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7Extracting the evolutionary signal from genomes

Introduction
Evolution and the tree of life

Accordingtotheory,evolutionconsistsoftwoprocesses:mutationandselection.Inprinciple,every
organisminheritsitsgenesfromitsparent(s),butmutationcanchangethegenotypeoftheoffspring.
Selectionthendetermineshowfitthechangedoffspringis.Fitnessisacomplexpropertyinwhich
thegenomeandtheenvironmentinwhichtheorganismlivesbothplayacrucialrolebutinshort,
whatcountsiswhethertheorganismcansurviveandreproduce,intheshortaswellasinthelong
run.Mutationscaneasilydecreasethefitness:themutantonlyproducessterileoffspring,becomes
sterileitself,diesbeforeitcanreproduce,ordoesnotgetbornatall.Ifamutationsticksaroundin
thepopulation,itismostlybecauseitisneutral:itcausesnoincreaseordecreaseinthefitnessof
theorganism.Becauseingeneral,fewmutationsareaccepted,andthegenerationtimeofspeciesis
long,evolutionisaverygradualprocess,andthegenomesinapopulationchangeslowly.
Sometimes,anewspeciesemerges.Becauseevolutionoccurssogradually,practicallyallspeciation
events happened in the past, and the most important research that looks into this process is
theoretical.Ifwewanttoreconstructthecourseofevolution,theonlywaytogoistoinferitfromits
current-dayproducts:thespecies.Giventhefactthatselectiontakescareofthecontinuitybetween
relatedspecies,alogicalapproachtoinfertheevolutionaryhistoryofthespecies,orthetreeoflife,
istomakeahierarchicalclusteringofspecies,basedonsomeevolvingproperty. Indeed,thefirst
cytochromecproteinsequencesthatbecameavailableinthe1960senabledthereconstructionof
aphylogenetictree(i.e.theevolutionaryhistoryofasinglegenefamily)thatshowedapromising
resemblancetothespeciestree(FitchandMargoliash1967;ZuckerkandlandPauling1965).Since
then, many genes, proteins, fragments and even complete genomes have been sequenced, and
inmostcases,thetrademarkofevolutioncanbeobserved:theclosertwosequencesarerelated,
the higher their similarity. Conversely, very distantly related sequences never look alike.This is a
consequenceoftwoprocesses.Thefirstisthefactthatsequencesgenerallyevolverandomly,the
secondisthehigh-dimensionalnatureofasequence:everypositioninasequenceisa“dimension”
thatcanoccurinfour(DNA)ortwenty(protein)states.Asaconsequence,thepathsoftwoevolving
sequenceswillalwaysdiverge.Sequencesthatduplicatedrecentlywillalwaysbemoresimilarthan
sequencesthatduplicatedlongerago,andtwosequencesthatarenotrelatedwillneverbecome
homologous.Attheleveloftheproteinfunctionorthephenotypeofthespecies(whatthespecies
lookslike),thisisdifferent.Twoanalogousproteinscancatalyzethesamereactioneventhoughthey
arenothomologous,andtwospeciescanliveacomparableecologicalnicheeventhoughtheyare
notrelated.
Althoughcloselyrelatedsequencesaremoresimilarthandistantlyrelatedones,insomecases,the
genesfromdistantlyrelatedspeciesareunexpectedlysimilar,whilethecorrespondinghomologous
genesfromcloselyrelatedspecieslookmoredivergent.Thereareseveralpossibleexplanationsfor
this.Firstly,thegenemayhaveduplicatedinanancientancestor,andmuchlaterthegenecopies
havebeendifferentiallylostfromdifferentlineages.Asaresult,theremaininggenecopieswilllook
likeorthologs(genesthatdivergedduetoaspeciationevent),whiletheyareactuallyparalogs(genes
thatdivergedduetoageneduplicationevent).Thisprocess,knownasunrecognizedparalogy,can
leadtodistortedrelationshipsbetweenthegenesinpresent-dayspecies.Itcanberesolvedifwe
findaspeciesinwhichboththeancestralparalogsarestillpresent.Secondly,twogenesindistantly
relatedspeciescanbesimilarbecauseofaprocesscalledhorizontalgenetransfer(Doolittle1999b).
Thismeansthatageneistransferredfromonespeciestoanother,andifthesespeciesarenotdirectly
relatedthiswillmakethemseemmoresimilarthantheyactuallyare.Finally,itisnotalwayseasyto
determinepositivelyhowgenesareinter-related(Daubinetal.2003;GribaldoandPhilippe2002).
Thiscanbeespeciallydifficult forgenesthatdivergedvery longagoandhaveundergonemany
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mutations,but itcanalsohappenthatforsomereason,selectionsuddenlyallowshighmutation
ratesforacertaingeneinacertainspecies.Thus,althoughthestudyofsequencesisveryusefulto
infertherelationshipsbetweenspecies,itisnotalwaysinfallible.

Gene content trees
With the emergence of a great number of completely sequenced genomes since Haemophilus
influenzae in 1995 (Fleischmann et al. 1995), gene repertoires were also reported to contain a
phylogeneticsignal(Sneletal.1999;Tekaiaetal.1999).Thisindicatesthatmutationandselection
cause gene content to evolve similarly to gene sequences. However, as gene content is an
intermediatebetweengenotypeandphenotype,andlow-dimensionalrelativetosequences(every
geneisadimensionthatcanoccurintwostates:presentorabsent)ithasbeenarguedthatthegene
repertoirecanundergoconvergencethroughselectivepressures(Doolittle1999a;Gogartenetal.
2002).Mutationcanremoveandalterthegenesinthegenome,andspeciescanacquiregenesby
horizontalgenetransfer(Figure1).Together,thesetwoprocessescouldcausethegenecontentof
speciesthatliveundercomparablecircumstancesorincloseproximitytooneanothertoconverge.
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Figure1.Examplesofmutationsthatcanoccuratthegenecontentlevel.Duringthetransferofgenesfromparentto
offspring,mutationcan(fromlefttoright)‘invent’agene(newgeneM),loseagene(Aislost),donothing,duplicate
oneormoregenes(Cisduplicated),orevenduplicatethewholegenome,andfinallyagenemaybeobtainedfroma
relativelyunrelatedspecies(Yistransferred)throughHorizontalGeneTransfer(HGT).Notethatingenomicresearch,
geneinvention(farleft)isindistinguishablefromHGT(farright)fromanunknowndonor.

In the chapter“The Consistent Phylogenetic Signal in Genome Trees Revealed by Reducing the
ImpactofNoise”,westartwithadatasetofcompletegenomes,andfilteroutthosegeneswhose
distributionoverthespeciesformsadiscordantsignalinthegenecontenttreeoflife.Wecanremove
upto64%ofthediscordantgenes,withverylittlechangeinthereconstructedphylogeny(Figure
7).Thefewshiftsinthetreedonotspecificallyaffectorganismswithsharedphenotypiccharacters,
e.g.,parasitesorhyperthermophilicspecies.Thus,aswedonotseetheeffectofphenotypeinthe
tree,suchphenotypicconvergencedoesnotappeartobethecauseortheresultoflarge,systematic
biasesinthehorizontaltransfers.Thisisreassuringforthegenecontenttreeoflife,asitshowsthat
thenon-evolutionaryacquisitionor lossofgenescanbeconsiderednoiseonthescaleofwhole
genomes,andcompletegenomedataeffectivelyaveragesoutthisnoise.
Nevertheless,toobtainthisresult,onestrongnon-evolutionarysignalhastobecorrectedfor,i.e.the
sizeofthegenomes.Simplybecauseoftheirsize,largedistantlyrelatedgenomeswillsharemore
geneswithoneanotherthanwithcloselyrelatedsmallgenomes(Figure3andFigure28).However,
thisgenomesizeeffectcanbefilteredoutbyasimpleformula,seee.g.Equations1and3(Korbelet
al.2002).
Inthechapter“Assessmentofphylogenomicandorthologyapproachesforphylogeneticinference”,
weshowthattheFungicontainanothernon-evolutionarysignalthatinfluencestheirgenecontent
tree.Fungicanadoptaunicellular(yeast)oramulticellular(filamentous)lifestyle,andsomespeciesare

Introduction
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dimorphic(Table2).AsweshowinFigure12b,thetopologyofthefungalgenecontenttreecontains
astrongevolutionarysignal,butitisalsoinfluencedbythislifestylesignal.InboththeAscomycota
andtheBasidiomycota,thefilamentousfungi(EuascomycotaandP.chrysosporium,respectively)are
removedfromtheiroriginalpositionsandaredrawnclosertogether.Toourknowlede,thisisthefirst
timethatsuchabiashasbeenshowntoinfluenceagenecontenttree.Wehavenotbeenableto
identifywhichgenesareresponsibleforthisbias,andbecauselifestyleisaqualitativeproperty,we
cannotfilterouttheeffectinawaycomparabletothegenomesizecorrection(Equations1and3).

Phylogenomics
Thewordphylogenomicshasseveraldefinitions,butweuseitas“inferringanevolutionarytreefrom
completegenomedata”.Likegenecontenttreesaverageoutnon-evolutionarybiasesbyconsidering
genome-scaledata,thistrickcanalsobeappliedtosequence-basedphylogenies.Sequence-based
phylogenomicapproachescombinethesophisticatedmolecularphylogeneticmethodswiththe
powerofnumbersthatisinherenttogenome-scaleanalysis.ThatthisideaworksisshowninFigure
29: inclusionofmorehigh-qualitydatayieldsphylogenieswithasmallerstandarddeviationand
higher similarity to the accepted tree of life.This does not mean that phylogenomics is the end
ofallconflictinspeciestrees.Forexample,therearealotofmethodstoturngenomicdataintoa
speciestree(Figure10).Inthechapter“Assessmentofphylogenomicandorthologyapproachesfor
phylogeneticinference”wecompareallthesemethods,andwefindthatthemaindichotomyisthe
onebetweentreesreconstructedusingasequence-basedmethod,andtreesreconstructedusing
genecontentdata(Figure13).Thebestphylogenomictreeturnedouttobeamaximumlikelihood
superalignment treebasedonselectedwellalignedpositionsofunambiguousclusterorthologs
(Figure 12a). Because gene content trees were biased by the fungal lifestyle signal (see above),
we had to conclude that they are less succesfull at reconstructing the accepted tree of life than
sequence-basedphylogenomicapproaches.
Thereisoneimportantfootnotethathastobeaddedtothisconclusion,thatregardsthe“accepted
tree of life”. In order to assess the performance of the phylogenomic methods in the chapter
“Assessmentofphylogenomicandorthologyapproaches forphylogenetic inference”,wederived
fromtheliteratureagold-standardtopologyofthefungalphylogeny(Figure11).Althoughalarge
numberofreferenceswere included(Table11),mostofthemare indeedbasedonsomekindof
sequenceanalysis,anditisimportantatleasttorealisethedangerofacircularargument.Oneof
thethingswewouldliketodoinfutureresearchistocomparephylogenomicinferenceapproaches
withothersourcesofevidence,suchasfossildata,laboratoryevolutionexperimentsorcomputer
simulations.Theproblemwithfossildataisfirstlythattheanalysesarelimitedtothesmallsubsetof
speciesthatfossilizes,i.e.,mostlythehighereukaryoteswithhardpartslikeplantsoranimals;and
secondly that therecord isnevercomplete:organismsmayalwaysbemissing.Thedisadvantage
of laboratory evolution experiments and computer simulations is that the data is likely to be
muchsimplerthanthecomplextracesleftinpresent-daygenomesbycenturiesofmutationand
selection.

Taxonomy
At many points, the tree of life is resolved with general consensus about the branching orders.
Otherpoints,however,remainuncertaineitherbecausethequicksuccessionofdivergenceevents
hasmaderesolutiondifficult,orbecausedifferentinferencemethodspredictdifferenttopologies.
Throughoutthisthesis,wesuggestseveralimprovementsforthetreeoflife.Belowareexamplesof
contributionswemadetothephylogenyoftheEukaryotaandoftheBacteria.
WhilethereismuchconsensusaboutthephylogenyoftheFungi,weretainedthreeunresolvednodes
inourtargetphylogenywheretheliteraturewasambiguous(Table12).Withthe54phylogenomic
trees we reconstructed, we obtained strong evidence for the resolution of these nodes (Table



10

3). The node that was recovered by the fewest phylogenomic trees is the basal position of the
ArchiascomyceteswithintheAscomycota,butthisismainlyduetothelifestyleeffectobservedin
thefungalgenecontenttrees.Fortheotherunresolvedfungalnodes,theevidenceprovidedbythe
phylogenomictreeswasquiteunanimous,leadingtothetreeinFigure12aasourultimatefungal
phylogeny.
In the topology of the two prokaryotic kingdoms, several points of dispute remain, especially
amongtheancientbranches.Forexample,theancestralpositionofthehyperthermophilicbacteria
AquifexaeolicusandThermotogamaritimahasledtotheassumptionthattheoriginoflifetookplace
inahotenvironment(Woese1987),althoughthishasbeenchallengedonthebasisoftheinferred
rRNAG+Ccontentof the lastcommonancestor (Galtieretal.1999). Ingenecontent trees, these
bacteriaarenotfoundattherootofthetreeoflife;theydonotevenclustertogether(e.g.Figure
7).Inthechapter“TheConsistentPhylogeneticSignalinGenomeTreesRevealedbyReducingthe
ImpactofNoise”,weshowthatA.aeolicusisaffiliatedtotheproteobacteria,andT.maritimaclusters
withthelowG+CGram-positives,evenwhilephylogeneticallydiscordantsignalsareremovedfrom
thedataset.Thisclusteringisverystrong,asweshowbycomposinganartificialtreethatgroups
these two organisms together at the root of the bacterial kingdom, like they are often found in
sequence-basedphylogenies.Then,retainingthosegeneswhosedistributionisconsistentwiththis
alteredphylogeny(accordingtoacertainthreshold),werecomposeagenecontenttreefromthe
reduceddataset.Inthistree,thetwohyperthermophilesimmediatelyjumpbacktotheiroriginal
locations.Inthechapter“Signaturegenesasaphylogenomictool”,weshowthatnosignaturegenes
exist for the hyperthermophilic cluster (Figure 15), while A.aeolicus does share signature genes
with several proteobacterial taxa, and T.maritima is linked to Clostridia (low G+C Gram-positive)
andArchaea (Table4).As theseexamplesshow,genecontentcanbeavaluablecomplement to
sequenceinformationforresolvingtaxonomicrelationships.

