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Abstract Various strategies have been proposed for predicting protein function.

They are derived from the classical homology-based approaches and emerging alter-

native approaches taking into account gene history in the framework of phylogenetic

comparative methods. The growing numbers of available genome sequences and data

require bioinformatics tools, in whichmethodological approaches are set according to

the biological issues to be addressed. Much effort has already been devoted to

integrating evolutionary biology into bioinformatics tools; e.g., homology-based

functional annotation has been successfully integrated in a pipeline-assisted method.

In addition, new concepts based on correlation of evolutionary events are emerging.

For example, two independent events (e.g., systematic loss of specific genes) that

happen repetitively can therefore be functionally linked. However, correlated gene

profiles, also called “contextual annotation,” makes use of different bioinformatics

resources based onmulti-agent development. In this chapter, we describe evolutionary

concepts and bioinformatics approaches proposed for future functional inference.

P. Gouret • J. Paganini • J. Dainat • E. Darbo • P. Pontarotti

UMR6632, Evolutionary Biology and Modeling, Université de Provence, 3 place Victor Hugo,
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5.1 Functional Annotation Strategies: Current

and Future Approaches

5.1.1 Homology-Based Functional Annotation

Eisen was the first to conceptually rationalize phylogenetic methods to improve the

accuracy of functional predictions. In 1998, he proposed a phylogenetic prediction

of gene function and compared it to similarity-based functional prediction methods

(Eisen 1998). In this work, all known functions on a phylogenetic tree were

overlaid. The prediction task could then be split into two steps. In the first step,

the tree could be used to decipher orthology and paralogy relationships. Most of the

reports based on evolutionary biology methods used ortholog information to trans-

fer functional annotation (see Gouret et al. 2005 and Danchin et al. 2007). Func-

tional assignment could be performed for uncharacterized proteins only if the

function of an ortholog was known (and if a similar function was evidenced for

all characterized orthologs). Ideally, functional inference should be carried out for

experimentally validated orthologs. Bibliographic analysis indicates that orthologs

are more likely to keep a similar function than paralogs (e.g., Collette et al. 2003).

Theoretically, after duplication, one of the copies is lost, or both duplicates undergo

subfunctionalization, or one of the duplicates evolves toward a new function (Force

et al. 1999). However, Studer has challenged this assumption, as orthologs and

paralogs could have comparable mechanisms of divergence (Studer and Robinson-

Rechavi 2009). Different and more complex fates of duplicates could also be

evidenced (for a review, see Levasseur and Pontarotti 2011).

In the second step, parsimony reconstruction or alternative reconstructive prop-

agation methods could be used to assign functions of uncharacterized genes by

identifying the evolutionary scenario that requires the fewest functional changes

over time. Inference of ancestral state on phylogenetic tree requires that character

mapping be accurate. Uncertainty about trees and mapping is therefore

counterbalanced by introducing Bayesian statistical methods, taking into account

this inherent error parameter (Ronquist 2004).

To the best of our knowledge, the first report using both approaches was

integrated in the work of Engelhardt et al. (2005). The authors constructed a

model of molecular function evolution to infer function in a phylogenetic tree.

The model takes into account evidence of varying quality and computes a posterior

probability for every possible molecular function for each protein in the phylogeny.

Different hypotheses were included in the strategy, i.e., each molecular function

may evolve from any other function, and a protein’s function may evolve more

rapidly after duplication events than after speciation events (Engelhardt et al. 2005).

Branch length and duplication are integrated in the methodological approach. In

brief, methods may be summarized as propagating functional information from

leaves to the root of the phylogeny and then propagating back out to the leaves of

the phylogeny, based on the probabilistic model of function evolution.

Homology-based functional annotation is summarized in Fig. 5.1.
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5.1.2 Strengthening Functional Annotation: Integration
of Correlative Approaches

Functional prediction using “contextual information” is tricky because of (i) tech-

nical difficulty in detecting occurrence profiling and (ii) statistical methods required

to correlate and infer function accurately. Co-occurrence and correlated gene

profiles could result from phylogenetic inheritance among closely related species.

Alternatively, co-occurrence could also result from individual adaptive functions,

for instance when genes appear or are lost independently in several distinct lineages

(Barker and Pagel 2005). Thus the probability of functional linkage between genes

is proportional to the number of multiple independent phylogenetic events. A

simplified example of co-occurrence and functional links is depicted in Fig. 5.2.

