Résumé

We describenerea novel approactto thereconstructiorof the duplicationhistory of tan-
demly repeatedyenesbasedon a modelof duplicationby unequalrecombinationStarting
with a descriptionof our model,we follow by presentingduplicationhistoriesand duplica-
tion trees,asmathematicabbjectsdescribingthe evolution of tandemlyrepeatedyenesWe
thenshaow how, givena setof orderednucleotidesequencest is possibleto reconstructhe
duplicationtreesexplainingthesesequencesoasto optimizea parcimory criterion. Studies
on immunoglohlulins et T-cell receptorsdatasetsclearly shav the validity of our model of
duplicationandtherelevanceof our approach.

Classicabhylogeneti@analysisstudiegherelationshipdetweerspeciedasedn thecompa-
risonof asinglegene lts maingoalis to reconstruca treewhich representshe history of specia-
tions. The problemwe describehereis different: we aim at reconstructinghe duplicationhistory
of asinglegenewithin asinglegenomeandwe uniquelyconsideldong (severalkilobasesyndtan-
demlyarrangedsequencesyhereeachonecontainsa singlegene Assumingour sequencegere
not affectedby geneconversionevents,andour loci did not undego ary deletionswe introduce
a simplemodelof duplicationbasedsolely on unequalrecombinationunequalrecombinations
commonlyacknavledgedas the primary mechanisnresponsibleor tandemduplications).Our
modelof duplicationallows simpleduplications(a geneis duplicatedandinsertedadjacento the
initial gene),andbloc duplications(a bloc of 2 or n sequencess duplicated andinsertednearthe
initial bloc). Althoughidenticaljust after duplication,thesesequencesdiverge over time asthey
accumulateheirown mutationsWethendefinethreetypesof mathematicabbjectsto describehe
evolution of theseclustersof tandemlyrepeatedjenesFirst, we definewhatwe call atime-valued
duplicationhistory i.e. adescriptiornof therealduplicationhistory Sincewe cannotgenerallyrely
onthemoleculerclock hypothesisinferring atime-valuedduplicationhistoryfrom nucleotidese-
guencess not possibleIn particular the positionof the root andthe orderin which duplications
occurredcannotberecoveredfrom DNA sequenceLonsequentlywe canonly reconstructvhat
we call aduplicationtree,i.e an unrootedphylogery whosetopologyis compatiblewith at least
oneduplicationhistory Accordingto the modelof duplication,the root of a duplicationtreecan
only be situatedsomavhere(but not everywhere)in the treebetweernthe mostdistantrepeaton
thelocus.Whenrootedat oneof its allowed branchesa duplicationcanbe transformednto what
we call anordinalduplicationhistory, i.e. a historyin which duplicationeventsarepartially orde-
red.Althoughaduplicationtreeis a phylogely, it is easyto shav thatnot all phylogeniesanbe
duplicationtrees.We useanalgorithmwe calledPDT (for PossibleDuplicationEe)to determine
whethera given phylogery with orderedleaves canbe a duplicationtree or not. This algorithm
providesuswith amathematicatharacterisationf duplicationhistoriesandduplicationtrees We
alsousethe PDT algorithmto shav that, for a givennumberof tandemlyrepeatedequenceshe
numberof duplicationtreesis largely inferior to the numberof distinct phylogeniesGiven this
modelof duplication,we usean exhaustve searchprocedurdo reconstructiuplicationtrees: gi-
vena setof nucleotidesequencesye computethe parcimoly valueof every possibleduplication
tree,andwe selectthosewhich minimize this value. To speedup the reconstructionespecially
whendealingwith large numbersof repeatedyenes)we usea faster(but not guaranteedo find
the optimal tree) searchprocedurebasedon a greedyheuristics. startingwith a treemadefrom
thefirst threerepeatspur proceduradteratively insertsnew repeatontothegrowing tree,suchthat
eachresultingtreeminimizestheparcimory value.Theprocedurestopswhenall repeatsareinser
ted. We appliedthis modelandthesesearchprocedurego two humanloci containingtamdemly
repeatedmmunoglolulins andT-cell receptorggenes the IGLC andTRGV loci. We shaved for
both theseloci that the duplicationtree found by our exhaustve searchproceduresorresponds



to the most parcimoniousphylogery. Sincethe probability of a phylogely beinga duplication
treeis small (0.04in the TRGV case) this constitutesa strongvalidationof our initial hypothe-
sisconcerninghe duplicationmechanismsBesidesthe heuristics-basedearchreconstructshe
sameduplicationtreeasthe exhaustve searchput in amuchfasterway. Theseresultskeepstable
to a bootstrapanalysis,indicating that this identity betweenthe most parcimoniousduplication
treeandthe mostparcimoniousphylogery is not fortuitous. Compatibility of our reconstructed
treeswith known polymorphismgtwo genesaremissingin someindividuals)in the TRGV locus
providesfurther evidencethat our reconstructiorcan provide goodinsightsinto the duplication
historiesof tandemlyrepeatedjenes.