Signature genes
Especiallyancientbranchingtaxaandothercladesthatmaybeconfoundedbymutationsaturation
can be difficult to resolve correctly using sequence information (Gribaldo and Philippe 2002).
Ingeniousmethodsarebeingdevelopedthatreducethesensitivityofsequencetreestothesebiases.
Oneexampleistheslow-fastmethod(BrinkmannandPhilippe1999).Thismethodfirstseparatesthe
analysedspeciesintoanumberofpre-definedcladesbasedon“priorknowlegde”.Then,thosesites
inthesequencealignmentareselectedthatdonotcontainanymutationswithinthepredefined
clades,butthatmaydifferbetweentheclades.Thus,ifanyispresent,thephylogeneticsignalwithin
thesesitescanonlyrevealtherelationshipsbetweentheclades,butitwillbehighlyreliablebecause
it isbasedonslowlyevolvingsites.Byslowlyallowingmoremutations inthepredefinedgroups,
theresolutionwithinthesegroupscanberefinedbygraduallyaddingthe informationfromless
conservedsites.
Beingarelativelysmallresearcharea,genecontenthashadtodowithoutcomparableingenuities
thusfar.Oneaspectthathashamperedthewideuseofgenecontentdataintaxonomicresearchis
thefactthatclassicgenecontent,toascertaintheabsenceofgenes,requirescompletelysequenced
genomes(Sneletal.1999;Tekaiaetal.1999). Inthechapter“Signaturegenesasaphylogenomic
tool”,weintroducesignaturegenesasamethodtousethephylogeneticpoweringenecontentfor
incompletegenomes.Signaturegenesarewidespreadthroughoutataxonomicclade,butvirtually
absent outside it.Thus, they can be considered“slowly evolving” at the level of gene repertoires,
makingthemperhapsmorereliableforphylogeneticinferenceinawaycomparabletotheslowly
evolvingsitesintheslow-fastmethodabove.Usinganintuitive,applicabledefinitionofsignature
genesbasedonthetreeoflifeandmanyoftheavailablecompletegenomes(Figure14),weidentified
alargesetof8,362signaturegenesfor112taxa.Onceagain,thesemanysignaturegenesemphasize
the strength of the evolutionary signal that exists in gene content. In our subsequent analyses,

Introduction



11Extracting the evolutionary signal from genomes

we show that the presence of signature genes in an uncharacterized sample can help to detect
itstaxonomiccomposition.Forexample,weidentifythespeciespresentinseveralenvironmental
samples(Tringeetal.2005;Venteretal.2004),reproducingthephylogeneticmarker-basedresults
oftheoriginalpublications(Figure16).

Expression context
Ageneexpressionprofileisacomparisonoftheexpressionvaluesofacertaingeneacrossseveral
tissuesorexperimentalconditions,andit isoneofthebio-informaticestimatesofgenefunction.
Genes with correlating expression profiles are likely to have related functions, especially when
thiscorrelationisconservedacrossdifferentcopiesofthegenesorbetweendifferentspecies(van
Noortetal.2003).Tobeabletocomparegeneexpressionprofilesbetweenspecies,thesametissues
or experiments have to be available for both the species compared. Large scale, genome-wide
expressiondata isavailble foronlya fewspeciesso far,andthesespeciesarenotclosely related
(Stuartetal.2003).Inthechapter“Aglobaldefinitionofexpressioncontextisconservedbetween
orthologs,butdoesnotcorrelatewithsequenceconservation”,wesetouttodevelopanapproachthat
wouldenableustocomparegeneexpressionprofilesbetweenthefourdistantlyrelatedEukaryota
Caenorhabditiselegans(nematode),Drosophilamelanogaster(fruitfly),Homosapiens(human)and
Saccharomycescerevisiae(yeast).Todothis,weusedthegenomeinsteadofthetissuesasthecontext
inwhichthegenesareexpressed.Weinterpretedthegeneexpressionprofileastheco-expression
ofagenewithallothergenes,ratherthanastheexpressionofthegeneacrossarangeoftissuesor
experiments.Aligningthegenerepertoiresoftwospeciesonthebasisoforthologythenmakesit
possibletocomparetheexpressioncontextsofgenesindistantlyrelatedspecies,whereequivalent
tissuesdonotexist(Figure20).
For all species pairs, the expression context is slightly more conserved between orthologs than
between random genes (see Figure 21). This shows two things. Firstly, our interpretation of the
expressioncontextisameaningfulmeasure,thatsayssomethingaboutthecontextinwhichthe
genescarryout their function.Secondly, it shows that there isanevolutionaryconstrainton the
expressioncontext;otherwiseitwouldnothavebeencorrelatedbetweenthesedivergentspecies.
We then show that the sequence conservation of the orthologs and the conservation of their
expressioncontextsarenotcorrelated,whichmeansthatthesetwopropertiesevolveindependently.
Thisimpliesthatsequenceidentityhasalimitedpredictivequalityfordetailedgenefunctionwithin
an orthologous group, and that annotation of different expression contexts to orthologs should
not be based on sequence similarity alone. And because expression profiles are our estimate of
genefunction,thelastchapterisabio-informatician’swarningnottotakethestepfromsequence
similaritytofunctionalsimilaritytoolightly.



Genome trees and the nature of 
genome evolution

BerendSnel,MartijnA.HuynenandBasE.Dutilh
AnnualReviewofMicrobiology(2005)59:191-209

Abstract
Genome trees are a means to capture the overwhelming amount of
phylogenetic informationthat ispresent ingenomes.Differentformalisms
havebeenintroducedtoreconstructgenometreesonthebasisofvarious
aspects of the genome, which we use to separate genome trees into five
classes:1)alignment-freetreesbasedonstatisticpropertiesofthegenome,
2)genecontenttreesbasedonthepresenceandabsenceofgenes,3)trees
based on chromosomal gene order, 4)trees based on average sequence
similarity,and5)phylogenomicsbasedgenometrees.Despite their recent
development,genometreemethodshavealreadyhadsomeimpactonthe
phylogeneticclassificationofbacterialspecies.Howevertheirmainimpactso
farhasbeenonourunderstandingofthenatureofgenomeevolutionandthe
roleofhorizontalgenetransfertherein.Anidealgenometreemethodshould
becapableofusingallgenefamilies,includingthosecontainingparalogs,ina
phylogenomicsframeworkcapitalizingonexistingmethodsinconventional
phylogenetic reconstruction. We expect such sophisticated methods to
help us resolve the branching order between the main bacterial phyla.
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Introduction
Phylogenies and genome trees

Baffled by the variety in life, one of man’s first biological activities has been to classify it. Since
Darwin’stheoryofevolution,theultimategoalistoobtainahierarchicalclassificationthatmatches
the evolutionary relations between species. This makes the construction of phylogenies one of
thecentralactivitiesofbiologists,notonlytoreconstructthehistoryoflife,butalsotounderstand
it, because“nothing in biology makes sense except in the light of evolution” (Dobzhansky 1973).
Traditionally, phylogenies were constructed from phenotypic characteristics, and phenotypic
characteristics continue to play a dominant role in the analysis of data such as fossils. However,
withtheadventofsequencingtechnologies,ithasbecomepossibletoconstructtreesonthebasis
ofnucleotideandaminoacidsequencesasforeseenbyZuckerkandl&Pauling(Zuckerkandland
Pauling1965).Sequence-basedtreessuchastheribosomalRNAmoleculeshavebecomethegolden
standardinareaswherephenotypicdataarescarce,andareatleastonequalfootinginareaswhere
wehavephenotypicdataaswellassequencedata.Sequence-basedanalyseshaveyieldedsurprising
observations,suchastheclosephylogeneticrelationshipbetweenarchaeaandeukaryotesrelative
tobacteria(Gogartenetal.1989),betweenfungiandanimalsrelativetoplants(BaldaufandPalmer
1993),andthemonophylyoftheAfrotheria(vanDijketal.2001).Furthermore,theycanbeusedfor
organismsforwhichwedonothavephenotypicdataorforwhichwedonotevenknowexist,as
inthecaseoftheenvironmentalsamplingofribosomalRNA(Barnsetal.1994).Yet,theprincipleof
constructingphylogeniesonthebasisofasinglegenehasbeenchallenged(Doolittle1999b),and
foragenesuchasribosomalRNAmanydifferentphylogenetictreeshavebeenpublishedonthe
basisofdifferentmodelsofsequenceevolution(BrochierandPhilippe2002;Olsenetal.1994).
With the availability of complete genome sequences it has become possible to reconstruct
phylogeniesonthebasisofmuchlargersetsofdataperspecies,allowinginprincipleamorereliable
andrepresentativeinferenceofthetreeoflife.Ascompletegenomeshavebeenavailableonlysince
1995(Fleischmannetal.1995),andthemethodsdiscussedinthisreviewareallrelativelynew,there
isnoconsensusonwhatisthebestwayofintegratinggenomedataorwhichgenomicdatashould
beused.Furthermore,thephylogeneticvalueofgenometreesisnotascommonlyacceptedasthat
ofgenetreessimplybecausethedifferentpartsofthegenomedonotnecessarilyhavethesame
evolutionaryhistory.Thisobservationhasledtothequestionwhetheritispossibletoconstructa
phylogenyatthelevelofgenomes(Doolittle1999b).Giventheseargumentsitisperhapsbestto
refertoaclusteringofspeciesonthebasisofcharacteristicsofcompletegenomesasagenome
treeratherthanagenomephylogeny.Genometreesthen,areameanstocaptureandcomparethe
overwhelmingamountofinformationthatispresentingenomesandthencombinethisinatree
thatcanbeinterpretedasaphylogeny.
Not only are phylogenies interesting per se, all inferences in comparative biology depend on
accurateestimatesofevolutionary relationships (KolaczkowskiandThornton2004).Forexample,
whenwewantto investigatehowtheHOXpathwayevolved,weneedtoknowtheevolutionary
relationshipsbetweenthespeciesinwhichitoccurs.Similarly,comparingcompletegenomesusing
aphylogenetictreeallowsresearcherstostudytheevolutionofgenomicpropertiessuchasgene
repertoire. Genome trees take an interesting intermediate position in this respect. In addition to
being a means to derive genome-wide estimates of evolutionary relationships, they can also
serveasamaponwhichtostudytheevolutionof thegenomesthemselves.Agenometree isa
direct“readout” of the processes that govern genome evolution, such as the rearrangement of
chromosomalgeneorder. Inthis reviewwewilldiscussthevariousmethodsusedtoreconstruct
genometrees,thenewtaxonomicinsightstheyhavegivenwithrespecttoprokaryoticphylogeny,
the controversies regarding their construction and the insights that they have allowed into the
processofgenomeevolution.
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Why there are so many ways to construct genome trees
Aplethoraofapproachestoconstructtreesfromcompletegenomeshavebeenintroduced(Brown
et al. 2001; Daubin et al. 2002; Fitz-Gibbon and House 1999; Grishin et al. 2000; Henz et al. 2004;
HusonandSteel2004;Lietal.2001;OtuandSayood2003;Qietal.2004b;Sneletal.1999;Tekaiaet
al.1999;Wolfetal.2001;Yangetal.2005).Thereasonsforthislargevariationingenometreesare
twofold.Firstly,wecannotsimplyextendtheclassicalapproachesofsequence-basedphylogenies
to complete genomes. In classical molecular phylogenetics, the corresponding homologous
characters in a multiple-sequence alignment, nucleotides or amino acids, are the basic elements
used to infer the phylogeny. Extending that single gene phylogeny paradigm by making a long
multiple-sequencealignmentofgenomesisnotpossiblebecauseevolutionaryeventssuchasgene
orderrearrangements,genelossandgeneduplication,occuratsuchhighratesthatevengenomes
from the same species cannot simply be aligned, as in Escherichia coli, for which the genome of
different strains differ by as much as one megabase (Welch et al. 2002). Secondly, and more
importantly,therearemanymorefeaturestocompletegenomesthantogenes.Thesheerquantity
ofdata,andtypesofdatafromanygenome,hasinspiredresearcherstodevelopnewmethodsto
clusterthem.Onthebasisofthecharactersusedtoclustergenomes,genometreescangloballybe
divided intofiveclasses (Figure2): (a)alignment-freegenometreesbasedonstatisticproperties
ofthecompletegenome,(b)genecontenttreesbasedonthepresenceandabsenceofgenes,(c)
genometreesbasedonchromosomalgeneorder, (d)genometreesbasedonaveragesequence
similarity,(e)phylogenomictreesbasedonthecollectionofphylogenetictreesderivedfromshared
genefamiliesoronaconcatenatedalignmentofthosefamilies.
In addition to the diversity of the information used to construct genome trees, various methods
havebeendevelopedtotranslatethesamegenomicproperty intoatree.Weclassifythemyriad
genometreesthathaveappeared,onthebasisofthetypeofgenomicinformation,anddiscussthe
variationsintheprecisephylogeneticmethodsthathavebeenappliedtoeachgenomicproperty
intherespectivesections.

homology relations

annotated genomes

1:1 & ubiquitous families

1:1 families

homologous groups

orthologous groups

gene order

gene content

alignment-free

avg seq simil

phylogenomics

Korbel et al. 2002 
Wolf et al. 2001

Wolf et al. 2001

Brown et al. 2001
Lerat et al. 2003
Rokas et al. 2003
Wolf et al. 2001

Clarke et al. 2002
Huson and Steel 2004
Korbel et al. 2002
Snel et al. 1999
Wolf et al. 2001

Fitz-Gibbon
       and House 1999
Tekaia et al. 1999
Yang et al. 2005

Daubin et al. 2002

Clarke et al. 2002
Grishin et al. 2000
Henz et al. 2004

Otu et al. 2003
Qi et al. 2004b

Figure2.Classificationofgenometreereconstructionmethods.Thegenometreepublicationsareputinthecontext
ofthegenomicpropertyusedtoconstructthetree.Apaperthatcontainstreesconstructedwithdifferentmethods
is displayed in all the appropriate contexts.The amount of data available to construct a tree decreases from top
(annotatedgenomes)tobottom(1:1andubiquitousfamilies).“1:1families”meansgenefamilieswithasinglecopy
ineachgenome.

Genome trees and the nature of genome evolution
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Five classes of genome trees, and counting
Alignment-free genome trees: quick and dirty

Several genome tree reconstruction methods use a statistic of the entire genomic DNA, or of all
encodedproteinsinagenometoderiveadistancebetweengenomesthatisthenusedtocluster
them(Lietal.2001;OtuandSayood2003;Qietal.2004a;Qietal.2004b).Oneclassofalignment-free
tree inference methods relies on word frequency, i.e. oligomers, K-strings, or n-mers in DNA or
proteins (Vinga and Almeida 2003). The K-string method applies such a word-frequency-based
method to complete genomes by simply counting the frequencies of all oligomers five or six
aminoacids in length inall thepredictedproteinsequences(Qietal.2004a;Qietal.2004b).The
resultsarecombined inaword-frequencyvector,andtheanglebetweentwovectors represents
the distance between two genomes. A distance-based clustering method is applied to generate
thetree.Thisalignment-freemethodperformsreasonablywell.Forexample,itsuccessfullyclusters
theproteobacteriaasamonophyleticgroup(Qietal.2004b),unlikephylogeniesbasedonsingle
random,non-markergenessuchastheglycolyticenzymes(Canbacketal.2002).
Another class of alignment-free methods is based on a concept from information theory (Vinga
and Almeida 2003) called shared information, i.e. how much information is needed to obtain
genome a, given that we know genome b. For something as complex as a genome, the specific
implementationsusealgorithmiccompression,suchasKolmogorovcomplexity (Lietal.2001)or
Lempel-Zivcomplexity(OtuandSayood2003).Thedistancebetweentwogenomesisrepresented
bythelengthoftheshortestcomputerprogramtooutputgenomeagiventheinputgenomeb.
These complexity measures have so far been applied to complete mitochondrial genomes from
mammals,forwhichtheyaccuratelyreconstructtheknownphylogeny.
Bynothavingtodecidewhichgenes fromspecies a correspondtowhichgenes fromspecies b,
these methods circumvent difficulties in orthology detection that arise from parallel gene loss
andancientgeneduplications (Figure2).Theyalsoavoid issues insingle-genetreephylogenetic
reconstructionthatare inherenttophylogenomicapproaches,suchasvaryingratesofevolution
(seebelow).Furthermore,alignment-freemethodsareoftencomputationallycheapandtherefore
oneadvantageisthattheymayprovideaquickreferenceforobtainingthephylogeneticpositionof
agenomeorproteomeassoonasitbecomesavailable.Lastly,thesearetheonlymethodsthatreally
usealltheinformationcontainedinthegenome.TheK-stringsmethodusestheinformationfrom
all protein coding genes, and the algorithmic compression uses the complete DNA sequence. In
contrast,homology-basedmethodsuseinformationonlyfromgenesthathavehomologsinother
species.
The fact that these alignment-free methods do not incorporate so much standard molecular
evolutionarymethodologyandprovenpowerfulevolutionaryconcepts,raisesinterestingquestions,
especiallybecausetheyperformreasonablywell.Why,forexample,doestheK-stringcomplement
of a proteome yield a tree that is similar to sequence-based trees? Is homology let in through
the backdoor, in the form of well-conserved (i.e. identical) parts of proteins? In any case, further
investigationisneededtoestablishwhichmolecularevolutionaryprocessesenablethesemethods
toperformsowell.