Unlike the overall counting of presence or absence of genes, phylogenetic methods

enable us to investigate ancestral states and decipher independent multiple evolu-

tionary events.

Different methods for occurrence profiling have already been proposed, mainly

on the basis of the parsimony principle and maximum likelihood (ML).

Fig. 5.1 Homology-based functional annotation. Functionally annotated leaves are labeled, respec-

tively, as function A (blue), B (yellow), and C (dark blue). Putative function of non-annotated leaves
is inferred after ancestral reconstruction based on propagation of functional information from leaves

to the root of the phylogeny. Red branches: evolutionary and functional shift (using o ¼ dN/
dS > 1, i.e., Darwinian selection). (Adapted from Levasseur and Pontarotti 2008)
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As described in the work of Barker and Pagel (2005) and Barker et al. (2007), a

common pattern of presence and absence across a range of distinct genomes could

be integrated as a method for detecting functionally linked proteins. Thus correlated

gains and losses of genes on a phylogenetic tree of species could improve the

detection of functionally linked pairs of proteins, compared with the original

across-species methods from Pellegrini et al. (1999). Several phylogenetic methods

were compared in their work to evaluate the accuracy of their method. Methods

were based on either Dollo parsimony (Farris 1977) or ML, including a general

model, but also using a constrained model in which the rate of gain of genes is not

estimated from the data, but set at a low value. The fixed value of the ML should

model gene content evolution better, by preventing the modeling of multiple gains

of the same gene in different parts of the phylogeny. In the parsimony case, the

reconstructed ancestral states could be very uncertain and parsimony could be

applied when rates of changes are rather low. Note that parsimony intervals are

proposed to account for the uncertainty of the parsimony methods. For instance,

Zhou et al. proposed a dynamic programming algorithm to calculate such parsi-

mony intervals. The best 100 suboptimal ancestral states were determined, and the

authors compared the number of correlated events, while allowing for the degree of

suboptimality of the reconstructions (Zhou et al. 2006). By contrast, ML accounts

for the branch length and uncertainty of topology in the tree, and the estimate of the

likelihood values is an independent parameter (i.e., corresponding to all ancestral

state possibilities). The authors conclude that all the phylogenetic methods except

Fig. 5.2 Co-occurrence and functional link. Example of the need for comparative phylogenetic

methods. Presence/absence of genes (A, B, C, D) is reported on the leaves of the phylogenetic tree.

Here, multiple independent phylogenetic events of gain/loss of gene pairs (i.e., four independent

events for genes A and B) are opposed to the apparent correlation arising from shared inheritance

of gene pairs loss (resulting from one ancient event for genes C and D). The different steps can be

summarized as follows: (i) detection of event: A is lost, (ii) convergence detection: A is lost

several times, (iii) co-convergence detection: A and B are lost together several times. Subse-

quently, statistical tests are carried out. The function of non-annotated genes could be deduced

from the correlated annotated genes
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unconstrained ML achieved higher specificity than the across-species approach

(ML model being capable of greater accuracy and sensitivity than a Dollo parsi-

mony-based approach) (Barker et al. 2007).

5.1.3 Toward Reliable Global Functional Annotation: The Need
for Bioinformatics

Bioinformatics has unlocked vast amounts of genomic data and developed software

applications based on increasingly powerful mathematical algorithms – which

themselves produce large volumes of results –, but the amounts of data involved

simply cannot be interpreted with any real depth using statistical correlations. We

therefore need to develop smart software systems able to support researchers in

their efforts, which means systems automatically handling the major routine com-

ponent of their in silico research protocols, and helping analysts interpret the huge

volumes of results generated. Such smart software systems could ease the most

burdensome part of the workload, leaving researchers to channel their energy into

the “sharp end” of their research.

In early 2002, evolutionary biologists were handling vast quantities of biological

data made available through the Internet, and running an array of software tools

based on probabilistic algorithms working on these data or on data derived from

other mathematical tools. The models associated with these tools were all task-

specific – sequence similarity, gene prediction, phylogenetic tree-building, and so

on. However, they never integrated a large number of concepts employed in

biological knowledge and reasoning into a single, integrative software solution.

