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1 Introduction

The problemof ancestralsequencereconstructionis the statisticalinferenceof sequencesthat corre-
spondto internalnodesin a phylgenetictree[1]. Joint reconstruction is the taskof seekingthe most
likely setof ancestralstatescorrespondingto all theancestraltaxa,while marginal reconstruction aims
at inferring thesequencein a specificinternalnode. In simpleprobabilisticmodelsof evolution, both
taskscanbeperformedefficiently usingdynamicprograming[3, 1].

The situation is more complicatedin more detailedmodelsof evolution, suchas modelswith
among-site-rate-variation (ASRV). In thesemodels,one assumethat the rate of evolution can vary
amongdifferentsites.This is modeledby introducinga latentquantitythatmodelstherateateachsite.
Maximum likelihood (ML) modelsincorporatingASRV are statisticallysuperiorto thoseassuming
amongsite ratehomogeneity[2]. For example,it wasshown thatstrongsupportfor rodentnonmono-
phyly resultsfrom systematicerrorassociatedwith theoversimplifiedassumptionof homogeneity[4].

Currently, noefficientalgorithmexistsfor joint ancestralreconstructionin ASRV models.In partic-
ular, dynamicprogramingapproachesfail in thesemodels.In this work we devisea branch-and-bound
algorithmfor joint ancestralreconstructionunderASRV andshow that it canfind themostlikely re-
constructionfor largephylogenies.

2 The Algorithm

As usual,we assumeindependenceof the stochasticprocessamongsitesand,hence,restrictthe fol-
lowing descriptionto a singlesite. The input to our problemconsistsof phylogeny (a bifurcatingtree
annotatedwith branchlengths),a prior distribution over possiblerates,andobservationsof characters
at theleafs(whichcorrespondto theobservedlettersat this sitein current-daytaxa).Our aim is to find
a joint assignmentof charactersto internalnodes,whoselikelihoodis maximalgiventheobservations.

We start by consideringdynamicprogrammingsolutionsto theseproblem. Suchsolutionsare
basedon a “divide andconquer”propertyof standardphylgenetictrees:oncewe assigna characterto
an internalnode,we breaktheprobleminto two independentsub-problems.Whenwe introducerate
variation,this “divideandconquer”propertyfails—inorderto separatethetreeinto two parts,weneed
to assignavalueto aninternalnodeand alsofix therate.Indeed,adynamicprogrammingfor computing
thelikelihoodof observationin ASRV models,usesexactly thesejoint assignments(to aninternalnode
andto therate)to recursively decomposethelikelihoodcomputation.However, if we wantto perform
joint reconstructionwe cannotusethis decomposition.The joint reconstructionrequiresfinding the
assignmentto theinternalnodesthatwill bemostlikely for all therates.This reconstructioncandiffer
from themaximalreconstructiongivenany particularrate.

Our approachis to search thespaceof potentialreconstruction.Givena putative reconstructionor
partial reconstruction(thatassignsvaluesonly to someof theinternalnodes),we cancomputeits like-
lihoodgiventheobservation(usingthedynamicprogramingprocedurediscussedabove). Thus,wecan
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definea search space thatconsistsof partial reconstructions� . We canmove from onereconstruction
to anotherby assigningvaluesto anadditionalinternalnodes.Ouraim is to systematicallytraversethis
spaceandfind thefull reconstructionwith maximumlikelihood.

Of course,sincethereareexponentialnumberof reconstructions,we cannothopeto traverseall
of thespace.Instead,we usebranch and bound search.Thekey ideaof sucha procedureis to prune
regionsof thesearchspaceby computingboundson thequality of solutionswithin theregion. In our
case,givenapartialreconstruction� , wecomputeabound
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is thesetof all completionsof � . Weusetheboundasfollows: if wealreadyfoundareconstruction��!
whoselikelihoodis higherthan

��� ��� , thenwedonotneedconsiderany completionof � (sincethey are
provablyworsethanthebestreconstruction).Thedetailsof theprocedureinvolvetwo key components:
(a) methodsfor computingbounds,and(b) strategy for determiningtheorderin which to traversethe
spaceof reconstructionsthatarestill “alive” giventhecurrentbounds.

In this work, we examinetwo typesupperbounds.The first is basedon the observation that the
probability of a partial reconstructionis the sumof the probabilitiesof the completereconstructions
thatareconsistentwith it. More precisely,
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Thesecondbound,is basedon thefollowing simpleinequality:
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Observe, that ��
�� 
 � � ��� 1�24��� is themaximumlikelihoodof anancestralreconstructionwith aconstant
rateof evolution, 1 which canbecomputedefficiently [3].

Thesecondissueis thestrategy for expandingthesearch.We usemarginal reconstructionto find
internalnodesfor which thethemarginaldistributionchoosea definitevalue.We thenassignvaluesto
thesenodesfirst. This strategy focusesthesearchin promisingdirections,andhelpspruneout larger
regionsin subsequentmoves.

3 Results
Using this algorithmwe reconstructedthe ancestralamino-acidsequencesof the cytochrome6 gene
from 34 taxa.Andrews [5] reconstructedtheancestralamino-acidsequencesof Cytochrome6 in order
to detectmutationsleadingto function changesin the lineageleadingto Simianprimatesunderthe
assumptionof ratehomogeneity. However, theratevariationin this geneis substantial.Indeed,using
ourbranchandboundmethod,weshow thattheASRV reconstructionis differentin 59positions.These
differencesreaffirm theneedfor ASRV reconstructionmethods.

References
[1] Yang,Z., Kumar, S., andNei, M. 1995.A new methodof inferenceof ancestralnucleotideandaminoacid

sequences.Genetics 141:1641–1650.
[2] Yang,Z. 1996.Maximum likelihoodphylogeneticestimationfrom DNA sequenceswith variableratesover

sites:ApproximatemethodsJournal of Molecular Evolution 39:306–314.
[3] Pupko, T., Pe’er., I. Shamir., R. andGraur, D. 2000.A fast algorithmfor joint reconstructionof ancestral

amino-acidsequences.Molecular Biology and Evolution 17:890–896.
[4] Sullivan,J.,andSwofford,D. 1997.Are guineapigsrodents?Theimportanceof adequatemodelsin molecular

phylogenetics.Journal of Mammalian Evolution 4:77–86.
[5] Andrews,T. D., Jermiin,L. S.,andEastel,S.1998.Acceleratedevolutionof cytochrome7 in Simianprimates:

Adaptive evolution in concertwith othermitochondrialproteins.Journal of Molecular Evolution 47:249–257.