Genome trees based on shared gene content
Anaturalandconvenientwaytodescribeandanalyzecompletegenomesisbytheirgenerepertoire
(Dandekaretal.1998).Comparinggenomesonthebasisofthefractionofgenestheysharewas
oneofthefirstcomparativegenomicsactivitiestobedevelopedwiththeavailabilityofcomplete
genomesequences(KooninandMushegian1996).Thisworldviewofgenomesasbagsofgeneshas
allowedformanysuccessfulfunctional/evolutionaryanalyses,suchasdifferentialgenomics(Borket
al.1998)orphylogeneticprofilestopredictproteinfunction(Dandekaretal.1998;Pellegrinietal.
1999).
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Genome trees based on gene content are arguably the first type of genome trees of complete,
organismalgenomesthatwerepublished(Fitz-GibbonandHouse1999;Sneletal.1999;Tekaiaetal.
1999).Genecontenttreesshowreasonablecorrespondencetotheknownspeciestree.Althoughthis
mightseemtrivial,giventhatorganismsmostlyinherittheirgenesfromtheirparents,theconceptof
genecontenttreeshasbeenquestioneddespitereportson“massive”horizontalgenetransfer(HGT;
alsocalledlateralgenetransfer),e.g.betweenarchaeaandhyperthermophilicbacteria(Nelsonet
al.1999).Doolittle(Doolittle1999b)arguedthatauniqueorganismalphylogenyisnotconceivable
unlessorganismsareconstruedaseitherlessormorethanthesumoftheirgenes.Inotherwords,
avalidphylogenymaybederivedfromagenefamilyorfromphenotypiccharacters,butthetrue
mapoforganismalevolutioncannotberepresentedbyatree.Rather,itshouldberepresentedbya
network(Baptesteetal.2004).Genecontenttreesprovideanicepointofreferenceinthisdiscussion,
becausehereagenomeissimplytreatedasthesumofitsgenes.Thatwecanrepresentgenomes
inatreeisofcoursenotanargumentthatgenomeevolutionistree-like,asanyfeaturemapcan
beclusteredandturned intoa tree.Thatsharedgenecontentbetweengenomescorrelateswell
withevolutionarydistanceandthatagenecontentphylogenyisverysimilartoasequence-based
phylogenyis,however,astrongargumentthatgenomeevolutionispredominantlytree-like.
Asthesharingofgenesissuchastraightforwardandlogicalapproachtocomparegenomes,many
differentmethodstomakegenecontenttreeshavebeenintroduced.Thefirstdifferencebetween
themethodsistheuseoforthology(GuandZhang2004;HusonandSteel2004;Korbeletal.2002;
Snel et al. 1999; Wolf et al. 2001) vs. homology (Fitz-Gibbon and House 1999;Tekaia et al. 1999;
Yang et al. 2005)(Figure 2). Orthology is a more fine-grained definition of the sharing of a gene,
and therefore arguably yields better trees.Today, the use of orthologs is favored over the use of
homologs.Intheabsenceofamoresophisticatedmethodbasedonanexplicitmodelofgenome
evolution, the tree reconstruction methods for the first gene content trees were distance based
(mostlyneighborjoining).Nowthatsomeconsensusonthenatureofgenomeevolutionisemerging,
morecomplicatedtreereconstructionalgorithmshavebeenintroduced,suchasDolloparsimonyor
maximumlikelihooddistances(GuandZhang2004;HusonandSteel2004;Wolfetal.2001).
Amajorproblemforgene-content-basedtreesisthatinabsolutetermslargegenomesofintermediate
evolutionary distance, such as E.coli and Bacillus subtilis, share more genes than large genomes
dowiththeirmoreclosely relatedbutsmallercousins,suchasE.coliwithBuchneraaphidicolaor
B.subtiliswithMycoplasmagenitalium.Infactthisgenomesizeeffectisoneofthestrongestsignals
insharedgenecontentandthusdeservesspecialattentionwhendevelopingadistancemeasure
(Sneletal.1999;Yangetal.2005).Thenumberofgenesthateacheubacteriumshareswithaspecific
archaeum,suchasSulfolobussolfataricus,hasapositiverelationwithvery littlespread(Figure3).
Mostimportantly,thenumberofsharedgenessaturates.Forsmallbacterialgenomes,theirgenome
size is limiting for the number of shared genes, hence the rise, whereas for bigger genomes the
archaeal genome size becomes limiting, hence the plateau.Thus, one way of correcting for this
effect is to divide the number of shared genes by the number of genes in the smaller genome,
thelatterrepresentingthemaximumnumberofgenesthetwogenomescanshare.Notproperly
takingintoaccountthegenomesizecanresultingenecontenttreesthatreflectthephylogenytoa
lesserextent,astheycluster,forexample,smallgenomestogetherandthelargegenomestogether
(Tekaiaetal.1999;Wolfetal.2001).Anotherwayofhandlingthegenomesizeeffect istosimply
leaveoutthesmallgenomes(Fitz-GibbonandHouse1999).Thegenomesizeeffectisintertwined
withparallelgeneloss,whichisamajorproblemforgenecontenttrees.Thegenelosseshappen
independentlyaswellasinacoordinatedfashionsimilartothelossofmanybiosyntheticpathways
inmicrobialorganismswithaparasiticlifestyle,suchasB.aphidicolaorthemollicutes.Thisleadsto
astrongconvergentsignal,andalthoughdistancebasedmethodshavedevelopedtoolstomanage
this,itremainstobeseenhowwell,forexample,Dolloparsimonyhandlesit.TheapplicationofDollo
parsimonybyWolfetal.(Wolfetal.2001),andbySneletal.(unpublishedresults),clustersthesmall
genomestogether.Thepotentialofsimplermethodstobettercopewiththeissueofgenomesize

Genome trees and the nature of genome evolution
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echoes a recent advance in conventional molecular phylogenetics. In the face of highly unequal
ratesofevolution,parsimonyoutperformsamorecomplicatedmethodsuchasmaximumlikelihood
(KolaczkowskiandThornton2004).
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Figure 3.The genome size effect.The number of COGs shared between 45 bacterial genomes with three selected
archaealspecies:Nanoarchaeumequitans(323COGs),Methanothermobacterthermoautotrophicus(1127COGs),and
Sulfolobussolfataricus(1421COGs).GeneswereassignedtoorthologousgroupsasdefinedbytheCOGdatabase(65).
NotethatthereisasaturationinthenumberofsharedCOGsatlargerbacterialgenomesizes.

Genome trees based on gene order
Geneorder,likegenecontent,correlatesfairlywellwithevolutionarydistance,althoughitdoesevolve
faster (Dandekaretal.1998;Huynenetal.2001).Forexample,E.coliandHaemophilus influenzae
share78%oftheirgenes,whiletheirgeneorderisonlyconservedfor36%(Huynenetal.2001).As
geneorderevolvesfasterthangenecontent,itisinprinciplemoresuitedforcloselyrelatedspecies
andshouldachieveahigherresolutionatclosedistances.Inaddition,therateatwhichgeneorder
(synteny) evolves variesbetween taxa. Eukaryoticchromosomal geneorder, for example, evolves
muchfasterthanprokaryoticgeneorder(Huynenetal.2001).Withintheprokaryotes,themollicutes
appeartohavearelativelywell-conservedgeneorder,possiblybecausetheylackthechromosome
rearrangementgenerecG(SuyamaandBork2001).
Gene order has only sparsely been applied for the reconstruction of genome trees of microbial
genomes(Figure2).Apartfromthehighrateofgenomerearrangementswhichleadstoalackof
resolutionatlargeevolutionarydistances,thisisalsoduetothefact,thatforalargepart,geneorder
dependsongenecontent.Tomakeageneordertree,oneneedsalarge-scaledefinitionoforthology.
Infact,thetwopublicationsonprokaryoticgeneordergenometreesofwhichweareawarealso
containgenecontentgenometrees(Korbeletal.2002;Wolfetal.2001).Inthefirstpublication,the
treebasedonconservedgenepairsisconstructedwithDolloparsimony,butunlikegenecontent
treesbasedonparsimony,thesmallgenomesinthistreeclusterwiththeirbigrelatives(Wolfetal.
2001).Becausetherateofgeneorderevolutionissomuchhigherthantherateofgenecontent
evolution, theremaybemanymoreshared-derivedfeatures in the formof lineagespecificgene
pairs than there are lineage specific genes. In the other effort, the gene order and gene content
treesweresimilartoeachother(Korbeletal.2002).Thegeneordertreeshowedsomeimprobable
higher order affiliations, reflecting a lack of resolution for these longer evolutionary distances in
whichtoomanygenerearrangementshaveoccurred.Thegenecontenttreebehavednormalfor
thesedistances.
In contrast to microbial genomes, gene order has been successfully applied to eukaryotic
mitochondrial genomes and specifically to metazoan mitochondrial genomes (Blanchette et al.
1996;BooreandBrown1998;Sankoffetal.1992).Infact,treesbasedonmitochondrialgeneorder
arearguablythefirstkindofgenometrees,predatinggenecontenttreesofcompletelysequenced
organismal genomes (Sankoff et al. 1992). In this area, real algorithmic progress has been made
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suchastheformaldefinitionofre-arrangementdistancebasedoninversions,translocations,and
transversions(Blanchetteetal.1996).Thedensesamplinghasalsorevealedcasesofextremerate
variationinmitochondrialgeneorderevolution,suchastheacceleratedrateofmitochondrialgene
order evolution in Echinodermata in contrast to the near stasis ofVertebrata and Hemichordata
(Castresanaetal.1998)).Moreover,mitochondrialgeneorderisoneofthefewareasinwhichgenome
treesarespecificallyemployedbygenuinetaxonomiststoachieveabetterpictureofthephylogeny
ofcertainspecies(BooreandBrown1998).

Genome trees based on average sequence similarity
Theapproachesreviewedabovedonotusesequenceinformationotherthanforthedefinitionof
orthologs.Thisknowledgeissubsequentlyusedtodeterminethenumberofsharedgenesorthe
extent of gene order conservation, from which a similarity measure is deduced. At the complete
oppositeoftheseapproaches,liesaclassofmethodssometimescalledblastology.Here,adistance
matrixiscalculatedonthebasisoftheaveragesequencesimilaritybetweengenomesorproteomes,
explicitlyneglectinganyknowledgeoforthology(Figure2).
Henz et al. (2004) take the most basic approach imaginable. They make BLAST comparisons at
theDNAlevelof91completeprokaryoticgenomesandusetheresultingheatshockproteinsto
composeadistancematrix(Henzetal.2004).Thisapproachthenusestheaveragesequencesimilarity
betweentwoentiregenomesasasimilaritymeasure,makingnodistinctionbetweencodingand
non-codingregions,althoughinprokaryotesmostheatshockproteinscanbeexpectedtofallwithin
thecodingregions.AcomparablemethodwasintroducedearlierbyGrishinetal.(2000),whoused
onlythecodingsequences.RatherthancomparingtheentiregenomicDNA,theauthorscompare
19completeproteomesusingBLAST(Grishinetal.2000).Theyconstructedatreeonthebasisof
the interprotein amino acid substitution rate distribution of all proteins with sufficient similarity
(e<0.01 in their data set). Another approach based on complete proteomes was presented by
Clarkeetal.(2002).TheybuiltatreeonthebasisofthemeannormalizedBLASTscoresfor37species.
Significanthitswerenormalizedbydividingthee-valuebytheopenreadingframe’sself-matching
score,theaveragenormalizedscoredefiningthedistancebetweentwospecies(Clarkeetal.2002).
InthegenometreecompilationofWolfetal.(2001),themedianpercentidentityofbi-directional
besthitsbetweentwogenomesisusedasasimilaritymeasure.Thesequencesimilaritiesbetween
genomesaretransformedlogarithmicallytoobtainadistancematrix,andsubsequently,neighbor
joiningisusedtobuildatree(Wolfetal.2001).
Althoughthesemethodsareverystraightforwardtoimplement,andalthoughtheycanbeseenas
aninterestingintermediatebetweengene-content-basedapproachesandpurelysequence-based
approaches,thecompilationofgenometreesbasedonaveragesequencesimilarityhasneverhad
muchfollow-up.Researchersare reluctant toadoptthemethodbecausetheapproachesappear
to combine the problems present in trees based on gene content as well as in trees based on
sequence.Byusingtheextralayerofinformationprovidedbytheorthologyassignment,researchers
whoimplementgenecontentapproachescanavoidsomeofthepitfallspresentinnaïvesequence
analysis,suchasconvergenceinnucleotideusageandcodonusage.Phylogenomicsapproaches,on
theotherhand,usethesequenceinformationinaphylogeneticallysuperiorway.Theyuseproper
multiple-sequencealignmentratherthansimplyaveragingBLASTscores.Furthermore,theaverage
sequencesimilarityapproachesdonotallowinclusionofanyevolutionarymodelandprohibitthe
construction of trees that use maximum parsimony or likelihood, methods that could add much
valuetoapproachesbasedonsequencecomparison.Comparinghomologousgenesratherthan
orthologous genes, as is done in these methods, basically means introducing noise. Optimally, a
filtershouldbeappliedtoreducetheimpactofnon-orthologoushomologs.Infact,thetreefrom
Wolfetal.(2001)indeedusesonlysimilaritiesbetweenbi-directionalbesthitsinordertoinclude
only orthologs, and this improves the topology. In contrast to other average sequence similarity
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genometrees(Grishinetal.2000;Henzetal.2004),theysuccessfullyretrievetheproteobacteriaasa
monophyleticclade(Wolfetal.2001).
Meanwhile,articlesthatpresentnewgenomesoftenpresentalistofspeciesforwhichsuchanew
genomehasalargefractionofitsbestBLASThits.Thispractice,whichisrelatedtothetree-building
methodoutlinedabove,providesafastindicationofthetaxonomicneighborsofaspecies.