Hence individually, they were unable to answer complex questions posed by

biologists or to verify their hypotheses. Consequently, we had to automatically

chain mathematical computations through what bioinformaticians call pipelines.

According to the functional annotation strategies described above, homology

and correlative approaches were integrated into specific bioinformatics platforms.

A bioinformatics strategy designed for homology-based functional annotation

was first implemented by creating FIGENIX (Gouret et al. 2005). FIGENIX is a

Java (java.sun.com) platform that automates simple pipeline schemes, such as basic

phylogenetic tree-building from a protein sequence by (i) similarity searching

against protein databases, (ii) simple filtering, (iii) alignment, and (iv) tree compu-

tation. Mathematical tool chaining, through this first version of FIGENIX or any of

the pipeline systems available at the time, was unable to completely automate a

process: this meant that biologists still had to intervene between computation

phases to verify, correct, and synthesize data output from the mathematical tools

and guide the workflow to the relevant part of the pipeline. The only way to resolve

this automation issue was to introduce an expert system (with Prolog language;

Warren et al. 1977) into FIGENIX to model a part of biologists’ knowledge and

thus act as a human scientist as and when necessary. By introducing specific logical

rules in the expert system, a pipeline was created and was dedicated to gene
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predictions via an approach combining ab initio predictions and homology through

a lab method. Tested against a known benchmark, the pipeline clearly proved

successful. A complex phylogeny pipeline with 50 steps and a lot of expertise

modeling was designed. The first version was stabilized in late 2003, and has since

enabled the laboratory and its collaborators to produce thousands of phylogenic

trees from protein queries. These trees form the basis of our evolutionary research.

This pipeline, along with others, was intensively used on laboratory projects,

generating several published papers (Danchin et al. 2004, 2006, 2007; Paillisson

et al. 2007; Levasseur et al. 2006, 2010). It continued to undergo improvements and

enhancements, with upgrades including automatic detection of orthologs in the final

process-synthesized tree by online recovery of functional data associated with these

orthologs (GO (Ashburner et al. 2000), MGI (www.informatics.jax.org), NCBI

(www.ncbi.nlm.nih.gov)), and EST integration (Balandraud et al. 2005). Part of

the software developed, called PhyloPattern, emerged as a crucial independent

component (Gouret et al. 2009). The aim of this tool was to reproduce human

reading of phylogenetic trees, i.e., phylogenetic tree annotation and pattern recog-

nition. Inside the phylogeny pipeline, this tool is used to detect incongruence or

isolate specific subtrees, from which biases are then corrected. PhyloPattern now

makes it possible to detect events in the history of species, genes, or any other

characteristic (from domain to function and further), as well as highlighting

artifacts in the phylogenetic trees. We are continuing to improve PhyloPattern as

a free open-source JAVA/Prolog API.

5.2 From Pipelines to Multi-Agent Strategies

In 2005, it became clear that the “pipeline approach,” even with the controlling

expertise introduced, remained limited to computation processes. In addition,

functional annotation using the correlative approaches strategy required flexible

and more sophisticated data processing architecture. Computation processes are

essential, but are not really able to resolve complex tasks of interest to the labora-

tory, such as automatically highlighting genetic events in the human genome and

detecting convergences and co-convergences among these events. Any solution to

these issues needs to be driven by expertise through parallel and more “intelligent”

processes than the rigid, deterministic pipelines. We also note that the “pipeline

approach” does not extend to establishing an explicitly described semantic universe

that would allow accurate meta descriptions of data. It thus remains impossible to

raise the abstraction level of software tasks, and interfacing them with other

software systems is not natural.

Integration of correlated gene profiles for functional annotation requires a three-

step process: (i) specific detection of all evolutionary events, (ii) correlation using

phylogenetic comparativemethods leading to a compelling statistical results, and (iii)

deducing the function of non-annotated genes from the correlated annotated genes.
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5.3 Technical System Specifications

Accordingly, a new software system was conceived and is able to implement

complete automation of actual full research via bottom-up (from biological data)

strategies specified by the laboratory, rather than “just” complex computation

workflows. We opted for the following research strategy: (i) working from known

or computed features to find evidence for generating new hypotheses, (ii) attempting

to verify hypotheses to transform them into features, (iii) correlating verified

features to deduce new features, and so on. A set of characteristic specifications

was drawn up:

– The treatments had to be flexible, modular, and parallelized.

