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ABSTRACT. The research proposed here will mainly focus on com-
putational biology. The technological advances in biology related
areas allowed a huge amount of information to be extracted. It is
one of the main current challenges for biologists to be able to ex-
tract knowledge from all this data and a challenge also for the com-
puter scientists to help the biologists in this process. The analysis
of this data involves, among many other issues, the formalization
of problems and the search for efficient algorithms to solve these
problems. This is a continuous process in the sense that the so-
lutions produced by the algorithms will usually lead a refinement
of the models and problem formulations, and will therefore require
new algorithms. The main goal of this project is to work on these
types of questions: the formalization of problems coming from bi-

ology and the search for efficient algorithms for these problems.

1. INTRODUCTION AND JUSTIFICATION

Living organisms are extraordinarily complex systems which recent
technological advances have enabled to start studying in a completely
new fashion, at scales never contemplated before. Although mathemat-
ical models have since a long time been attempted for many biologi-
cal phenomena, usually this was at a relatively small specialized level.
Even then, the data was often missing to test, revise and refine such
models. This data is now coming so fast that it is the models and their
accuracy that are lagging increasingly behind. The coverage of the
data is also extensive enough already that one may start considering
to model larger and wider covering systems. This is totally essential if
one hopes to get a truly good understanding of how complex organisms

function and reproduce.
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Although the speed of arrival of new data, and their overall size have
often been mentioned as the main bottlenecks to the mathematical
and computational modeling and treatment of such new information,
the real bottleneck is situated elsewhere. It is in the relative lack
of sophistication of currently existing computational tools for dealing
even sometimes with small biological datasets. The mathematical and
algorithmic theory is often not yet there that would enable to fully
satisfactorily treat the complexity of living organisms.

This project addresses exactly this point. The French and the Brazil-
ian groups gather people with interest in mainly three areas of computer
science: computational biology, combinatorial optimization and graph
theory. These areas are related to each other, as many problems in
the first two are modeled and formalized as problems in graph theory.
Also, many problems in computational biology are in fact optimiza-
tion problems. Sharing knowledge within these areas is therefore an
important step towards solving important practical problems, as well
as towards developing the background to find more efficient solutions
for such problems. We want to use the theoretical skills of both groups
to improve some of the mathematical and algorithmical theory needed
to get a better understanding of evolution and of the preservation of
structures in living systems. We intend to work on four main topics:
sequence analysis and models for molecular evolution (Part 1 of this
project), large-scale comparative genomics and genome dynamics (Part
2), phylogeny (Part 3), and biochemical networks (Part 4). Each of
these topics is already under investigation by one or both sides, either

independently or in collaboration.

Part 1: Sequence analysis and models for molecular evolution
This part is basically concerned with identifying motifs of different
types and sizes in molecular sequences. This identification requires
also to have good models of the evolution of such sequences and this is
therefore a third topic that appears as background to the other two.
The following subtopics will more particularly interest us in the con-

text of this project.
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1.1: Improving or investigating the various models for motifs that
have been developed over the years. The motifs here include:
complex motifs, that is motifs which may be composed of various
parts separated by more or less constrained distances; footprint
motifs, that is motifs that explicitly take a (known) phylogeny
into account when trying to infer motifs from a set of orthologous
sequences; finally, motifs that try to combine both the pattern
and position weight matrix models for representing motifs.

1.2: Systematically investigating new approaches for motif infer-
ence, in particular by exploring probabilistic methods and gen-
eral machine learning techniques, and more specifically analyzing
the feasibility of non supervised motifs learning using biclustering
techniques adapted to motifs.

1.3: Extending the types of motifs that have been considered to
treat long motifs (which may require filtering techniques specially
adapted to the problem — genes may be seen as very long motifs,
split in the case of eukaryotes), motifs under an edit distance
model, parameterized motifs (motifs which match under general
functions), motifs appearing in permuted forms.

1.4: Systematically investigating new indexes for old and new motif
models, in particular indexes for approximate motifs search and
inference and for complex motifs.