Genome trees based on gene trees: phylogenomics, supertrees 
and concatenated sequences

Becausewecannotusetraditionalsequencealignmenttoolstocomparethesequencesofcomplete
genomes,itisalogicalsteptoatleastusetraditionalsequencealignmenttoolswherepossible(Figure
2).Theadvantageisthatwecanusetheentiretoolboxofsophisticatedphylogeneticreconstruction
methods.Oneapproachistomaketreesofgenefamiliesthatarerepresentedinthegenomesof
interest.Thefirsteffortinthisdirectiondatesbackto1999andimmediatelyranintotheissuethat
treesfromdifferentgeneshaveadifferenttopology(TeichmannandMitchison1999).
Toovercomesuchincongruentgenetrees,onecansimplyconcatenatethehomologoussequences
from the different gene families, as a concatenated alignment automatically yields a single tree
(Brownetal.2001).Thismethodhashadsomesuccess,butfacesdifficultyforevolutionarydivergent
organisms.The concatenated genes not only have to be present in all genomes compared, they
shouldalsohaveasinglecopyineachgenometomakesurethattheyareindeedorthologousto
oneanother.Withtheincreasingnumberofsequencedgenomes,thenumberofgenespresentwith
exactlyonecopyinallorganismsshrinksdramatically.Incloselyrelatedspeciesthatsharemanygenes
thismethodhasbeenappliedsuccessfully,e.g.inaphylogenomicstudyonthe�-proteobacteria(Lerat
etal.2003).Ratherthan(oratthesametimeas)makingaconcatenatedalignmentandescapingthe
issueofwhattodowithallthesedifferentphylogenies,onecanalsocomparethem,andobtainsome
consensus, for example by using approaches comparable to bootstrapping in single-gene trees
(Leratetal.2003;Rokasetal.2003).Theadvantageofcalculatingindividualgenetreesisthatonecan
separatetreesthatarerelativelydifferentfromoneanother,forexample,becauseofunrecognized
paralogyorHGT(Brownetal.2001).Onecanevenusetheorthologousgroupsthathavenotbeen
filtered out to construct a new concatenated alignment.There appears to be no straightforward
answertothequestionwhetheritisbettertoconcatenatesequencesortointegrateindividualtrees
(Figure4),butthedifferencescanbestriking.Forexample,wefindthattheconcatenatedalignment
yieldsthesametopologyinneighborjoiningasinmaximumlikelihood,whilethisisnottrueforthe
consensusofthephylome(Figure4).Thechoiceof integrationcanthusbemoreinfluentialthan
thechoiceofprecisephylogeneticmethod,evenwithmethodsasdifferentasneighborjoiningand
maximumlikelihood.Ontheonehand,concatenationpreventseachgenefamilytobetreatedwith
parametersthatarespecificforthisfamily.Theissuewithindividualgenetrees,ontheotherhand,
seemstobethatwedonotknowhowtonicelyintegratethem,otherthanusingastrictconsensus.
However,asnoted,inpracticebothmethodsareapplied,oftenincomparisontothesamedataset.
The main limitation to the above methods, however, remains that they require one gene per
genomepergene family (1:1 family).By relaxing thiscriterion,onecan inprincipleobtainmuch
moreinformationfromthegenomesandtheirphylogeneticposition;however,onemustimplement
methodsthatcomparetreeswithdifferentnumbersofspecies.Onesuchmethodisthesupertree
method(Daubinetal.2002).Althoughthismethodstill requiresagenefamilytobepresentnot
more than once in each genome (to assure unambiguous orthologous relations), it eases the
demand that a gene family should be present in every genome.To handle the different species
compositionsofthevarioustrees,theauthorscreatedanewalignmentofco-occurrenceofspecies
inallthepartitionsofeachtree.Fromthisnewalignment,adistancematrixiscreatedthatisthenfed
intotheneighbor-joiningalgorithm.Thisfinalstepmaybeopentoimprovement,becauseitseems
adhoc,likemanyofthegenecontentgenometreemethods.Nevertheless,theresultingtreeisof
excellentquality(allestablishedprokaryotictaxasuchastheEuryarchaeaortheProteobacteriaare
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monophyletic),possiblybecauseoftheaforementionedincreaseintheamountofdataonwhichit
isbased.
Leavingoutallrestrictionsonthespeciesdistributionofhomologsaltogether,onecansimplycreate
thephylogeniesofallthegenesfromonegenome,thephylome(Sicheritz-PontenandAndersson
2001). Many insights other then purely phylogenetic ones can be gained from these collections
of trees. One can reconstruct the metabolism of the ancestor of the mitochondria (Gabaldon
and Huynen 2003) or predict functional relations between genes (Ramani and Marcotte 2003).
Nevertheless,thesemassivephylomeshavenotyetbeenintegratedintoasinglehypothesisonthe
phylogeneticrelationshipsbetweenallgenomes.
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Figure4.Concatenationversusphylome.Panelashowstheoutlineofthetwobasicmethodstoobtainasingletree
frommultiple-genefamily,multiple-sequencealignments.Thefirststrategy,phylomeandconsensus,firstconstructs
treesforeachindividual familyandsubsequentlyextractsthestrictconsensussingletreefromthesefamilies.The
secondstrategy,concatenation,makesonebigalignmentfromthemultiple-sequencealignmentsandsubsequently
constructsasingletreeonthebasisofthisalignment.Panelbshowsfourphylogenomicstreesbasedonthesame
datasetofarchaealsequences.Thedatasetisthecollectionof90COGspresentwithasinglecopyineachspecies.
For each COG, a multiple-sequence alignment was constructed by MUSCLE (20). The maximum likelihood trees
wereobtainedbyPHYML(30)atdefaultsettings.Theneighbor-joiningtreeswerereconstructedbyQuickTree(33).
The concatenated alignment was obtained by concatenation of the 90 alignments. The consensus trees are the
strictconsensusfromthe90treesasobtainedbyrunningCONSENSEfromthePHYLIPpackage(22).Notethatthe
concatenatedalignmentyieldsthesametreetopologywithneighborjoiningaswithmaximumlikelihood.Thisisnot
thecasefortheconsensustree.
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New developments in the construction of genome 
trees

Filtering for inconsistent signals
HGTaswellasancientgeneduplications followedbygene loss (unrecognizedparalogy) leadto
genephylogeniesthatareinconsistentwiththespeciesphylogeny.Foreachclassofgenometrees,
methodshavethereforebeendevelopedtofilteroutgeneswithinconsistenthistories.Phylogenomic
methodshaveinfactalmostwithoutexceptionappliedsuchfilters(Brownetal.2001).Asitturns
out,theincongruenceingenetreesrarelyhasbiologicalreasonsliketheabovebutderivesmainly
from varying rates of evolution and incorrect alignments (Daubin et al. 2003). Nevertheless, in
sequence-basedtreesthefilteringisgenerallyreportedtomakeasubstantialimprovement(Brown
etal.2001).
Filteringforinconsistentsignalshasnotbeensooftenappliedforothertypesofgenometrees.Ithas
beenappliedonceforgenecontenttreesandonceforaverageproteinsimilaritytrees(Clarkeetal.
2002;Dutilhetal.2004).Methodologicallyitismoredifficulttodefineinconsistentsignalsforboth
ofthesetypesofgenomicinformationthanitisforphylogenomicsmethods.Inbothapproaches,
theimprovementsinthequalityofthetreeswereminor.Infactitseems,atleastforgenecontent,
thatthephyleticdistributionofvirtuallyeachgenecontainsatleastsomephylogeneticinformation
(Dutilhetal.2004).Oneexplanationforthisobservationisthatgenesthatarehorizontallytransferred
stillbehavephylogeneticallyconcordantbeforeandafterthetransferevent.

Modeling genome evolution
Phylogenies can in principle be improved by using more information than just the pair-wise
distancesbetweengenesorgenomesasisdoneinclusteringmethodssuchasneighborjoining.
Notonlydomaximumlikelihoodmethodsincludeinformationabouttheratesofvariousprocesses
duringgeneevolution,butmoreimportantlytheyexplicitlycalculatetheprobabilitythatacertain
sequencealignmentisproducedbyaspecificphylogenetictreeandaspecificmodelofevolution
(Felsenstein1981).Suchanexplicitmodelofevolutioncanincludetheratesatwhichcertainpoint
mutationsoccur.Thetreethatismostlikelytohaveproducedthealignmentthen,giventhemodel
ofsequenceevolution,isthemaximumlikelihoodtree.Inpractice,experimentallygenerated,known
phylogeniesofbacteriophageT7havebeenbetterreconstructedbymaximumlikelihoodmethods
thanbyneighborjoining(Cunninghametal.1998).
Recently,approachesthatincorporatemoreexplicitmodelsofgenomeevolutionhavebeenapplied
togenometrees.Forexample,thesimulationofgenecontentevolutioninartificialgenomesseems
toyieldareliablemaximumlikelihooddistanceforthereconstructionofgenecontenttrees(Guand
Zhang2004;HusonandSteel2004).Suchsimulationsalsosuggestthatamoreexplicitdescription
of gene content evolution in the form of Dollo parsimony should show excellent performance.
Nevertheless,theonlyimplementationsofarofDolloparsimonyonrealgenomedataresultsina
treethatsuffersfromclusteringofunrelatedsmallgenomesandparaphylyofestablishedclades
suchastheγ-proteobacteria(Wolfetal.2001).Similarly,theapplicationofmaximumlikelihoodon
actualgenomedataresultsinclusteringofsmallgenomes(GuandZhang2004).

Evolutionary insights from genome trees
New phylogenetic/taxonomic findings

A few new phylogenetic affiliations have been uncovered or were partly resolved with genome
trees. One feature almost unanimously supported by genome trees, is that firmicutes (low G+C
Gram-positives)andactinomycetes (highG+CGram-positives)arepolyphyletic.Accordingtothe
current NCBI taxonomy, these two groups of Gram-positive bacteria are paraphyletic at the root
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oftheEubacteria,whereaspreviouslytheyweregroupedtogetherinonetaxon,basedonthe16S
rRNAphylogeny.Thealternativegroupingisnowaccepted,butmainlybecauseofotherdiscoveries
(Ahmad et al. 1999). Genome-scale phylogenetic analyses have declared a close evolutionairy
relationship for various methanobacteria (Slesarev et al. 2002; Snel et al. 1999), which until now
wereconsideredpolyphyleticonthebasisof16SrRNAanalysis(Olsenetal.1994).Therelegation
of Fusobacterium from a separate bacterial division to a member of the firmicutes is one of the
conclusions of genome-scale analysis, which are a part of the original publication of its genome
sequence(Kapatraletal.2002;Miraetal.2004).Amorehypotheticaltheme,whichnonethelessrecurs
inmanygenecontentpapersfromourgroupandothers,isthatthehyperthermophiliceubacteria
arenotprimitive,ratherAquifexseemstobeaffiliatedwiththeproteobacteriaandThermotogawith
theFirmicutes(Dutilhetal.2004;Korbeletal.2002;Qietal.2004b;Wolfetal.2001).Thespeciallinkof
geneorderwithmitochondrialgenometreesisreflectedinthecontributionofmitochondrialgene
ordertreestotheresolutionofthefourbasalArthropodlineages(BooreandBrown1998).

A limited role of horizontal gene transfer in microbial evolution
Onecannotconstructgenometreeswithoutwonderinghowwecanproduceatreeinthepresenceof
HGT.Beforetheavailabilityofcompletegenomesequences,HGTwasnotattributedaquantitatively
major role in evolution.The sequencing of complete genomes has drastically changed this view.
Publicationsofgenomesequences,studiesthatspecificallytargetedHGToccurrenceinpublished
genomesandphylogenomicinvestigations,reportmassivelevelsofHGT(Nelsonetal.1999;Ochman
et al. 2000;Teichmann and Mitchison 1999). Although genome trees are not direct assays of the
frequencyofHGT,papersdescribinggenometreesarealmostunanimousintheirsurpriseathow
welltheirtreebasedonanygivengenomicpropertymatchestheknownspeciesphylogeny.Most
genometreepapersthereforereportHGTasbeingquantitativelyofsmallimportance(Daubinet
al.2002;Sneletal.1999).Partoftheargumentissemantic:Canwecallanalienoriginof12%ofthe
genesinE.coli“massive”(Ochmanetal.2000)?Yet,thefrequencyofHGThasevenbeenarguedto
preclude the existence of a species tree, making the contradictory statements more than simply
differentperspectivesonthesamedata(Doolittle1999b).
Toresolvethisdiscussion, the investigations intogenomeevolutionhavemovedbeyondstudies
thatonlytargetedHGTorstudiesthatonlyconstructedgenometrees.First,wecantrytoestimate
theoccurrenceofprocessesthataffectgenecontent(suchasgeneloss,geneduplication,HGT,and
theappearanceofnewgenefamilies),onthebasisofthedistributionofcurrentgenefamiliesina
reliablespeciesphylogeny.Suchanalysesarechallengingbecausepatchyphyleticdistributionsof
genes(inwhichageneissparselydistributedoverataxon)canbeexplainedbyHGTaswellasby
differentialgeneloss.Mostapproachessolvethisbyintroducinga“cost”intermsofgenelossesfor
eachHGTevent.Whencomparingdifferentpossibleexplanationsforapatchyphyleticpattern,the
costofaHGTeventisweighedagainstthecostoftheofgenelossesthatarenolongernecessary
ifweintroducethisHGTevent.Suchmethodsallowabroadscopeongenomeevolutionandthey
revealsubstantialcontinuityingenomeevolution:Onanygivenbranch,mostgenesaretransmitted
vertically even when using low costs for HGT (Snel et al. 2002) (Canback et al. 2004; Kunin and
Ouzounis2003;Mirkinetal.2003).
ThesecondapproachstudiestheextentofaberrantsequenceevolutionofsinglegenesduetoHGT.
InaseminalpaperbyDaubinetal.(2003)acomprehensivecollectionofquartetsofunambiguous
orthologousgenesweretestedfortheirsupportofthespeciesphylogenyasdefinedbyrRNA.The
results showedthat few (sometimesevenzero)quartets support the twootherpossible trees in
thecaseoffoursequences,implyingalimitedroleforHGT.Interestingly,theyalsoshowedthatthe
quartetalignmentsthatdosupportHGThavelongterminalbranchescomparedwiththeinternal
branches,suggestingthatthesemightstillbetheresultoferrorsintreereconstruction(Daubinet
al.2003).IthasbeenarguedthatthelowlevelofHGTfoundinthisstudy,andinasubsequent,more
detailedreport(Leratetal.2003),istheresultofusingonlyunambiguouslyorthologousgenes,i.e.