– The strategies for identifying and verifying the facts had to be led by expertise.

– Communication with external software systems (online databases, web services)

should systematically gather the relevant results produced by these platforms,

such as Ensembl (Hubbard et al. 2009), NCBI, String (Szklarczyk et al. 2011),

and ArrayExpress (Parkinson et al. 2011).

– The results had to be placed in an accurately described semantic universe that

was not redundant but interfaced with data from external systems.

– Some modules had to work together and communicate directly, while others,

such as modules for intelligent correlations of events, had to work in stand-alone

mode directly on the mass of results produced by the full set of modules.

– The modules had also be able to work at different times.

– The system had to be resistant to failure; as such, very costly computational

treatments should have to be run only once.

5.4 Technical State of the Art

The field of biology now has a number of software tools, approaches, standards, and

publications that could be recycled for our needs. The type of system targeted here

required establishing an integrated data model, placed between structured

biological data (e.g., genomic databases) or unstructured data (publications) located

inside or outside the laboratory, and the research strategies desired by laboratory

researchers. Software systems clearly have to work with large-scale data banks, but

what is most important now is to work with different kinds of data, many of which

are not a direct representation of biological objects but are more abstract concepts.

We could therefore rule out relational database management systems, which are

not powerful enough or flexible enough to describe semantics in biology. Some

recently developed software tools such as the alignment expert system ALEXSYS

(Aniba et al. 2009) are based on the UIMA framework (http://sourceforge.net/

projects/uima-framework/), which offers a powerful architecture and is well-suited

to the introduction of a virtual model on unstructured data, i.e., building meta-

information from artifacts such as scientific publications (also see DiscoveryLink
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(Hass et al. 2001) or BioMOBY (Wilkinson and Links 2002)). We are more focused

on trying to directly model actual genomics or evolutionary concepts. Also, the

UIMA approach is only “object-oriented,” and we believe that this kind of

modeling architecture is not rich enough to integrate the complexity of biological

paradigms, especially compared with approaches based on mathematical first-order

logic ontology techniques such as Description Logic (http://dl.kr.org/). The W3C-

standardized OWL language (http://www.w3.org/TR/owl-ref/) is an XML repre-

sentation of DL. Initially applied to the semantic web, it is fast becoming a standard

for ontology modeling. In DL, relations between classes are not limited to aggrega-

tion or inheritance links but can be formalized with logical formulae. However, we

note that DL does not integrate concepts of inductive, temporal, or fuzzy logic,

which in the long term could direct the natural extension of our systems.

Biology now has many ontologies (e.g., NCI Cancer Ontology: http://www.

mindswap.org/2003/CancerOntology/). Some are defined in OWL but to our

knowledge, none computationally exploit the descriptive capacity of description

logic (DL). This situation is surely set to change. We note the existence of

relational ontology (Smith et al. 2005), placed between “object” modeling and

DL modeling, which attempts to standardize relations in biological ontologies.

This point will be revisited below. There appears to be a continuing dichotomy

between the activity of defining ontologies, considered as vocabularies by many

biologists, and the establishment of DL-based software and databases within

and between laboratories or institutes. We believe that this dichotomy is an error,

as it has very adverse repercussions, such as poor software systems and bad

interoperability.

As stated above, to fully automate in silico research strategies, the type of system
we are targeting has to be less rigid and deterministic than pipelines. A natural

candidate solution would be multi-agent systems. In bioinformatics, these systems

are used essentially to model and simulate biological networks (reactive agents),

although they are also used to parallelize mathematical computations through

agents with very fine granularity. They are rarely employed for building integrative

applications where “smart” agents work with biological information. Nevertheless,

like the FIPA institute (http://www.fipa.org/), we are convinced that this kind of

architecture built from cognitive agents (with large granularity) communicating

inside an ontological semantic universe can be applied to bioinformatics automa-

tion. The JADE software framework (http://jade.tilab.com/) is a Java implementa-

tion of FIPA specifications. At our lab, we used JADE to develop a first prototype

multi-agent system named CASSIOPE (Rascol et al. 2009), dedicated to

highlighting conserved synteny.

Recently, eHive emerged from EBI as a new workflow system (Severin et al.