1.5: Analyzing various exact or approximate formulations of motif
clustering, from the most elegant ones (such as bases of motifs al-
ready undergoing investigation in one of the groups) to heuristical
clustering methods.

1.6: Improving the algorithms for multiple sequence alignment that
underly motif search or inference methods, in particular, exploring
new cost functions such as normalized edit distance (where the
alignment quality of the sequences is measured by considering the
average of the quality of the local alignment of the sequences) [2,
3, 24, 28, 35].

1.7: Exploiting conservation differences, that is, differences in evo-
lutionary constraints, to identify gene regulatory sequences. Al-

gorithms will be considered for scanning sequences from different
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organisms for conserved equivalent segments and within these seg-

ments, to identify hyper conserved and hyper variable regions.

Part 2: Large-scale comparative genomics and genome dy-
namics

It has since long been known that genomes are not static. The work
of Barbara Clintock in the late 40’s showing that genes could jump
spontaneously from one site to another was a first clear sign of this.
“Jumping genes” were called transposable elements by Clintock. Genes
may also get duplicated. There are strong indications that the dupli-
cation may sometimes affect whole chromosomes or even genomes or,
inversely, only pieces of a gene, in particular exons. It has thus been
shown that, during evolution, DNA segments coding for modules or do-
mains in proteins have been duplicated and rearranged through what
has been called intronic recombination. By shuffling modules between
genes, protein families have thus evolved. Genomic segments can be
reversed, in general through ectopic recombination, or deleted. Chro-
mosomes in multi-chromosomal organisms may undergo fusion or fis-
sion, or exchange genetic material with another chromosome (through
homologous recombination), usually at their ends (translocation) or in-
ternally. Genetic material may also be transferred across sub-species
or species (lateral transfer), thus leading to the insertion of new el-
ements in a genome. Parts of a genome may be amplified, through,
for instance, slippage resulting in the multiplication of the copies of a
tandem repeat.

Although much is known about the dynamic behavior of genomes,
much more remains to be discovered about the forces and exact mech-
anisms behind such dynamics, its function and extend, the frequency
of each type of rearrangement, and the impact genomic reorganizations
may have on gene expression and genome development.

Below follows a list of topics where, we believe, the collaboration

within this project might yield significant breakthroughs.

2.1: Algorithms and complexity analysis for calculating a rearrange-
ment distance between two or more genomes under various mod-

els. Classical methods of DNA sequence comparison assumed that
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sequences may only mutate by operations that act on individual
nucleotides, i.e., substitutions, insertions, and deletions. More re-
cently, additional studies considered large scale genome rearrange-
ment events such as inversions [11, 12, 17, 18, 33], transposi-
tions [13, 14, 19] and translocation. We aim to broaden the theory
of genome rearrangement in several directions, and to tighten the
contact between the theoretical analysis and the real data that are
gradually becoming available. The key topics we shall study are
algorithms for sorting by signed reversals, length-sensitive sort-
ing by reversal [5], sorting by transpositions, handling duplicated
genes, handling missing genes, handling multiple genomes.

2.2: Modeling, detection and analysis of “segments conserved by re-
arrangements” [6, 15]. “Segments conserved by rearrangements”
mean parts of a chromosome which are relatively stable under
large-scale evolutionary events. Looking for such segments is a
difficult task for two reasons. The first one is that the conser-
vation is not exact. Some rearrangements preserve the function
associated with a segment provided there are “not many” of them.
How precisely to define the number and type that should be al-
lowed, and therefore which definition(s) to adopt for a conserved
segment (possibly there will be more than one depending on the
biological question) remains very much an open problem. Our first
task will thus be to derive models that are satisfying both math-
ematically and biologically. The second difficulty of the problem
is that such models may be hard to compute.

