
Résumé
We describeherea novel approachto thereconstructionof theduplicationhistoryof tan-

demly repeatedgenes,basedon a modelof duplicationby unequalrecombination.Starting
with a descriptionof our model,we follow by presentingduplicationhistoriesandduplica-
tion trees,asmathematicalobjectsdescribingtheevolution of tandemlyrepeatedgenes.We
thenshow how, givena setof orderednucleotidesequences,it is possibleto reconstructthe
duplicationtreesexplainingthesesequences,soasto optimizeaparcimony criterion.Studies
on immunoglobulins et T-cell receptorsdatasetsclearly show the validity of our modelof
duplicationandtherelevanceof ourapproach.

Classicalphylogeneticanalysisstudiestherelationshipsbetweenspeciesbasedon thecompa-
risonof asinglegene.Its maingoalis to reconstructa treewhich representsthehistoryof specia-
tions.Theproblemwedescribehereis different: weaimat reconstructingtheduplicationhistory
of asinglegenewithin asinglegenomeandweuniquelyconsiderlong(severalkilobases)andtan-
demlyarrangedsequences,whereeachonecontainsasinglegene.Assumingoursequenceswere
not affectedby geneconversionevents,andour loci did not undergo any deletions,we introduce
a simplemodelof duplicationbasedsolelyon unequalrecombination(unequalrecombinationis
commonlyacknowledgedas the primary mechanismresponsiblefor tandemduplications).Our
modelof duplicationallows simpleduplications(ageneis duplicatedandinsertedadjacentto the
initial gene),andblocduplications(ablocof 2 or n sequencesis duplicated,andinsertednearthe
initial bloc). Although identicaljust after duplication,thesesequencesdiverge over time asthey
accumulatetheirown mutations.Wethendefinethreetypesof mathematicalobjectstodescribethe
evolutionof theseclustersof tandemlyrepeatedgenes.First,wedefinewhatwecall a time-valued
duplicationhistory, i.e.adescriptionof therealduplicationhistory. Sincewecannotgenerallyrely
onthemoleculerclockhypothesis,inferringa time-valuedduplicationhistoryfrom nucleotidese-
quencesis not possible.In particular, thepositionof theroot andtheorderin which duplications
occurredcannotberecoveredfrom DNA sequences.Consequently, we canonly reconstructwhat
we call a duplicationtree,i.e anunrootedphylogeny whosetopologyis compatiblewith at least
oneduplicationhistory. Accordingto themodelof duplication,theroot of a duplicationtreecan
only besituatedsomewhere(but not everywhere)in thetreebetweenthemostdistantrepeatson
thelocus.Whenrootedatoneof its allowedbranches,aduplicationcanbetransformedinto what
we call anordinalduplicationhistory, i.e. a historyin whichduplicationeventsarepartially orde-
red.Althougha duplicationtreeis a phylogeny, it is easyto show thatnot all phylogeniescanbe
duplicationtrees.Weuseanalgorithmwe calledPDT(for PossibleDuplicationTree)to determine
whethera given phylogeny with orderedleavescanbe a duplicationtreeor not. This algorithm
providesuswith amathematicalcharacterisationof duplicationhistoriesandduplicationtrees.We
alsousethePDT algorithmto show that,for a givennumberof tandemlyrepeatedsequences,the
numberof duplicationtreesis largely inferior to the numberof distinct phylogenies.Given this
modelof duplication,we useanexhaustive searchprocedureto reconstructduplicationtrees: gi-
vena setof nucleotidesequences,we computetheparcimony valueof every possibleduplication
tree,andwe selectthosewhich minimize this value.To speedup the reconstruction(especially
whendealingwith large numbersof repeatedgenes),we usea faster(but not guaranteedto find
theoptimal tree)searchprocedurebasedon a greedyheuristics: startingwith a treemadefrom
thefirst threerepeats,ourprocedureiteratively insertsnew repeatsontothegrowing tree,suchthat
eachresultingtreeminimizestheparcimony value.Theprocedurestopswhenall repeatsareinser-
ted.We appliedthis modelandthesesearchproceduresto two humanloci containingtamdemly
repeatedimmunoglobulins andT-cell receptorsgenes: theIGLC andTRGV loci. Weshowedfor
both theseloci that the duplicationtreefound by our exhaustive searchprocedurescorresponds
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to the mostparcimoniousphylogeny. Sincethe probability of a phylogeny beinga duplication
treeis small (0.04in theTRGV case),this constitutesa strongvalidationof our initial hypothe-
sisconcerningtheduplicationmechanisms.Besides,theheuristics-basedsearchreconstructsthe
sameduplicationtreeastheexhaustive search,but in amuchfasterway. Theseresultskeepstable
to a bootstrapanalysis,indicating that this identity betweenthe mostparcimoniousduplication
treeandthe mostparcimoniousphylogeny is not fortuitous.Compatibility of our reconstructed
treeswith known polymorphisms(two genesaremissingin someindividuals)in theTRGV locus
providesfurther evidencethat our reconstructioncanprovide goodinsightsinto the duplication
historiesof tandemlyrepeatedgenes.
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