Genome trees and the nature of genome evolution
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noparalogywhatsoever(Zhaxybayevaetal.2004).Anindependentandequallyimpressiveeffort,
appliedasimilarquestiontothemorelooselydefinedclustersoforthologousgroups(COGs),which
do contain many paralogs (Novichkov et al. 2004). Here, the sequence similarities of individual
geneswerecomparedwiththeaveragesequencesimilaritybetweentwogenomes.Most(70%)of
thegenesdidnotshowaberrant levelsofsequencesimilaritypotentiallycausedbyHGT.Explicit
phylogeneticanalysisoftheremaining30%indicatedthatonlyhalfofthesecouldbeduetoHGT,
whiletheotherhalfwasduetolineage-specificaccelerationofevolution(Novichkovetal.2004).
From both broad-scope views of genome evolution it can be concluded that by far most of the
genes,andthusthegenome,haveevolvedbynormalverticaltransmission.Theseexplicitstudies
of theevolutionarydynamicsofgenomeevolutionhavebroughtat least someresearcherswith
opposingworldviewstogether:GenecontenttreebuildersexplicitlyacknowledgetheneedforHGT
toexplainpresent-daygenomicgenerepertoires(Daubinetal.2003;Sneletal.2002)andtofilter
outitseffect(Dutilhetal.2004),whileHGThuntersdiscoveredthatothertree-likeprocessessuch
asverticalinheritanceandgeneinventionare,atleastquantitatively,moreimportantforgenome
dynamicsthanHGTis(KuninandOuzounis2003;Novichkovetal.2004).Disregardingtheproposal
that thesimilaritybetweengenecontent treesandrRNAtrees results fromtheHGTof therRNA
molecule (Gogarten et al. 2002), the outlines of a consensus on the nature of microbial genome
evolutionthusseemtobeemergingfromtheliterature:aquantitativelymodest,butqualititatively
importantroleforHGTandalargerolefortree-likeprocessessuchasgeneloss.

Conclusions
Challenges ahead: data and computation

Apart from large amounts of relatively clean sequence data in the form of complete genome
sequences, the fact that DNA sequencing has become much easier has paradoxically also led
to a dramatic increase in noisy data. One important development has been the emergence of
metagenomicsandenvironmentalsequencing.InthesetechniquespiecesofDNAaresequenced
fromunculturedsamples,suchasadropofoceanwater(Venteretal.2004)orasampleofliquidfrom
anacidmine(Tysonetal.2004).Theresultsofsuchstudiesarenotcompletegenomedata,butthey
docontainaninvaluableamountofphylogeneticinformationthatneedstobeclassifiedwithout
using rRNA, because it is unknown which sequenced reads belong with which rRNA. In the first
instance,suchasequencereadequalsthegenomeandthespecies.Supertreeandothergenome
treeapproachescanthusprovideaphylogeneticframeworkforthesequencesintheabsenceof
rRNA.
Anothersourceofgrowingamountsofnoisysequencedataareincompletegenomes.Thesedata
aregeneratedforprokaryoticgenomes,becausetheyprovideaneasyandcheapmethodtoanswer
certain microbial questions (Overbeek et al. 2003). At the same time, semicomplete eukaryotic
genomes are emerging because even with the current relative ease of sequencing many model
species(e.g.Gallusgallus(chicken),Fugurubripes)cannotreceivetheintenseattentionthatwasput
into for example the human genome project (Aparicio et al. 2002; Hillier et al. 2004).These data
areproblematic forgenometreesbasedongenecontent,becausetheabsenceofgenescanbe
explainedaseasilybynothavingbeensequencedasbyagenuinelossfromthegenome.However,
genometreemethodsthatrelyonsequencesimilaritycanstillbeappliedhere.
Note that all the metagenomics data and the data from incomplete genomes are deposited in
comprehensive sequence databases such as EMBL or Genbank. An interesting study in this light
is theeffort tobuild thetreeof life fromtwoofsuchdatabases,namelySwiss-Protandasubset
ofGenbank(Driskelletal.2004).Fromallthesedata,asuper-matrixiscompiledfromallgroupsof
phylogeneticallyinformativehomologsthatarepresentwithasinglecopyineverygenome.This
methodisagoodapproachtodealingwiththesedata,althoughtaxonomiclabelingofthegenesis
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required,whichisexactlywhatismissingfrommetagenomics.Nevertheless,thisreviewshowsthat
genometreescanbeencompassedinmethodologiesthatintegrateevermoredata.
Anotherchallengeiscomputational,especiallyinlightofthespeedofDNAsequencingasmentioned
above.The computational demands of comparative studies logically always increase faster than
thealreadyexponentialincreaseindata.EvengivenMoore’slaw(Moore1965),asolutionwillnot
simplyorbefoundonlyinfastercomputers.Inaddition,theunderstandablepreferenceforamore
phylogenomic approach to genome trees means handling computationally intensive problems
such as multiple-sequence alignment and phylogenetic tree reconstruction. Solutions will come
inmanydifferentshapesandsizes.Somewillbealgorithmic,suchasthosealreadydevelopedfor
fastandreliablemultiple-sequencealignments(e.g.MUSCLE(Edgar2004a))ormaximumlikelihood
inferenceofphylogeny(e.g.PHYML, (GuindonandGascuel2003)).Anothersolution is tousethe
dataselectively.Arepresentativeandreliableselectionofgenesorspecieswillbeusedasreferences
to construct a backbone for the tree of life at higher taxonomic levels. More sequences can be
subsequentlyselectedtofillinthedetailsforlowertaxonomiclevels,whichareestablishedfromthe
higher-levelbackbone.Suchaprocedureisakintotheexistingsupertreemethodsthatsummarize
phylogeneticfindingsfromdifferentpapersorcollectionsoftreeswithdifferentspeciessamples
(Driskelletal.2004).Asasolutionfortheall-against-allcomparisonofsequences,whichpromisesto
becomeacomputationalnightmare,profiledatabasesearchescouldplayanimportantrole.Profile
searchesdonotneedtoberedone,astheirreliabilitydoesnotdependondatabasesizeandprofiles
alsoautomaticallygiveareliable(profileanchored)multiple-sequencealignment.
Incontrasttotheothermethods,alignment-freemethodswillremaincomputationallyinexpensive.
Theymaytherebyprovideanindependentreference.Alltheseeffortsarebioinformaticchallenges
and they will bring genome trees and phylogenomics closer to a tight integration with existing
sequencedatabases.

The future for genome trees is phylogenomics
Phylogenomicsapproachesarepopularforgoodreasons.Theyincorporatethebestofbothworlds.
These approaches use sophisticated existing (and continuously being developed) conventional
molecularphylogeneticmethodsforthereconstructionofsingle-genetreeswhiletheyapplythe
power of numbers that is inherent to genome-scale analysis. As orthologous genes are formally
definedbytherelationofagenetreetoaspeciestree,phylogenomicsisalsopartofthesolutionfor
definingorthology,whichisanimportantchallengeingenecontentandgeneordergenometrees.
Phylogenomicscouldthusincorporatethesetwoothertypesofgenometrees.Forexample,agene
contentgenometreethatwouldbebasedonanorthologyderivedfromsingle-genephylogeniesis
basicallynothingmorethananalternativetoconstructingasupertreefromaphylome.
The continued application of phylogenomics approaches faces certain hurdles. First, there is the
computational hurdle mentioned above. Secondly, most phylogenomics studies require that the
genesarepresentinallgenomesunderconsideration,butwithmoregenomesthiswillbethecase
forfewerandfewergenes.Thishurdlehasalreadybeenovercomeinpartbythesupertreeapproach
(Daubin et al. 2002), but the way in which the trees and their different species compositions are
integratedisopentoimprovement(seeabove).Theremainingobstaclemightbetherequirement
of one ortholog/gene per family per genome.This obstacle is related to the integration of trees
with different species compositions. One solution could be sought in a more dynamic definition
oforthologyfromthegenetreeitself:usingsub-treesofagenetreewithparalogstoconstructa
supertree.

Summarizing conclusions
Themainresultofgenometrees, fromtreesbasedonwordfrequenciestotreesbasedonsingle
genephylogenies,isthattheyareallsimilartoeachotherandreflecttheknownspeciesphylogeny
regardless of the various specific genomic properties used or the method used to create the
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phylogeny.Perhapswefindthiscoherencebecausetheseproperties,tovariousextents,dependon
eachother.Genometreeshaveyieldedthefundamentalinsightthatgenomeevolutionislargely
a matter of vertical transmission. Although the dominance of vertical transmission and thus the
quantitativelyminorroleofHGTbecameacontroversialclaim,currently,thanksinparttogenome
trees,theconsensusonmicrobialgenomeevolutionthatemergesisthatgenerepertoireslargely
followphylogeny.
Apartfromtheircontributiontoaconsensusviewofgenomeevolution,genometreeshavemade
someimpactonthephylogenyperse.Asgenometreesareinlinewiththeundisputedpartsofthe
treeoflife,theycanalsobetreatedasalineofevidenceforphylogeneticrelationshipsininconclusive
partsofthesingle-gene-basedspeciesphylogeny.Theirimpactsofarhasbeenonancientbranching
points between higher-level taxa, such as the position of the Fusobacteria, and the divergence
betweenthehighandlowG+CGram-positives.Sofar, thesecontributionshavebeeninfrequent,
as might be expected given the nascent state of this line of research.Yet, the relative branching
orders in the bacterial as well as the eukaryotic divisions, and thus relationships between many
higher-level taxa,stillneedresolution.Here, thequicksuccessionofdivergenceeventshasmade
resolutiondifficultanduntilnowtheorderoftheseeventshasnotbeenresolvedwithsingle-gene
phylogenies.Inprinciple,genometreesareinapositiontocontributetoresolvingthesepoints.They
arethemeanstousethemaximumamountofdataavailabletosolvethesetoughproblemsandto
therebysolidifythebackboneofthebacterialphylogeny.
Anumberofhurdles remainonthepathahead.Findingsolutionstothesehurdleswill remaina
challengetoourcreativityas the recognitionof theaddedvalueofgenomephylogeniesgrows.
Thusfar,themaincontributionhasbeentherecognitionthattheclassicviewofgenomeevolution
byverticalinheritanceisindeedquantitativelythemostimportant.Thepromiseofmoreimportant
phylogeneticdiscoverieswillcontinuetostimulateresearchersinthisfield.
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Abstract
Phylogenetic trees based on gene repertoires are remarkably similar to
the current consensus of life history. Yet it has been argued that shared
gene content is unreliable for phylogenetic reconstruction because of
convergence ingenecontentdue tohorizontalgene transferandparallel
gene loss. Here we test this argument, by filtering out as noise those
orthologous groups that have an inconsistent phylogenetic distribution,
using two independent methods. The resulting phylogenies do indeed
contain small but significant improvements. More importantly, we find
thatthemajorityoforthologousgroupscontainsomephylogeneticsignal
and that the resulting phylogeny is the only detectable signal present in
thegenedistributionacrossgenomes.Horizontalgenetransferorparallel
gene loss does not cause systematic biases in the gene content tree.
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Introduction
Withtheavailabilityofcompletegenomesequences,ithasbecomepossibletousetheinformation
containedinwholegenomestoinferphylogenies(forareviewsee(Wolfetal.2002)).Genometrees
arecreatedinanattempttocombineallthephylogeneticmessagesinallthegenes.Themainidea
isthatonecanobtainamorerepresentativephylogenybyaveragingouttheconfoundingsignals
insinglegenetrees.Ithasbeenarguedthatthegenerepertoireisapheneticcharacter(Doolittle
1999a; Gogarten et al. 2002) and that gene content can undergo convergence through selective
pressures.Thus, some of the processes that impair single gene trees, such as horizontal transfer
(Doolittle 1999b) and parallel loss of related genes (Snel et al. 2002;Wolf et al. 2002), can, when
frequentenough,alsoaffectgenometrees.Forexample,somephenotypiccharacteristics,suchas
a parasitic lifestyle, are reflected in a similarity in the functional classes of genes in the genome
(ZomorodipourandAndersson1999).
It is true that gene content is a more phenotypic character than gene sequence. After all, the
gene repertoire determines the phenotype of an organism. We have argued that gene content
phylogeniestakeapositionintermediatetophylogeniesbasedonsinglegenesandphylogenies
basedonphenotypiccharacteristics(Sneletal.1999).Howeversequenceevolutioncanalsoreflect
thephenotype,e.g.,thermophilyisreflectedintheaminoacidcontentofagenome(Cambillauand
Claverie2000;KreilandOuzounis2001;SuhreandClaverie2003),andingeneralsequence-based
phylogeneticscansufferfromhomoplasticevents.Fast-evolvingpositionscreateaproblemwhen
inferringancientphylogeneticrelationships,addingnoiseratherthansignaltothedata(Gribaldo
andPhilippe2002).Unlessparallelgenelossandhorizontalgenetransferoccuralongdemarcated
transferroutes,theseprocesseswillalsoonlyaddnoise.Sequenceanalysishasdevelopedtoolsto
identifyandremovethisnoise (Brunoetal.2000;GoldsteinandPollock1994).Becausethegene
presence/absenceprofileisabinarysequenceinallorganisms,wecanusesimilartoolstoremove
noisefromgenomephylogenies(Brownetal.2001;Clarkeetal.2002).Clarkeetal.(2002)suggested
animplementationinwhichtheyridthegenomeofphylogeneticallydiscordantsignals(PDSs)by
applyingafilterthat identifiedhorizontal transfersassequenceswithan irregularrankingofthe
BLASTexpectancyvaluesoftheirorthologs.RemovingthesePDSsdidimprovebootstrapsupport
forbasalnodesinthephylogenybut,asidefromthat,alteredhardlyanytopologicalfeatures.
Inthecurrent investigations,wereducetheimpactofnoise ingenecontentphylogeniesbytwo
schemes that treat the presence/absence profiles as sequence alignments. As we identify PDSs
byexaminingtheirspeciesdistribution,weavoidthepitfallsinherentinsequenceanalysis,unlike
Clarkeetal.(2002),whorevertedtosequencecomparisonforidentificationofthePDSs.Byusing
bothorthologyandsequenceinformation,Clarkeetal.trytocombinepossiblyinconsistentsources
ofinformation.Thisapproachcanbeexpectedtoerroneouslyidentifysequencesinrapidlyevolving
lineagesasphylogeneticallydiscordant.Ourapproachshouldbelesssensitivetothislong-branch
artifact,astheorthologyassignment(Tatusovetal.2001;vonMeringetal.2003)suffersfromthis
problemonlytoasmallextent.WeidentifyasPDSsinstancesofhorizontalgenetransfer,andcontrary
toClarkeetal.(2002),ourschemesalsoidentifyparallelgenelossasPDS.Aswetakeorthologous
groupsasthestartingmaterial,orthologousgenedisplacementwithinanorthologousgroupisnot
identifiedasadiscordantsignal.
Thecodingofgenomesasbinarysequencesallowsourapproachestodealwithnoisefromfast-
evolvingpositions.First,weuseamethodthatfindsPDSs inareconstructedgenomephylogeny
andremovesthemfromthedataset.Toproperlyincorporatechanges,constructionofphylogenies,
andidentificationandremovalofPDSsarerepeatediterativelyuntilthetreesconverge.Tofurther
test whether the phylogenetic signal in gene content is the only dominant signal, we also used
thisapproachtodeterminetowhichtopologyourtreesconvergefrom100differentrandominitial
topologies.
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Second, we use an adapted method that was originally developed for assessing amino acid
sequences (Bruno 1996). Assigning high weights to the clade specific genes, and low weights to
genesthatevolverapidly,wewereabletoscaledowntheimpactofnoisysignalsandinferafiltered
phylogeny.