2.3: Study of breakpoint regions of the genome [4, 7, 34]. This con-
sists in analyzing the regions where rearrangements have broken
the genome, and trying to find some characteristics that may en-
able to classify them according to the type of rearrangement that
gave them origin. The characteristics sought could be the motifs
or repeats such regions may contain, or some other features still
to be determined. We intend to build methods for detecting such
regions as accurately as possible (this is the counterpart of the
conserved segments mentioned just above). Then by studying the

distribution and length of these regions, we shall try to evaluate
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the reality of the “fragile regions” model, which asserts that there
are evolution hotspots in the genome. This theory is under discus-
sion in the scientific community, and still lacks efficient theoretical
bases. We shall combine gene homology data and global genomic
alignment data and provide reliable tools and analyses based on
previous studies on rearrangements.

.4: We have interest also in a particular subproblem of the
previous one, namely the problem of alignments with inver-
sions [11, 12, 17, 18, 33]. Sequence alignments are broadly studied
for biological sequence comparison but considering only biological
events such as mutations, insertions and deletions. Other biolog-
ical events such as inversions are not automatically detected by
the usual alignment algorithms. Some alternative strategies have
been considered in the attempt to include inversions and other
types of rearrangements. We plan to improve further on some
substantial results we have already concerning this topic [9], and
possibly to generalize them to other types of alignments and ob-
jective functions.

.5: Repetitions, recombinations and rearrangements. The objec-
tive is to design algorithms for identifying various types of re-
peats, comparing various alleles of a tandem repeat and studying
the relationship between repeats and recombination. We shall
investigate new models, algorithms and indexes for identifying
various types of repeats in a sequence. The work will start by
attempting a typology of the various types of repeats that may be
found in biological sequences. Mathematical models and efficient
algorithms for their detection will then be investigated for some
of these repeats. A tandem repeat has a history and any two indi-
viduals may have different tandem repeat sequences at the same
genomic location. For various scientific reasons, biologists are in-
terested in tracing back the history of a tandem repeat and in
comparing different alleles of a tandem repeat. In the proposed
work, we shall focus on combinatorial and algorithmic aspects of

the duplication phenomenon. The more complicated case where
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recombination is present between the copies of a tandem repeat

will also be addressed.

Part 3: Phylogeny

Although rearrangements are now generally known to be a major
force of the evolution of organisms, they have been surprisingly lit-
tle used to study such evolution, in particular to infer phylogenies.
Phylogenies have instead continued to be most often derived from the
point mutation information of one or more genes. Although it is well
known, and is indeed a current topic of investigation, that the “evo-
lutionary story” told by a gene often contradicts the “story” told by
another gene, or the “story” obtained by using some more general in-
formation from an organism (e.g. a set of genes taken together, or a
set of morphological characters), such evolutionary stories continue to
be represented in a hierarchical manner, that is using trees as models
instead of graphs [8, 20, 21, 25].

This difficult problem will be addressed in a step-wise manner by

considering the following subproblems.

3.1: Revisiting the problem of a phylogenetic tree reconstruction.
When building phylogenetic trees from molecular sequences, a
natural model that captures the problem is a variant of the Steiner
tree problem, where we allow terminals to be only leaves of the
tree [10, 16, 26, 27]. Another variant of this problem that seems
particularly relevant for our purposes is one where we are given
also a permutation of the terminals and we want a minimum-cost
Steiner tree with terminal leaves that respects the given permuta-
tion. By this we mean that, if in the permutation terminals ry, r,,
rz and ry4 appear in this order, then the paths in the tree between
r; and r3 and between ry and ry intersect. We have some prelim-
inary results on these problems and intend to push them further.
The second problem within this context concerns the maximum
homeomorphic agreement subtree problem, which has several ap-
plications in the computation of a distance/dissimilarity between
two trees. It consists of the following: given a collection of rooted

trees with its leaves labelled by elements of a set A, find a subset
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of A of maximum cardinality such that the subtrees of the given
trees “induced” by the leaves with labels in this subset coincide,
except for possible edge subdivisions.