2010). It is built as a multi-agent “blackboard” architecture. Here, the blackboard,

i.e., the communication area between agents, is reduced to chaining rules between

agents. Thus the tasks produced by the system are driven by predefined functional

relations between agents and not by the autonomous interpretation, by agents, of the

data resulting from other agents’ work. The Ehive blackboard database has a rigid

structure with no data modeling. Also, agents’ source code is written with the Perl
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language, which albeit very widely used in bioinformatics remains very poor in

expertise and knowledge modeling.

As stated earlier, we are seeking to deploy expertise-driven research strategies,

which means that all agents need to be built with expert-system architectures. Rule

engines do exist – one example is Jess (www.jessrules.com) – but it would be

preferable to write our own engine in Prolog language to reap the benefit of tools we

developed previously, especially PhyloPattern. After years of hands-on experience,

we can confirm that the Prolog language is very well-suited to bioinformatics. Its

benefits for the target system include: (i) a natural capacity to generate all the

solutions for a question, (ii) easy and native manipulations of lists and tree

structures, which are intensively used in bioinformatics data, (iii) development of

expert systems in backward- and/or forward-chaining mode (verification and/or

production of facts), (iv) formalisms (e.g., ontological relations) representable

directly in the language’s syntax, (v) brevity and simplicity of knowledge

descriptions, and (vi) interpreted language that strengthens the experimental aspect

of certain developments.

5.5 System Architecture

Our system was called DAGOBAH. It is shaped as a multi-agent software (see

Fig. 5.3), with a voluntarily hybrid model summing of a model called “Belief Desire

Intention” with a model called “Blackboard” (Ferber 1995). The BDI model is

suitable for cognitive agents with high granularity and therefore high “intelligence.”

In the BDI model, agents have a plan formed for our purposes by logical rules. This

highly flexible rule system is used by each agent to implement a specific strategy, but

can also be used as a traditional expert system to produce high-level facts deduced

from simpler facts. For example, an agent capable of sifting through actions to detect

several equally probable genetic events from a phylogenetic tree will be able to retain

only one event, through a set of logical rules associated with a set of criteria.

The semantics for one rule is defined as follows:

. Action1 . . . Actionk
ConditionFact1 . . . ConditionFactn → ConclusionFact1 . . . ConclusionFactm
ToBeRemovedFact1 . . . ToBeRemovedFactz

The meaning is “if all condition facts (n) are known by the agent (� Belief) and

if at least one of the conclusion facts (m) is not present and if the agent is capable of
achieving all actions (k) (� Intention) successfully, then all conclusions (m) (�
Desire) are considered truthful, and all indicated facts (z) are removed from the

agent’s knowledge.”

Here is an example rule, used in the DAGOBAH agent dedicated to searching for

domain architecture events. We suppose that for a specific protein with the domain

architecture A-B-C, DAGOBAH detects an event that produced the B-C part of

the architecture by analyzing the phylogenetic tree of domain B, and we suppose
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that DAGOBAH hesitates between identifying the event as a shuffling or a gain.

A simple rule, if it is applicable, allows DAGOBAH to definitely assert there is a

gain (see Fig. 5.4):

. verify_similarity_of_signal_between(P1, P2, [B, C])
event_found_under_ancestral_node(N),
apomorphic_chosen_protein(P1, [A, B, C]), → gain_event_found(N, P1, [C])
plesiomorphic_chosen_protein(P2, [A, B])
event_found_under_ancestral_node(N)

The “Blackboard” model introduces an area of information shared by agents,

i.e., any important result produced by an agent is placed on the blackboard. The

blackboard architectural model chosen in DAGOBAH is defined as a persistent

ontology (an ontological database) representing the semantic universe in which the

agents work. These results are used by other agents, unless they are forced to
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explicitly and systematically exchange them. Figure 5.5 illustrates the main parts of

the DAGOBAH ontology. Genetic event classes are grouped by reading level. For

example, a recombination event can be described at a “protein” level if we are

talking about domains involved in recombination, but also at a “molecular” level if

we are talking about the position of the recombination on a chromosomal region.

Ancestral, apomorphic, and plesiomorphic features associated with an event are

AP1

N

apomorphic subtree

plesiomorphic subtree

event node with
ancestral architecture
(found in B domain
full phylogenetic tree)

P2

BA B
strong

similarity

A B

C

Fig. 5.4 A virtual example for a domains architecture event. Here again event is confirmed

because the genomic signal between domains B and C on the apomorphic sequence is strongly

conserved after domain B on the plesiomorphic sequence
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always explicitly expressed. This model is also particularly well-suited to studying

automatic correlations of genetic events, and is able to correlate several events

detected by DAGOBAH and temporally localized between speciation event pairs.