Methods
Orthology

Tobeabletocomparegenomesbasedontheirgenecontent,itisfirstnecessarytoidentifywhich
genesaresharedbetweengenomes,i.e.,whichgenesareorthologs.Orthologsaregenesindifferent
species that are directly related by vertical inheritance (Fitch 1970). Paralogs are genes within
a species that are derived from gene duplication. If a group of paralogs in a certain species has
dispersedafterthelatestspeciationevent,allthesegeneswillhavethesameorthologyrelationship
withtheirrelativesinthesisterspecies.Thus,groupsoforthologswillbestrepresenttheancestral
relationshipsofacollectionofgenesinasetofspecies.
Inferringorthologyrelationshipsisfarfromtrivial,especiallybecauseorthologyhasbeendefined
for thecomparisonbetweentwospecies (Fitch1970). It isnotunusual incomparativegenomics
todefineasorthologsthosehomologsthathaveaBLASTexpectationvaluelowerthanacertain
threshold (e.g., (Bansal and Meyer 2002; Fitz-Gibbon and House 1999)). Another operational
definition of orthology that is often used is that of reciprocal best BLAST matches (called BeTs
(Tatusovetal.1997),BBHs(Tamames2001),orRBMs(Clarkeetal.2002)).Althoughthisdefinition
willbeacloserapproximationoftheevolutionarydefinitionoforthologythantheclosehomologs
method, it does not give us directly a group orthology that is best suited for our study. A very
suitabledatabaseofgroupsoforthologousgenesisthemanuallycuratedCOGdatabase(Clusters
of Orthologous Groups of Proteins; NCBI; see www.ncbi.nlm.nih.gov/COG (Tatusov et al. 1997)).
Withineachofthe3166COGs,theproteinsareassumedtohaveevolvedfromthesameancestral
gene,andifpresent,theCOGisrepresentedbyanindividualproteinoragroupofparalogswithin
acertainspecies.Weusethisdatabase,extendedbyvonMeringetal. (2003)toacurrenttotalof
19,433orthologousgroups(OGs)in89completelysequencedgenomes(formoreinformationsee
www.bork.embl-heidelberg.de/STRING), to compare these organisms on the basis of their gene
content.

Distance Measure
ForeachOG,abinaryprofilewascreated,indicatingitspresence(1)orabsence(0)inthe89genomes
considered(seeFigure5).Usingtheseprofilesasasimilaritymeasure,amatrixwasmadecontaining
thedistancesbetweenallspeciesaccordingtoEquation1(Korbeletal.2002).

Equation1.

dist(A,B)=1-
(√2·size_A·size_B)/(√(size_A2+size_B2))

shared_OGs(A,B)

Aslargergenomescansharemoregenes,wenormalizethenumberofsharedOGsbydividingby
the weighted average genome size (see Equation 1 (Korbel et al. 2002)), where the genome size
isdefinedasthenumberofconsideredOGs inthegenome.Otherapproaches fornormalization
suchasdivisionbythesmallestofthetwogenomes,orbythegeometricaverageofthegenome
sizes, show an inferior fit to the relation between genome size and the number of shared genes
(notshown).Thedistanceiscalculatedbysubtractingtheresultingsimilarityfractionfrom1(see
Equation1).

The consistent phylogenetic signal in genome trees 
revealed by reducing the impact of noise
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Figure5.ExampleofanOGprofilethatshowsitspresencein7species(theOGisabsentfromtherestofthe89species;
notdisplayed).Theprofilecoversthemaximumnumberofsubtreesinthisphylogeny(i.e.,7leafnodes+6internal
nodes=13).ThespeciesabbreviationsareexplainedinthelegendtoFigure7.

Iterative Removal of Phylogenetically Discordant Signals (PDSs)
The idea of the iterative method is to compare the presence/absence profile of every OG to the
phylogeny to determine to what extent it can be considered discordant. Those OGs that are
discordantaccordingtoacertainthresholdarethenremoved,andanewphylogenyisinferredfrom
theremainingprofiles.ThismeansthatweneedafirstinstancephylogenytoidentifythefirstPDSs
andstarttheiterations.Inthestandardruns,thiswasdonebyusingthedistancematrixcalculated
from all the OGs to construct a first instance neighbor- joining tree (Saitou and Nei 1987) using
Neighbor(Felsenstein1989).Wealsostarted100runsfromrandomizedinitialtopologies.
TheprofileofeveryOGwasthencomparedtothetreetodeterminetowhatextentitsdistribution
wasmonophyletic.Todoso,wecountedthenumberofsubtreesinwhichalltheleavescontainthe
OGinquestion(i.e.,allspeciesinthispartitionhavea1inthepresence/absenceprofile;seeFigure5).
Thenumberofcompletelycoveredsubtreeswasusedtocalculateascoreforhowmonophyleticthe
distributionis.Foragivennumberofspecies,thescorelaybetweentheaveragecoverageof1000
randomlygeneratedprofilesinthefirstinstanceneighbor-joiningtree(lowerbound,setto0)and
themaximumnumberofpartitionspossiblycoveredbythisnumberofspecies(upperbound,setto
1).Themaximumnumberoftreepartitionscoveredbyaprofiledependsonthenumberofspecies
inwhichtheOGispresent,accordingtoEquation2.Equation2isbasedonthenumberofpartitions
inarootedtree,aseverybipartitiondefinesarootedsubtreeintheentirephylogeny(cf.Figure5).

Equation2.

max_covered_partitions=2·species-1
The resulting coverage score, which can be compared between OGs present in any number of
species,allowsustochooseathreshold.OGsthatscoredbelowthisthresholdwereremovedfrom
thedataset,andanewdistancematrixandneighbor-joiningtreewerecomputedbasedonthe
remaining profiles. For every threshold score, this procedure was iterated until convergence was
established.Notethatconvergencetoa limitcycleofphylogenies ispossibleasOGsareallowed
toreturntothedatasetif,inthenewtree,theirprofiledoescoversufficientbranches.Aftereach
convergence,weincreasedthethresholdinasimulatedannealing-likeapproach(Kirkpatricketal.
1983). In the work presented here, we chose 10 annealing steps of 0.1 each (the horizontal lines
inFigure6).Takingsmallerannealingsteps(e.g.,50stepsof0.02each)didnotresult indifferent
phylogenies(notshown).

Weighting Method
Asanalternativetotheabovemethodbasedoncountingsubtreesthatshareagene,weemployed
amethodthatwasoriginallydevelopedtoaddressthesequenceweightingprobleminaminoacid
multiplesequencealignments.TheRindprogram(Bruno1996)usesasimplemaximumlikelihood
modeltoestimatethefrequencyofcharactersonthetreeandcorrectsforphylogeneticcorrelations.
The Rind frequency gives an estimate of the number of times a character appeared de novo in
evolution(Bruno1996).Ifacharacterappearsthroughoutacladeconsistingofshortbranches,itis
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assigedalowerfrequencythanagenethatappearsthroughoutacladeofthesamenumberoftaxa
butismadeoflongbranches.Ifthemonophylyofacladeisdisruptedbytaxonwithaninconsistent
character,thiswillhaveasmallereffectifthebranchlengthofthattaxonislonger.
As the presence/absence profiles of the OGs in all species can be seen as a multiple sequence
alignment,wewereable to runtheRindprogramonthesebinarysequences.Genesorcolumns
thathavealowRindfrequency,butarerelativelyabundantaccordingtotherawdata,areveryclade
specific.Thus,togetascoreforthemonophylyofeachcharacter,wedividedtherawgenefrequency
bytheRindfrequency.Wescaledthesescoressothat the lowest receivedaweightof0andthe
highestgotaweightof1,andinferredaneighbor-joiningtreeasexplainedabove,usingthescores
toassignweightstoeachOG.

Assessing Tree Quality
To determine how well the distances in the distance matrix were represented in the neighbor-
joiningtree,anewdistancematrixwasderivedfromthetree,bymeasuringthedistancesalongthe
branchesbetweenallspeciespairs.Thetotaldifferencebetweenallthecorrespondingvaluesinthe
twodistancematriceswascalculatedandisexpressedasafractionoftheaveragetotaldistance
in thetrees.Thisgivesameasure forhowwell theneighbor-joiningtree represents thedistance
matrix.
Weassessedthereliabilityofthegenometreebycountinghowoftenofthepartitionsoccurredin
100phylogeniesconstructedbyresampling100%oftheOGswithreplacement(bootstrapping).

Reference Trees
For reference, we used a SSU rRNA tree and an (unresolved) reference phylogeny from the NCBI
taxonomy database (www.ncbi.nlm.nih.gov/Taxonomy (Wheeler et al. 2000)). The rRNA tree is
basedonadatabaseofexpertalignedSSUrRNAsequencesofallthespeciespresentinthecurrent
investigations (www.rna.icmb.utexas.edu (Cannone et al. 2002)). If the correct species was not
available,aSSUrRNAsequencefromacloselyrelatedorganismwaschosen;ifmultiplesequences
perspecieswereavailable,thelongestandmostreliablewasselected.WeusedClustaltoconstruct
asimpleneighbor-joiningtreebasedonthisalignment(Thompsonetal.1994).

Results
The Choice for a Distance-Based Phylogeny

At first glance, the genome size effect and the concomitant parallel loss of genes should be
representedbytheDolloparsimony(Farris1977).Thismethodisbasedontheideathatinevolution
itishardertogainacomplexfeaturethantoloseit,andweassertthatageneororthologousgroup
(OG)issuchacomplexfeaturethatcanonlybeindependentlygainedbyhorizontalgenetransfer.
Inagivenphylogenetictree,theDolloalgorithmexplainsthedistributionofacharacterbyallowing
oneorigin(i.e.,achangefrom0to1)andasmanyreversions(1to0)asarenecessarytoexplainthe
patternofstatesseen.Itthensearchesforthetreethatminimizesthenumberof1-to-0reversions.
Althoughthisapproachperformsslightlybetterthanstandardparsimony(notshown),theresulting
phylogenystillcontainsmanyerrorsincludingtheclusteringofsmallgenomes.Likewiseamaximum
likelihoodapproach,suchasimplementedinMrBayes(HuelsenbeckandRonquist2001),inwhich
thepresence/absenceofOGswastreatedasthepresence/absenceofphenotypiccharacteristics,
didnotresultintheclusteringofthesmallparasiticgenomeswiththeircloserelativeswithlarge
genomes.

The consistent phylogenetic signal in genome trees 
revealed by reducing the impact of noise



31Extracting the evolutionary signal from genomes

Figure6.ThecoveragescoreofalltheOGsinthefirstiterationneighbor-joiningtreeisplottedagainstthetotalnumber
ofspeciesthatcontainthisOG(numberofspeciesintheprofile).Notethatthecoordinateshavebeenscattered(by
addingarandomnumberfromanormaldistribution)togetbetterinsightintothedensity.Thehorizontallinesarethe
simulatedannealingstepsgoingfromtheaverageoftherandomdistribution(score0;bottomline)tothemaximum
possiblenumberofcompletelycoveredpartitions(score1).

Ingeneral,themaincaveatofoff-the-shelfparsimonyormaximumlikelihoodmethodsisthatthey
treat the evolution of each character independently. A model for genome evolution has to take
variationsinthenumberofgenespresentinagenomeexplicitlyintoaccount,ashasbeendonefor
distance-basedgenecontentphylogenies(Korbeletal.2002).Itisnottheaimofthisworktobuild
amodelbutrathertodevelopmethodstoidentifyandfilteroutphylogeneticnoisebasedonthe
presence/absencepatternofgenes,andforthatdistance-basedgenecontentphylogeniessuffice.

The Signal in Gene Content
Phylogenetic Signal in Most of the OGs

Prior to iterating,weestablishwhichOGsbehavediscordantly,basedonthegenometreeof the
completedataset.Thiscomparisonalreadyrevealshowwellthetreerepresentsthedata,asmost
oftheOGs(13,375of19,433=69%;seeTable1)haveapresence/absenceprofilethatis(toacertain
extent)consistentwiththeinitialphylogenybasedonalltheOGs.Profilesthatarepresentinonlya
fewspeciesaremorelikelytobeeitherperfectorworsethanrandom;the31%oftheOGsthathad
anegativecoveragescorecontainedanaverageofonly2.8species.TherestoftheOGscovermore
subtreesthanrandomprofileswouldandhaveapositivecoveragescore(seeFigure6).All these
profilesareconsistentwiththegenometreeofthecompletedataset(lowestsimulatedannealing
threshold).Nofewerthan5320oftheOGs(27%)areevencompletelyinaccordancewiththefirst
iterationneighbor-joiningtree(theyhaveacoveragescoreof1).Manyofthese‘‘perfect’’OGsare
present in thesamefewspecies;e.g., largegroupsofover300OGswiththesameprofilesoccur
between two species like the Ascomycota (352), the Cyanobacteria (341), the Methanosarcinales
(364),theSulfolobaceae(335),ortheXanthomonadaceae(305),butalsobetweenathree-species
Mammalia–Drosophilagroup(579),andbetweenthefourMetazoa(890)includedinthisdataset.
AlltheOGsintheselargegroupsarenonsupervisedorthologousgroups(NOGs)fromtheextended
datasetofvonMeringetal.(2003).Theother2154‘‘perfect’’OGsaredistributedoveronly90different
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profiles,amongwhichthereareprofilesspecificforgroupssuchasthe16Archaea,the24Archaea
(16)plusEukaryotes(8),andthe8Alphaproteobacteria.Someofthelargergroupscanbeseenas
clustersontheliney=1inFigure6.

Results from Iterations
Thefirstinstancetree(Figure7)isalreadyquitesimilartotheSSUrRNAreferencephylogenyand
theNCBItaxonomy(seeTable1).Thisconfirmsthatgenecontentcontainsastrongphylogenetic
signal(Fitz-GibbonandHouse1999;Sneletal.1999;Tekaiaetal.1999).Throughouttheiterations,
thissignalisshownbepersistentintheevolvinggenometree,andthephylogenyinferredfromthe
restrictedgenerepertoireevenimproves.Theimprovementswithrespecttothereferencetrees(see
Table1;SSUrRNA,column5;andNCBItaxonomy,column6)areonlyminor,largelybecausethefirst
instancetreealreadyshowsaconsiderableresemblance.Asthethresholdincreases(column2),the
treeisbasedonadecreasingfractionoftheOGprofiles(column3),whichareselectedtocovera
maximumnumberofsubtrees.Atacertainpoint,thethresholdbecomestoohigh,andwestartto
excludefalsenegatives.ThephylogenythenbreaksdownbecausetoomanyOGsareremovedthat
containaphylogeneticsignal.