3.2: Computing a recombination distance between two phylogenetic
trees [20, 21, 22, 23]. In our preliminary theoretical work with this
topic, the distance we explored is based on the MAF (“Maximum
Agreement Forest”) between two trees [31]. We shall continue this
work by examining the relation between the MAF and another
possibly more appropriate recombination distance between trees:
the SPR (“Subtree Prune and Regraft”) distance. This is the
minimum number of subtree cuts and regrafts one must do in
order to transform one tree into another. We shall also work
on elaborating new algorithms for the MAF and other distances,
either with a better ratio than those established so far, including
by us, or parameterized.

3.3: Exploring the network (graph) nature of the evolution of organ-
isms by combining optimization methods and graph algorithms for

inferring what are called reticulate phylogenies.

Part 4: Biochemical networks

It is now commonly accepted that the functioning and development
of a living organism is controlled by the networks of interactions be-
tween its genes, proteins, and small molecules. Studying such networks
and their underlying complexity is the main objective of this part. This
objective hides a second one, no less crucial, which is to greatly im-
prove the mathematical and algorithmical theory needed to accurately
model, and then explore and analyze highly complex living systems.
Biochemical networks may represent protein-protein interactions, the
metabolism of an organism, its system of gene expression regulation,
or even, mixed networks that contain information coming from various
of the previous sources.

The amount and spread of the data now becoming available enable
us also to introduce an evolutionary perspective into the study of liv-
ing organisms, and in particular of biochemical networks. FEvolution

is a general underlying principle of life that allows us to compare and
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decipher the meaning and function of structure, the modification of
biochemical pathways and networks, the preservation and variation of
cell signalling systems, and so on. It thus serves to study the funda-
mental aspects of life, taking advantage for this of the exploratory and
comparative possibilities provided, in particular, by the availability of
an increasing number of whole sequences and datasets from different
genomes.

The main topic for which the intensive collaboration among the mem-
bers of this project can be profitable is the search of pathways, motifs
and modules in different kinds of biochemical networks, that is, the
search of what is functional, and therefore preserved by evolution. In

particular, we shall be concerned with the following two main topics.

4.1: Motifs and modules in biochemical networks [1, 29]. No fully
satisfying or complete definition of motifs and modules in bio-
chemical networks exist and most of the work will consist in ex-
ploring the various which may be considered (topological or other)
and the algorithmical complexity of such definitions. For each, ef-
ficient data structures, filters and algorithms for both searching
known motifs and for inferring new ones in large networks will be
developed. The definitions will of course vary depending on the
type of biochemical network that is considered.

The question of the statistical significance of the motifs iden-
tified will be of primary importance. This question is still open.
An answer to it may depend on the definition of a random graph
that is appropriate to the biological problem at hand, a definition
of a motif occurrence in such a network, and how to calculate the
probability of such motifs. The possibility to transpose questions
and results on motif statistics in a random sequence to motifs sta-
tistics in a random network will be examined. This will be a more
exploratory research activity.

Finally, modules and motifs will also be essential instruments
for studying and understanding the evolution of networks. Indeed
metabolic pathways have already been used to infer phylogenies
but the topological aspects of such pathways are only very par-

tially and indirectly taken into account. This is another area that
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will be developed, possibly in conjunction with other types of in-
formation.

4.2: Reconstruction, alignment and simulation of metabolic path-
ways. Metabolic pathways reflect the sum of an organism’s chem-
ical reactions, and their elucidation is key to the understanding of
cellular processes as a whole. Such pathways can be represented
as labeled graphs and networks of processes, thus making them
amenable to algorithmic analyses of several kinds. Our objective
is to combine methods for computational analysis and simulation
of these structures with experimental work that reveals the (ki-
netic and other) parameters that are required to characterize the
behavior of these systems in order to allow life science researchers
to better understand how metabolic pathways function.

In our work, we aim to provide researchers with systematic
and predictive means to do their work. These include the ability
to compare metabolisms both of a variety of organisms as well
as of similar processes within the same organism, the provision
of tools and methods to do both static and dynamic analyses of
pathways, and the ability to reconstruct complex pathways from
their constituents. Note that some of the methods developed in
this context are applicable also to other cases, such as regulatory

networks, or protein-protein interaction networks.