For example, DAGOBAHmay find that two genes A and B are lost twice “together”

for two different lineages, which could prove very interesting in a functional

perspective. In this case, if the “function” of gene A is known and the “function”

of B is not, we can assume that the B gene may be involved in the “same” function as

A. “By Dates” event clusters and homoplasic event clusters are the sources of a co-

convergent event clustering process in DAGOBAH. For example, a “convergent

evolution event cluster” is produced for events that have the same apomorphic

feature objects.

The DAGOBAH ontological database must not have redundancy vs. external

databases (like Ensembl; Hubbard et al. 2009). Consequently, we only model, by

classes and relations, those concepts associated with specific laboratory research

themes, and references were kept only to biological data or results held in external

databases. The current DAGOBAH ontology adopts the Relational Ontology stan-

dard, although in the future we will probably abandon this standard so as to fully

exploit the capabilities of Description Logic.

5.6 DAGOBAH Functionalities and Summarized Strategies

As described in Fig. 5.2, the strategies used in DAGOBAH can be conceptually

subdivided into these different steps: (i) detection of evolutionary events, i.e., gain

or loss of genes, shuffling, etc. (ii) detection of convergence between one or more

gene pairs, (iii) detection of co-convergence between linked genes, (iv) search for

functionally annotated gene and infer the function of correlated non-annotated

gene. These four steps can be considered as forming the core of the phylogenetic

comparative methods.

5.7 Detection of Events (New Architecture Appearance)

The current DAGOBAH version offers a broad panel of functions, ranging from

automatic detection of genetic events to homologous domain shuffling, nonhomol-

ogous domain shuffling, insertion, deletion, gain and loss, plus gene losses and

pseudogenization, and on to horizontal gene transfer and duplications (compilation

on gene and species trees). A simplified summary of DAGOBAH’s general strategy

for event detection is:

1. Use “domain-annotated” protein alignments built from a query protein to

outsource phylogeny trees building (domain trees and protein trees) to the

FIGENIX platform.

2. Automatically read these trees with PhyloPattern to highlight possible events.
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3. Seek to verify and clarify the putative events at a genomic level.

For new protein domain architecture events, actual examples of putative events

in trees are given in the PhyloPattern publication. For this kind of event, a dedicated

DAGOBAH agent studies each consecutive domain pair in the query protein

architecture to investigate whether the association is the result of an event. Ideally,

it finds an event’s phylogenetic pattern (see Fig. 5.4) on each domain phylogenetic

tree, which strengthens the event hypothesis.

The full confirmation of the event is achieved at genomic level by searching for

an alignment break position between two DNA segments – one associated with the

most representative apomorphic sequence and the other associated with the most

representative plesiomorphic sequence. DNA segments are extracted between the

domains involved (see Fig. 5.6). The most representative apomorphic sequence is

chosen as the one nearest the parent node (the agent uses neighbor joining for

branch lengths), while the most representative plesiomorphic sequence is chosen as

the one whose domain architecture is closest to the ancestral node architecture

(Dollo, Sankoff, and Mirkin parsimony algorithms (Sankoff 1975; Farris 1977;

Mirkin et al. 2003) are integrated into PhyloPattern and used by the agent to infer

ancestral domain architectures). If several plesiomorphic sequences share the same

architecture comparison “score,” the agent chooses a sequence from the nearest

species in the species tree.

Gene losses and pseudogenization are studied by a set of agents in DAGOBAH,

which form a module named GeneLoss. It starts the study by searching for missing

species in the biggest ortholog group of the query protein tree. Each species is then

studied by independent agents.

Describing the strategy in schematic terms, agents set out to determine whether

the species is really missing, whether a new gene should be annotated, or whether

there are some mutations or indels that can explain a pseudogenization process.

domain Ydomain X

domain X

recombination point

apornorphic
DNA

plesiomorphic
DNA

domain Z

Fig. 5.6 Summary of the verification of a domain new architecture event at a genomic level. The

DNA segments between domains on the apomorphic and the plesiomorphic sequences are intelli-

gently extracted from chromosomes or scaffolds; they are then aligned and the recombination

point is searched for as an alignment break
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Full complex GeneLoss module strategy and results will be published separately at

a later date.