Table1.StatisticsontheevolvingphylogenyunderaschemethateliminatesdiscordantOGsfromthedatasetwithan
increasingstringency.Note:SimilaritytotherRNAandNCBIreferencetreesreachesamaximumaftersevensimulated
annealingsteps.Thesimulatedannealingthreshold inthe iterations isgivenincolumn2.Notethatthesimulated
annealing threshold scores are raised after convergence of the topology, so more topologies may be visited in a
singlethresholdscorestep.ThenumberofOGprofilesusedtoconstructeachtreeisgivenincolumn3.Theaverage
scoresoftheOGprofilesusedtoreconstructthephylogenyaregivenincolumn4.Thefractionofbranchesshared
withtheSSUrRNAreferencetreeand inthetaxonomyfromNCBI isshown incolumns5and6 (thevalue for the
unresolvedNCBItaxonomyishigherbecauseitcontainsfewerbranchesandwillautomaticallysharealargerfraction
of itspartitions).Thedifferencebetweenthedistancematrixandtheneighbor-joiningtree isshown incolumn7,
andcolumn8containstheaveragebootstrapvalueofallthepartitions.Thetopologyshiftsabovetheboaldlineare
shownindetailinFigure7.

topology 
number

score 
threshold OGs average 

score
branches, 

rRNA
branches, 

NCBI
matrix vs. 
NJ tree

average 
bootstrap

0 0.0 19,433 0.494 0.628 0.818 0.237 0.881

1
0.1 13,375 0.720

0.628 0.818
0.272 0.868

0.2 13,350 0.721 0.273 0.880

0.3
13,152 0.729 0.278 0.880

2
12,769 0.745

0.616 0.818
0.283 0.878

0.4 12,777 0.744 0.283 0.888

0.5
11,737 0.780 0.302 0.871

3
9,239 0.856

0.640 0.800
0.338 0.877

0.6
9,379 0.863 0.339 0.849

4 8,449 0.896 0.640 0.818 0.362 0.855

5
8,428 0.898

0.651 0.818
0.364 0.864

0.7
8,468 0.897 0.361 0.827

6 7,046 0.946 0.651 0.818 0.388 0.819

7
7,074 0.945

0.651 0.818
0.396 0.829

0.8
7,081 0.945 0.397 0.759

8
5,930 0.980

0.628 0.818
0.429 0.798

0.9
5,975 0.981 0.430 0.627

9
5,651 0.987

0.581 0.727
0.452 0.645

1.0

5,644 0.989 0.449 0.568
10 5,564 0.990 0.570 0.709 0.421 0.563
11 5,563 0.990 0.570 0.709 0.421 0.573
12 5,565 0.990 0.570 0.709 0.419 0.569

ThisbreakdownisevidentinTable1:thedifferencebetweenthematrixandtheneighbor-joining
tree increases, and after topology number 7, the overlap with the reference trees shows a sharp
drop.Topologynumber8decreasestheaveragebootstrapvalueofthepartitionsfrom80to63%.
Toillustratethetypesofchangesthatoccurintheevolvingtree,Figure7showstheshiftsleading
fromtheinitialphylogenytophylogenycontainsalmost82%ofthebranchesoftopologynumber
7.Uptothepointof thisbreak-the(unresolved)NCBItaxonomyand justover65%down,where
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64%of thediscordantOGswereex-of thebranchesof theSSUrRNAtree.This resultcluded, the
reconstructedphylogenieschangelittleshowsthatthephylogeneticsignalingenecontent,asand
remainveryclosetothereferencetrees.Thepresentinthefirstinstancetree,isthedominantsignal.
Moreimportantly,theshiftsinthetreedonotspecificallyaffectorganismswithsharedphenotypic
characters,e.g.,parasitesorhyperthermophilicspecies.Aswedonotseetheeffectofphenotype
inthetree,suchphenotypicconvergencedoesnotappeartobethecauseortheresultof large,
systematicbiasesinthehorizontaltransfers.

Random Initializations
Toinvestigatewhetherthequalityofthereconstructedgenecontenttreesthroughouttheiterations
dependedonthegoodfirstinstancephylogeny,werepeatedtheexperiments,startingfromrandom
initialtopologies.The100randominitialtopologies,thoughcompletelydifferent(theysharedan
averageof1%oftheirbranches),rapidlyconverged.Basedontherandomfirstinstancephylogenies,
anaverageof90%oftheOGswasdeleted.Theseconditerationphylogenies,composedofthoseOGs
thatwerenotdiscordantintherandominitialtrees(lowestsimulatedannealingthreshold),already
sharedanaverageof70%oftheirbranches.Therapidconvergenceofthetopologyovertheiterations
illustrateshowconsistentlythissinglephylogeneticsignalispresentinthegenerepertoiredata.To
analyzethetopologicalpathsthephylogeniestookaftertheserandominitializations,welookedin
moredetailatthosetreeswiththehighestresemblancetothereferencephylogenies(therRNAtree
andtheNCBItaxonomy)andtoaselectedtopologyfromthestandardinitialization(topology7;cf.
Table1).Ofthe100randominitialtopologies,alargegroupof68pathsconvergedtoonetopology,
whichshared97%ofitsbrancheswiththestandardinitialization.Abundantthoughthistopology
was,itcontainedsomeimprobableshiftscomparedtothephylogenyfromthestandardprocedure.
The position of Halobacterium was closer to the archaeal root, and Thermotoga was placed next
toThermoanaerobacterratherthanattherootofthelow-G+CGram-positives.Sevenofthepaths
convergedexactlytothetopologyofthestandardgenometree.Theother25pathsconvergedtosix
otherphylogeny,sharinganaverageof94%ofthepartitionswiththephylogenyfromthestandard
initialization.

A Worst-Case Scenario
An often-discussed case of ‘‘massive’’ horizontal gene transfer is that from the Archeae to the
hyperthermophilic Bacteria Aquifex aeolicus and Thermotoga maritima (Aravind et al. 1998). We
testedwhetherstartingouriterationswithaneditedphylogeny,inwhichwegroupedA.aeolicusand
T.maritimaattherootoftheArchaea,wouldresultintheselectionofthosehorizontallytransferred
genes,andaconvergenceofthetreetooneinwhichthehyperthermophilicBacteriawouldcluster
withtheArchaea.Inthefirstiterationthetreeconvergedtothesametreeastheonethatwasstarted
withtheuneditedtree.This illustratesthepointthattheremaybecasesof large-scalehorizontal
betweensomespecies,buttheirsignalisnotstrongenoughtocausesystematicbiasesinthetree
basedongenecontent,evenwhenbiasingtheselectionofgenesforthephylogenytowardaset
involvedinhorizontaltransfer.

Weighted Tree
Thetreeobtainedfromweighingfast-evolvingpositionsisverysimilartotherRNAphylogeny(Figure
8)andsuccessfullyimprovesrelativetotheunweightedfirstinstancetree.Thetreesharesover85%
ofthebrancheswiththe(unresolved)NCBItaxonomyandjustover65%ofthebrancheswiththe
SSUrRNAreferencetree.Theweightingprocedurereinforcesespeciallystronglytheseparationinto
threekingdoms,astheinternalbranchesseparatingthethreekingdomshavebecomelonger.When
comparingthegenomephylogeniesthatresult fromthetwoapproachesforfilteringtheOGs in
detail,itbecomesapparentthattheiterativeremovalmethodhasabiggerimpactonthetopology
ofthetree.Asthethresholdincreases,therearemanymoretopologicalshiftsthanintheweighting
method.Topologynumber3looksmostliketheweightedtree(theyshare90%ofthebranches),and
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Figure7. Initialphylogenyinferredfromallthegenepresence/absenceprofiles.Thebranchesthatshiftinthetree
duringtheiterationsareindicated.Thenumbergivenisthetopologynumber(cf.Table1)atwhichtheshiftoccurs.Note
thattherearenoshiftsthatimproveordeterioratethetopologyrelativetotheNCBItaxonomyalone:becausetheNCBI
taxonomyisnotcompletelyresolved,changesrelativetothistreealwaysalsochangethefractionofbranchesshared
withtheSSUrRNAtree.Thephylogenyweinferredwasunrooted;wechosetodisplaytheArchaeaandtheEukaryota
assistertaxa,asthatisthemostcommonlyacceptedview(thoughtherearemanypapersfromthePhilippegroupto
combatthise.g.,(PhilippeandForterre1999)).Thereisnolegendforthebranchlengths,astheyareonlyinformative
inthefirstinstancetree(intwocasestheyhavebeenveryslightlyalteredtofitthearrowsindicatingtheshiftsintothe
figure).Thespeciesabbreviationsarethefirstletterofthefamilynameandthefirsttwolettersofthespeciesname,
followedbythetaxonomic identifier (inalphabeticalorder):Aae_63363, Aquifexaeolicus;Afu_2234, Archaeoglobus
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alltopologiesthatfollowmovefartherawayfromtheinitialphylogeny.Nonetheless,bothmethods
accomplishcomparableimprovementsrelativetotheunfilteredtree.Theadvantageoftheweighted
treerelativetotheiteratedtreeisthattheformerdoesnotrequirearguablysubjectivecriteria,like
thebreakdownofthebootstrapvalues,todeterminewhentostopincreasingthescorethreshold.

Phylogenetic Implications
Shifts in the Archaea. In the archaeal phylogeny, the Crenarchaeota remain monophyletic, but
they appear to be derived from the Euryarchaeota, making the Euryarchaeota a paraphyletic
taxon.This is inconsistentwiththerRNAtreebutoftenfound ingenometrees (Wolfetal.2002).
The current approach does manage to shift Halobacterium away from its (erroneous) ancestral
position,intotheEuryarchaeota.Instead,theMethanosarcinalesmovetothearchaealroot,nextto
Halobacterium,followedlaterbytheThermoplasmata.Cavalier-Smithalreadyproposedtojointhe
MethanosarcinalesandtheHalobacteriainthephylumHalomebacteria.Thiswasbasedonthefact
thatmanyofthedifferencesbetweenthetwocanbeattributedtothelossofancestralproteinsbythe
Methanobacteria,whereasmanysimilaritiesinRNApolymerases,antibioticsensitivities,andrRNAs
canbefound(Cavalier-Smith1986;Cavalier-Smith2002).Slesarevandco-workers(2002)showedthat
genometreesbasedongenecontentoronconservedgenepairsgroupallmethanogenicArchaea.
Indeed,thisistrueforthemethanogenssequencedatthetimeofthatresearch,butweshowhere
thattheMethanosarcinalesarenotpartoftheotherwisestronglysupportedmethanogenicsubtree.
Asinthegenecontenttreepresentedby(Slesarevetal.2002),wefindthepositionofArchaeoglobus
fulgidustobestableattherootofthemethanogens.

Hyperthermophilic Bacteria
GenecontentphylogeniesareespeciallyinterestingforthosecladeswhererRNAtreesmightfail.The
phylogeneticpositionofthermophilicBacteriaissuchapoint(Cavalier-Smith2002).Theinference
thatthethermophilicBacteriaareprimitive,basedonrRNAtrees,hasbeendoubtedbecausethis
placement might be an artifact from long-branch attraction (Gribaldo and Philippe 2002) and

fulgidus; Ana_103690, Anabaena sp.; Ape_56636, Aeropyrum pernix; Ath_3702, Arabidopsis thaliana; Atu_181661,
AgrobacteriumtumefaciensC58/ATCC33970 (Cereon);Atu_180835, AgrobacteriumtumefaciensC58/ATCC33970 (U.
Washington);Bap_118099,Buchneraaphidicola;Bbu_139,Borreliaburgdorferi;Bha_86665,Bacillushalodurans;Bme_
29459,Brucellamelitensis;Bsu_1423,Bacillussubtilis;Cac_1488,Clostridiumacetobutylicum;Ccr_155892,Caulobacter
crescentus; Cel_6239, Caenorhabditis elegans; Cgl_196627, Corynebacterium glutamicum; Cje_197, Campylobacter
jejuni; Cmu_83560, Chlamydia muridarum; Cpe_1502, Clostridium perfringens; Cpn_115711, Chlamydia pneumoniae
AR37;Cpn_115713,ChlamydiapneumoniaeCWL029;Cpn_138677,ChlamydiapneumoniaeJ138;Ctr_813,Chlamydia
trachomatis; Dme_7227, Drosophila melanogaster; Dra_1299, Deinococcus radiodurans; Eco_155864, Escherichia coli
O157:H7EDL933;Eco_83333,EscherichiacoliK-12MG1655;Eco_83334,EscherichiacoliO157:H7substr.RIMD0509952;
Ecu_6035, Encephalitozoon cuniculi; Fnu_76856, Fusobacterium nucleatum; Hal_64091, Halobacterium sp.; Hin_727,
Haemophilus influenzae;Hpy_85962,Helicobacterpylori26695;Hpy_85963,Helicobacterpylori J99;Hsa_9606,Homo
sapiens;Lin_1642,Listeriainnocua;Lla_1360,Lactococcuslactissubsp.lactis;Lmo_1639,Listeriamonocytogenes;Mac_
2214, Methanosarcina acetivorans; Mge_2097, Mycoplasma genitalium; Mja_2190, Methanococcus jannaschii; Mka_
2320,Methanopyruskandleri;Mle_1769,Mycobacteriumleprae;Mma_2209,Methanosarcinamazei;Mmu_10090,Mus
musculus; Mpn_2104, Mycoplasma pneumoniae; Mpu_2107, Mycoplasma pulmonis; Mth_145262, Methanobacterium
thermoautotrophicum; Mtu_83331, Mycobacterium tuberculosis CDC1551; Mtu_83332, Mycobacterium tuberculosis
H37Rv; Nme_491 Neisseria meningitidis; Nme_65699, Neisseria meningitidis; Pab_29292, Pyrococcus abyssi; Pae_287,
Pseudomonasaeruginosa;Pae_13773,Pyrobaculumaerophilum;Pfu_2261,Pyrococcusfuriosus;Pho_53953,Pyrococcus
horikoshii;Pmu_747, Pasteurellamultocida;Rco_781, Rickettsiaconorii;Rlo_381, Rhizobiumloti;Rme_382, Rhizobium
meliloti;Rpr_782, Rickettsiaprowazekii;Rso_305, Ralstoniasolanacearum;Sau_158878, Staphylococcusaureus subsp.
aureusMu50;Sau_158879,Staphylococcusaureussubsp.aureusN315;Sau_196620,Staphylococcusaureussubsp.aureus
MW2;Sce_4932,Saccharomycescerevisiae;Sco_1902,Streptomycescoelicolor;Spn_170187,Streptococcuspneumoniae
TIGR4;Spn_171101,StreptococcuspneumoniaeR6;Spo_4896,Schizosaccharomycespombe;Spy_1314,Streptococcus
pyogenes; Spy_186103, Streptococcus pyogenes; Sso_2287, Sulfolobus solfataricus; Sto_111955, Sulfolobus tokodaii;
Sty_601, Salmonella typhi; Sty_602, Salmonella typhimurium; Syn_1148, Synechocystis sp.; Tac_2303, Thermoplasma
acidophilum; Tma_2336, Thermotoga maritima; Tpa_160, Treponema pallidum; Tte_119072, Thermoanaerobacter
tengcongensis;Tvo_50339,Thermoplasmavolcanium;Upa_134821,Ureaplasmaparvum;Vch_666,Vibriocholerae;Xax_
92829,Xanthomonasaxonopodis;Xca_340,Xanthomonascampestris;Xfa2371,Xylellafastidiosa;andYpe_632,Yersinia
pestis.Thestrainisnotspecifiedunlessmoreinstancesofthesamespeciesmakethisnecessary.
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selectionforhighG+CcontentinhyperthermophilicrRNA(GaltierandLobry1997).Recentlyithas
indeedbeenshownthatthisartifactcanbecircumventedbyconsideringonlytheslowlyevolving
nucleotidesintherRNAsequence.ThisplacesthehyperthermophilicBacteriaasadivisionwhose