1.1. Justification. The two research groups involved in this project
are complementary in the following sense. The French group is strongly
active in the area of computational biology. Most of its members come
from computer science or mathematics, but some have majors in biol-
ogy or bioinformatics. They are also actively in contact with biologists
and maintain a strong collaboration with researchers in molecular bi-
ology. The coordinator of the French side, Dr. Marie-France Sagot,
has a background in computer science, more specifically algorithmics.
She worked for four years at the Pasteur Institute in Paris and is now
a Director of Research at the INRIA. She is physically located at the
Claude Bernard University in Lyon, and belongs to the Laboratoire of
Biometry and Evolutionary Biology of the University. The Brazilian
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group is strongly active in combinatorial optimization, computational
complexity and development of algorithms in general, and has, in the
past years, invested in the area of computational biology. All but one
of them are members of the Combinatorics and Combinatorial Opti-
mization Research Group, at the Department of Computer Science of
the University of Sao Paulo, Brazil.

This collaboration will be very beneficial for both sides. The Brazil-
ian members will benefit from the expertise in computational biology
from the French members while the latter will be able to count on the
general experience in combinatorial optimization, computational com-
plexity and algorithmics of the Brazilian members to reinforce these
aspects inside the French group. The two groups count with a number
of PhD students that will also benefit from this collaboration.

It is important to note that the collaboration has already existed for
many years now. Dr. Marie-France Sagot was a student at the Univer-
sity of Sao Paulo before coming to France for the DEA. She kept her
contacts at USP. Such contacts lead to an official collaboration through
a CAPES-COFECUB project from 1999 to 2001, coordinated by Dr.
Sagot and Prof. Yoshiko Wakabayashi (USP), also a participant of the
current proposal. Prof. Wakabayashi and Dr. Sagot have been collab-
orating for many years. Recently, Springer-Verlag published a book
named Recent Advances in Algorithms and Combinatorics, edited by
B. Reed and C.L. Sales (CMS Books in Mathematics, 2003), with sev-
eral chapters. One of them, Pattern inference under many guises [32],
was written by the two of them, and addresses part of the topics that
will be under investigation within this project. One of the members of
the Brazilian group, when a PhD student, spent 9 months in a research
mission under the supervision of the French coordinator (two papers,
one accepted and one submitted, resulted from the mission [31, 30]),
and recently another Brazilian student, who is now finishing his PhD,
did the same. Currently a member of the Brazilian group is in a re-
search visit with the French partners for a period of 6 weeks. This
visit is being funded (informally) by the INRIA (stay) and the ProNEx
107/97 - MCT/CNPq project (Proc. CNPq 664107/1997-4, plane tick-
ets).
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We believe that, with this new project, we shall intensify the already
existing collaboration and give continuity to the student interchanges,
which are so important for their training as it exposes them to an

international cooperation.

2. MAIN GOALS

Recently, this same group has submitted a proposal to INRIA of
an Associated Team between the Combinatorics and Combinatorial
Optimization Research Group (USP, Brazil) and the HELIX group
(Lyon/Grenoble, France).

Our main goal is to strengthen and start new collaborations among
the participants of the project and make progress on the resolution of
the problems listed above.

Another goal is to give to our PhD students an opportunity to take
part of an international cooperation, to initiate international contacts,
to be exposed to a different research environment, and to benefit from

the expertise and the experience of different researchers.

3. WORK PLAN AND SCHEDULE PREVIEW

For the first year, we shall concentrate our efforts in the following

points from the list presented above.

1.3 Inferring long motifs, in particular for gene prediction.

1.5 Analyzing exact formulations of motif clustering, more particu-
larly bases of motifs.

1.6 Improving the algorithms for multiple alignment, in general and
for the purpose of predicting eukaryotic genes.

1.7 Exploring conservation differences to identify gene regulatory se-
quences, in general and for the purpose of predicting eukaryotic
genes.

