ≤ p′. We define an anchor point as a subset C ⊂ S of sites having at most one
occurrence per sequence. The aim of this whole section is to define a set C of disjoint anchor points.
The succession graph of a set C of anchor points is the edge-weighted graph SG(C) = (C, E, w)
with edges e = (C,C ′) such that the occurrence of C ′ follows in some sequence s the occurrence of
C, weighed by the number w(e) of sequences where this happens. By convenience we also add an
initial vertex vstart and a terminal one vend. The set C is consistent with a global alignment (in the
sense of Dialign) if and only if SG(C) is a directed acyclic graph (DAG). A word w ∈ AN occurs at
position i relatively to σ = (s, p) if s[p−i,p−i+N−1] = w. Say σ 'N σ′ whenever there is a repeated
length N word w at the same position relatively to both σ and σ′. The N -local decoding of S ([5])
is the partition EN of S induced by the transitive closure of 'N . Like any N -mer-based method, no
good criterion to tune the parameter N is at hand. However the partitions EN are embedded. Letting
E0 = {S}, we can encode the set V =

⋃
i≥0 E i of equivalence classes for different values of N into

the partition tree P = (V,EP), where (u, v) ∈ EP when u ∈ EN , v ∈ EN+1 and v ( u. For
C ∈ EN , let κ(C) = |C|/|{s ∈ S|∃p, (s, p) ∈ C}|. Thus, κ(C) = 1 whenever C is an anchor point.
The raw anchors are defined as Craw

>smin
= {C ∈ V |κ(C) = 1 and ∀C ′ ⊃ C, κ(C ′) > 1 and |C| ≥
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smin}. To turn our set of raw anchor points C = Craw
>smin

into a consistent one, we remove some sites
from the anchor points, so that the succession graph becomes a DAG. We proceed in two steps. First,
we delete some edges e ∈ E′ of SG(C) to turn it into a DAG. Finding a set E′ of minimal weight
is NP-hard, so we remove the lowest weighted edges from SG(C) until all cycles have disappeared.
The obtained DAG induces a partial order 6∗ on C ∪ {vstart, vend}. For each sequence s, let Cs

be the set of anchor points of C having a (unique) site (s, jC) in s. There are two order relations
on Vs = Cs ∪ {vstart, vend}, the total order ≤s induced by the order ≤ of S, and the partial order
6∗

s induced by 6∗. Let Gs = (Vs, Es) be the graph of the relation R =≤s ∩ 6∗
s . Choose a path

γs = (vstart, u1, . . . , un, vend) of greatest length in Gs from vstart to vend. For all anchors C ∈ Cs

such that C /∈ γs, remove the site (s, jC) from C. The anchor points obtained after performing this
procedure for all sequences form a consistent anchor set.

3 Results and discussion

On the BAliBASE3 data bank, restricted to datasets having at least 20 sequences to allow for the
use of the transitive closure (excluding thus RV10), we have compared the alignments produced by
ClustalW2.0 alone and with raw and consistent anchors. The table 1 shows the variation of SP and
TC scores computed on the core regions by the program baliscore from BAliBASE3.

∆ SP (raw) ∆ SP (consistent) ∆ TC (raw) ∆ TC (consistent)
smin all 2–10 11–20 all 2–10 11–20 all 2–10 11–20 all 2–10 11–20
RV20 0.12 -0.14 0.36 0.49 0.51 0.47 -0.02 -1.22 1.07 1.65 2 1.34
RV30 -1.25 -2.7 0.05 1.03 1.43 0.67 3.22 2.5 3.87 4.05 5.53 2.72
RV40 1.29 0.14 2.34 2.2 2.12 2.27 -2.92 -3.88 -2.06 -2.69 -3.14 -2.28
RV50 -0.01 -1.81 1.61 2.05 2.08 2.02 6.03 6.03 5.28 7.75 8.87 6.77

Table 1. Average of the score improvement on ClustalW with both types of anchors.

Introducing the raw anchor points improves slightly both scores for high values of smin, especially
TC (with the conspicuous exception of RV40). This means that the total number of correct columns
increases noticeably, even though the average number of correctly aligned pairs of residues is almost
unchanged, at any rate not diminished. The improvement is clearer (except for TC on RV40 again) if
ClustalW receives consistent anchors, and the parameter smin becomes almost irrelevant.
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Bréhélin, 43, 119

Brinza, 155
Brun, 49

Brunaud, 127
Brysbaert, 125

Bucher, 5

C
Calevro, 155
Califano, 67

Calvat, 123
Camproux, 161

Carballido-Lopez, 167
Carbone, 153, 159

Carrere, 183, 187
Cassier-Chauvat, 103

Cazals, 109
Chabalier, 55

Charles, 155
Charrier, 135

Chauvat, 103
Chen, 13

Chiapello, 25, 31
Chrast, 215

Cliquet, 227
Clote, 129

Cohen, 141
Coissac, 213

Colot, 221
Commes, 119

Corel, 229
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Téletchéa, 135

Tenenhaus, 219

Terrapon, 43

Tessier, 227

Textoris, 191
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