Horizontal gene transfer events are detected from the query protein tree. A

recipient species scope and a donor species scope are defined so as to orient the

search. The dedicated agent uses PhyloPattern to annotate each internal node of the

tree with two tags: are_in_recipient_scope_species and are_in_donor_scope_species,

which can take three values: “no” if no species of a subtree falls in a scope, “some” if

some species of a subtree fall in a scope, or “all” if all the species of a subtree fall in a

scope. Then, via PhyloPattern, the agent applies a specific phylogenetic pattern (see

Fig. 5.7) that directly gives the branch with potential HGT events.

The expert idea behind this pattern is to search the gene tree to find recipient

species closer to donor species than other species that are normally placed between

the recipient and donor species in the species tree.

5.8 Convergence and Co-Convergence Detection

Another important function in DAGOBAH is event convergence and co-conver-

gence detection as conceptually described in the correlative approaches described

above. Convergence identification is easy to obtain from the DAGOBAH ontologi-

cal database, as a dedicated agent groups events into homoplasic convergent

clusters. For example, two events are in the same convergent cluster if they have

the same apomorphic character. The definition of an apomorphic character can

easily be user-defined as a Prolog “ontological” pattern. The clustering mechanism

is independent of the pattern definition. Co-convergence detection is a more

complex task. It starts by homoplasic clustering, after which an agent produces

date range clustering. Inside DAGOBAH, events are dated with tuples:

[TaxidSpeciationBefore, NumberOfDuplicationsBefore, NumberOfDuplica-
tionsAfter, TaxidSpeciationAfter]

are_in_recipient_scope(‘all’)

are_in_recipient_scope(‘no’)
are_in_donor_scope(‘all’)

are_in_donor_scope(‘no’)
Externals

Donnors

Recipients

D

Fig. 5.7 A pattern to detect

horizontal gene transfers from

a phylogenetic gene tree. This

means a duplication node,

because the subtree does not

have to match the species

tree. The “donor” subtree

must contain only species of a

specific scope, and not from

the “recipient” scope and vice
versa
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This tuple is determined by taking the nearest speciation event (SBE) before the

event (E) on its parent branch. NumberOfDuplicationsBefore equals the number of

duplication events on the branch between SBE and E. TaxidSpeciationBefore is the

common parent taxid of all species in the SBE subtree. The same approach is then

reapplied for the next speciation event. Date range clustering is also “user-defined”

through date range patterns. Two events whose dates fit the same date pattern are

pooled in the same date range cluster.

Co-convergence clusters are built with a hierarchical clustering method. A

minimum co-convergent cluster is formed by four events: Eh1, Eh2, Eh10, Eh20.
Eh1 and Eh10 have to be in the same homoplasic cluster, while Eh2 and Eh20 have to
be in another homoplasic cluster. Eh1 and Eh2 have to be in the same date range

cluster, while Eh10 and Eh20 have to be in another date range cluster.

We can model this basic cluster as a square:

- - - Eh1, Eh2,

- - - Eh10, Eh20

The clusters can be rectangular, if they come from more date clusters than

homoplasic clusters (shape 1) or the opposite (shape 2). The hierarchical clustering

method enables us to build the biggest possible clusters, and implies the definition

of a distance method between two clusters. Our distance method favors clusters

with shape 1 rather than shape 2.

Once the biggest clusters are determined, the agents seek to verify them, both

statistically, via the Pagel method (Pagel 1994), and functionally, using the String

database (Szklarczyk et al. 2011) to see whether proteins associated with events in

the same homoplasic cluster belong to the same protein interactions network, and

using the ArrayExpress database (Parkinson et al. 2011) to see whether proteins

associated with events in the same homoplasic cluster concern the same expression

experiments.

In conclusion, DAGOBAH is designed to exploit the modern functional annota-

tion strategies and specially the evolutionary-based biology concepts. In addition, it

could be addressed to various general biological questions such as searches of

conserved synteny regions from a given region associated to a species to another

target species.

All public results produced by DAGOBAH are openly available on the IODA

Web site (http://ioda.univ-provence.fr/).
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