2.1 Studying algorithms and analyzing the complexity for calculating
a rearrangement distance between two or more genomes under
various models.

2.2 Modeling, detecting and analyzing “segments conserved by rear-
rangements”.

2.4 Continuing the work on alignments with inversions.
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3.1 Revisiting the problem of a phylogenetic tree reconstruction by
examining two variants (Steiner trees with terminal leaves and
maximum homeomorphic agreement subtree problems).

3.2 Continuing the work on computing a recombination distance be-
tween two phylogenetic trees.

4.1 Searching for and inferring motifs and modules in biochemical

networks.

To stimulate the collaboration between the two groups, we plan visits
of members of the project and some of their PhD students to the part-
ner institution. These scientific missions will provide the conditions for
the interaction between the two groups to occur.

Specifically, as activities within this project and within the Associ-
ated Teams proposal, we are planning to organize one or two meeting
a year, involving members of both groups.

Meetings of this kind have been organized by the Combinatorics
and Combinatorial Optimization Research Group for the past years
as part of the ProNEx project — Complexity of Discrete Structures
(http://www.ime.usp.br/ yoshi/pronex/), and have shown to be
quite effective.

For 2005, we are planning a smaller meeting in April and one a bit
larger in November, both to be held in Brazil. Similar meetings shall
happen in the second year of the project. The French missions are
going to concentrate around these meetings.

Besides these meetings, we are planning some missions from the
Brazilian researcher to France. Specifically, the following Brazilian

participants of the project plan a mission for 2005:

1. Alair Pereira do Lago, July or December, for 5 weeks;
2. Cristina G. Fernandes, July 2005, for two weeks;
3. Estela Maris Rodrigues, July or December 2005, for 4 weeks.

For 2006, we predict two missions from researchers, and one from a
PhD student, from Brazil to France.
The schedule of the missions for the French side consists of the fol-

lowing for 2005.
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1. Marie-France Sagot, April, for 1 week, and November, for 1 or 2
weeks;

2. Eric Tannier, April, for 1 week, and November, for 1 or 2 weeks;

3. Laurent Guéguen, November, for 1 or 2 weeks;

4. Christian Gautier, November, for 1 or 2 weeks.

Possibly some of these stays might be extended for a longer period, if
that seems feasible and interesting for the project.
The plans for the second year from the French side are similar, con-

sisting of around 4 visits from researchers from France to Brazil.

4. AVAILABLE INFRASTRUCTURE AND METHODOLOGY

For the past three decades, the Department of Computer Science
at IME-USP has made a great effort in the areas of Combinatorial
Optimization, Combinatorics and Theoretical Computer Science. In
terms of research, it is one of the main centers in these areas in Brazil.

As for the French group, they are located at the Claude Bernard
University in Lyon, and belong to the Laboratoire of Biometry and
Evolutionary Biology of the University.

Both institutions have good infrastructure for the development of
the project: computer laboratories, libraries and offices.

As for methodology, as mentioned in the previous section, we plan
visits from members of one of the groups to the other, and one or two
meetings, where the participants shall work together on some of the
problems mentioned above.

We also intend to take part in good conferences of the area, which
have a very strict policy for the selection of the presented works. Such
participations, besides helping disseminate the work that is being done
within the project, may bring some feedback on the work from the
academic community.

Each of the groups is responsible for a weekly seminar where on-going
research is presented and discussed. The seminars are attended by the
members of this project, besides other faculty members and students
from related areas. Naturally the results obtained in this project will

be presented at these seminars.
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As with other projects, we would maintain a webpage with infor-

ation on the project (participant institutions, members, project pro-

posal, reports, publications, meetings, etc).

5. METHODS OF ANALYZING THE RESULTS

As concrete results, we expect publications in scientific journals, pro-

ceedings of international well-known conferences and participations in

some of the main workshops in the area. We also expect that some

students will get their degree working on topics within the scope of

this project.
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