Figure8.Phylogenyinferredfromgenepresence/absenceprofileswithweightedcharacters.Thespeciesabbreviations
areexplainedinthelegendtoFigure7.
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relation to other divisions remains unclear (Brochier and Philippe 2002). Interestingly our results
indicateaconsistent(i.e.,throughouttheiterations)affiliationofThermotogawiththeFirmicutes
andofAquifexwiththeDelta-/Epsilonproteobacteria.Theystaythereevenafterremovalofpossible
phylogeneticallydiscordantsignals,suchastheabundanthorizontaltransfersofthesespecieswith
theArchaea(Nelsonetal.1999).
Thehypothesisofindependentoriginsofeubacterial(hyper)thermophilyfindsstrongsupportinthe
workofForterreetal.(2000).Theyshowthatreversegyrase,anenzymethatiscrucialforstabilizing
the DNA in hyperthermophilic organisms, in Aquifex and in Thermotoga was independently
obtainedbytwoseperatehorizontaltransferevents.Ouriterativeapproachdiscardsreversegyrase
(COG1110) as a discordant signal at a threshold score of 0.5 and in the weighting approach it is
assignedaweightof0.16.Whencombinedwithresultsfromothergenometreelikeapproachesand
otherindependentevidence,thepositionofAquifexwiththeProteobacteria,aswellasThermotoga
withtheGram-positiveBacteria,issupported.
Structurally,theoutermembraneofAquifexhasbeenshowntocontainlipopolysaccharide(Plotz
et al. 2000), like the Proteobacteria, but unlike Gram-pos itive Bacteria. (Klenk et al. 1999) made
phylogeneticanalysesofthetwolargestsubunitsofbacterialRNApolymerasesandplacedAquifex
withtheProteobacteria.Thispositionisalsosupportedbyasupertreecomposedofthephylogenies
ofhundredsoforthologousgenefamilies(Daubinetal.2001),genecontenttrees(Wolfetal.2001),
and gene order trees (Wolf et al. 2001) Analysis from rare genomic events, such as conserved
insertionsanddeletionsinseveralproteins,alsoshowsthatAquifexshouldbeplacednexttothe
Proteobacteria(GuptaandGriffiths2002).
The position ofThermotoga as an evolutionary neighbor to the Gram-positives is supported by
thesame insertionsanddeletionsstudy (GuptaandGriffiths2002).Both (Tibonietal.1993)and
(Pesoleetal.1995)showthatglutaminesynthetase I treesgroupThermotogawith the low-G+C
Gram-positiveBacteria.(Gribaldoetal.1999)showadeletioninthesequenceofHSP70,sharedby
ThermotogaandtheGram-positiveBacteria,andthoughthephylogeniesinferredfromtheprotein
sequencedonotclusterthesegroups,thismaybeartifactualandtheresultofconvergencewithin
thehyperthermophilicsequences(CambillauandClaverie2000;KreilandOuzounis2001;Suhreand
Claverie2003).

Problems
Intheiterativemethod,theeukaryoticsubtreeisverystable.Theonlytopologicalchangeisforthe
worse:Drosophilamelanogasterisplacedinbetweenthemammals(seeFigure7).Thisresultsfrom
anartifactofthedefinitionofNOGsbyvonMeringetal.(2003),whichunitesthemammalstoform
asingleclade,thusdisallowingtheformationofanyNOGssharedonlybythesetwospecies.The
weightingmethoddoesnotshowthisshift.
Two groups of Bacteria with exceptionally small genomes are pushed to the root during the
iterations.ThoughwehavecorrectedforgenomesizeinEquation1,theChlamydiae/Spirochaetes
group and the Mollicutes are still problematic cases, though more so in the iterative than in the
weightingapproach.Thissizeeffect istheresultofthefactthatsmallgenomescanshareonlya
certainmaximumnumberofgenes.Thisisaknownproblemingenecontentphylogenetics(Wolf
etal.2002),andthoughithasbeenaddressed(Korbeletal.2002),adefinitivesolutionhasstillnot
beenfound.

Which Genes Are Discordant?
Ithasbeenproposedthatmetabolicgenesundergomorehorizontalgenetransferthaninformational
genes.Hereweobtaindetailedinformationonthishypothesis,bydeterminingwhichtypesofgenes
werediscordant,i.e.,whichOGswerefilteredoutinourprocedures.Tosummarizethis,welookat
theCOGfunctionalclasses(NOGsarenotfunctionallyclassified).Figure9showstheextenttowhich
thedifferentCOGfunctionalcategorieswereallowedtoremaininthedataset.Fortheweighting
method,theaverageassignedweightofallthegenesinthefunctionalcategoryisplotted.Forthe
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iterativeremovalmethod,thefractionofgenesthatremainedinthedatasetoftopologynumber7
isindicated.Thistopology,wherethecoveragescorethresholdof0.8excluded64%oftheOGs,was
selectedtomaintainconsistencywithFigure7.

Figure9.FunctionalcategoriesofthecontributingCOGsforeachofthetwomethods.Thedarkgraybars(left)arethe
fractionsthatwerenotremovedintheseventhtopology(coveragescore,0.8;cf.Table1)oftheiterativemethod.The
lightgraybars(right)aretheaverageweightsassignedintheweightingmethod.Bothmethodsidentifythesame
functionalcategoriesasdiscordant.ThecategoriesaregroupedinthefourmainCOGclasses‘‘informationstorageand
processing’’(translation,ribosomalstructure,andbiogenesis[J],transcription[K],andDNAreplication,recombination,
and repair [L]),‘‘cellular processes’’ (cell division and chromosome partitioning [D], posttranslational modification,
protein turnover, chaperones [O], cell envelope biogenesis, outer membrane [M], cell motility and secretion [N],
inorganiciontransportandmetabolism[P],andsignaltransductionmechanisms[T]),‘‘metabolism’’(energyproduction
andconversion[C],carbohydratetransportandmetabolism[G],aminoacidtransportandmetabolism[E],nucleotide
transportandmetabolism[F],coenzymemetabolism[H],lipidmetabolism[I],andsecondarymetabolitebiosynthesis,
transport,andcatabolism[Q]),and‘‘poorlycharacterized’’(generalfunctionpredictiononly[R]andfunctionunknown
[S])(Tatusovetal.1997).

Theresultsforbothschemesinvestigatedinthisresearchareremarkablysimilar.The‘‘translation,
ribosomalstructure,andbiogenesis’’category(J)istheleastdiscordant;lessthan8%oftheCOGs
from this category are removed in the iterative procedure, and the average weight assigned to
theCOGsinthiscategorywas0.30.Ofthe‘‘inorganiciontransportandmetabolism’’category(P),
less than8%remained in thedataset,and itcanbeconsideredthe fastest-evolvingcategoryof
genes with respect to gene content.The category where the lowest weights were assigned was
‘‘secondary metabolite biosynthesis, transport, and catabolism’’ (Q), where the COGs received
anaverageweightof0.08. Ingeneral,‘‘metabolism’’COGsarefilteredoutmost inourprocedure,
whereas‘‘informationstorageandprocessing’’COGsarerelativelystableinevolution.Thissupports
thecomplexityhypothesis(Jainetal.1999)that,generally,operationalgenesaretransferredmore
readilythroughoutevolutionthaninformationalgenes,whicharemoreofteninvolvedincomplex
networks of interactions. However, our study reveals a more detailed picture: apart from the
inorganiciontransportandmetabolismcategory(P),theother‘‘cellularprocesses’’categories,such
as‘‘celldivisionandchromosomepartitioning’’(D)and‘‘cellenvelopebiogenesis,outermembrane’’
(M),areintermediatelydiscordantwiththeCOGsfromthe‘‘metabolism’’and‘‘informationstorage
andprocessing’’classes.

Discussion
Ifwecorrectforgenomesize,averygoodgenecontentphylogeny,subjecttosomecaveats,can
alreadybeinferred.Thismeansthatthenoise,whichresultsfromprocesseslikehorizontaltransferor
convergencethroughparallelgenelossandmayconfoundagenomephylogeny,canbeeffectively
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averaged out by considering genome scale data. In this initial tree, improvements can be made
byreducingtheimpactofthenoise,whichisshowninthecurrentpaperusingtwoindependent
approaches.ThisresultisincontrastwithClarkeetal.(2002),whodidnotfindanyimprovementsin
theirtreewhenfilteringfordiscordantgenes.Thisisprobablyduetothefactthatthefilteringscheme
usedbytheseauthorsisnotstrongenough.Thetopologicalimprovementoftheirphylogenymay
alsoberestrainedbytheirchoicetouseonesource(orthology)forthereconstructionofthetreeand
another,albeitrelated,source(sequence)forfiltering.Hereweshowthatthetopologywillchange
duringtheiterativeremovalofthenoise,aswellas inaschemethatselectivelydownweighsthe
noise.Thisisnottosaythatthegenesdesignatedasnoisearebiologicallyirrelevant.Genesthathave
a nonphylogenetic distribution often have functional significance, such as shared pathogenicity
factors between Helicobacter pylori and Haemophilus influenzae (Huynen et al. 1998) or reverse
gyrase inthehyperthermophiles (Forterreetal.2000).Butthesequalitative,phenetic,patterns in
sharedgenecontentapparentlyplayaquantitativelyminorrolerelativetothephylogeneticsignal
andcanbeconsiderednoisewhenconstructinggenometrees.
In the iterative procedure, we have shown that there is a consistent phylogenetic signal in the
majority of OGs: throughout the iterations, the phylogeny shows few changes until the fraction
signalovernoisethatisremovedbecomestoohigh.Thisresultisalsosupportedbytheconverging
trajectoriesstartingfromrandominitialphylogenies.BeingtoostrictinremovingdiscordantOGs
leadstoabreakdownofthephylogeneticpattern,leavingtoolittlesignalforareliabletreetopology.
Thephylogeneticsignalisthustheonlydetectablesignalinthegenecontent.Therestisnoise.A
recentinvestigationoftherelationbetweenhorizontaltransferandphylogeneticincongruencein
genetreesrevealedthat,inmostcases,alternatetopologiesrepresentconstructionartifactsrather
thantheaccumulationofhorizontaltransfereventswithtime(Daubinetal.2003).
In the current paper, we have implemented two methods, based on the same ideas, and both
givecomparableresultsintermsofimprovementsinthephylogenyandinthetypesoffunctions
thatareconsidereddiscordant.Improvementforthecurrentapproachesmaybeachievedbythe
implementationofabettermeasure for thediscordanceofasignal inthephylogeny,butwedo
notexpectmajorchangesintheresultsgiventhesimilarityinoutcomefromthetwoprocedures.
Themainimprovementsforboththeiterativeandtheweightingmethodmaybeexpectedfroma
better,i.e.,morefine-grained,definitionoforthology,whichwillallowmoredetailandthusbetter-
definedrelationshipsbetweenthespecies.
Other improvements might come from maximum likelihood or Bayesian approaches, which can
includeexplicitstatisticalmodelsofgenomeevolution.FullBayesianmethodsarealreadyavailable
for gene/ species tree reconciliation (Arvestad et al. 2003). This specific development, and that
of Bayesian inference in general, opens up several lines along which gene content phylogenies
canbeimproved.First,theirmodelofgenecontentevolutioncanbeusedforthelikelihoodofa
speciesphylogeny,incorporatingallgenomesizesandthedistributionoftheOGsoverthespecies.
Second, a more complicated approach could be implemented that does not treat the OGs as a
binarydistributionbutasagenetree.Thismakesitpossibletodirectlyusethemethodologyfrom
Arvestadetal.(2003),butwiththeextensionthatthespeciestreeisoneoftheparametersthatare
to be determinedusing the likelihood algorithm.The biggestdrawbacks are expected to be the
computationaltimeneededtoconstructreliablegenetreesforallOGs,computingthelikelihoodfor
allthetrees,andthegreatincreaseincomputationaltimeneededfortheMonteCarloMarkovchain
tosimultaneouslyandsufficientlysampletreespace.
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Abstract
Motivation
Phylogenomics integrates the vast amount of phylogenetic information
contained in complete genome sequences, and is rapidly becoming the
standard for inferring reliable species phylogenies. There are however
fundamentaldifferencesbetweenthewaysinwhichphylogenomicapproaches
likegenecontent,superalignment,superdistanceandsupertreeintegratethe
phylogeneticinformationfromseparateorthologousgroups.Furthermore,
theyalldependonthemethodbywhichtheorthologousgroupsareinitially
determined. Here, we systematically compare these four phylogenomic
approaches, in parallel with three approaches for large-scale orthology
determination:pairwiseorthology,clusterorthologyandtree-basedorthology.
Results
Including various phylogenetic methods, we apply a total of 54 fully
automated phylogenomic procedures to the Fungi, the eukaryotic
clade with the largest number of sequenced genomes, for which we
retrieved a golden standard phylogeny from the literature. Phylogenomic
trees based on gene content show, relative to the other methods,
a bias in the tree topology that parallels convergence in life style
among the species compared, indicating convergence in gene content.
Conclusions
Completegenomesarenowarrantforgood,orevenconsistentphylogenies.
However, the large amounts of data in genomes enable us to carefully
select the data most suitable for phylogenomic inference. In terms of
performance, the superalignment approach, combined with restrictive
orthology, is the most successful in recovering a fungal phylogeny that
agrees with current taxonomic views, and allows us to obtain a high
resolution phylogeny.We provide solid support for what has grown to be
common practice in phylogenomics during its advance in recent years.
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Introduction
Phylogenomics, i.e., using entire genomes to infer a species tree, has become the de facto
standardforreconstructingreliablephylogenies(Ciccarellietal.2006;Daubinetal.2002).Whereas
phylogenetictrees,i.e.,basedonsinglegenefamilies,mayshowconflict(TeichmannandMitchison
1999)duetoavarietyofcauses,phylogenomictreeshaveheldthepromisethattheycanaverage
out these anomalies by the sheer power of genome-scale data. As it is based on the maximum
geneticinformation,aphylogenomictreeshouldbethebestreflectionoftheevolutionaryhistory
ofthespecies,assumingthishistoryistree-like(Doolittle1999b;Geetal.2005).Althoughthereare
discordant processes at the level of gene repertoires, such as horizontal gene transfer (Doolittle
1999b)ordifferencesintheratesofevolutionandgenelossbetweenparalogsindifferentspecies
(Daubinetal.2003),thesehavebeenshowntoaddnoiseratherthanadirectionalbias(Dutilhet
al.2004).However,thisdoesnotmeanthatphylogenomicsistheendofallconflictinspeciestrees
(Jeffroyetal.2006):therearemanywaystointegratetheinformationfromthedifferentgenefamilies
toformasinglespeciesphylogeny.

Phylogenomics
In taxonomy, the term phylogenomics indicates the construction of a phylogeny on the basis of
completegenomedata.Wecanconsiderthistypeofphylogenomicsasparallelphylogeneticsover
allgenefamilies,combinedwithasynthesisstep.Thisstepfromphylogeneticstophylogenomics
integratesthephylogenetic informationfromthedifferentgenefamiliestoformasinglespecies
phylogeny, and can be taken at successive levels in the process. As a guide line, we classify
phylogenomicmethodsbythelevelwherethestepfromphylogeneticstophylogenomicsismade
(Figure10).Here,wecomparethesefourqualitativelydifferentphylogenomicapproaches.
Forsequence-basedphylogenomicmethods,thefirststepistomakemultiplealignmentsforevery
orthologous group (OG) (Delsuc et al. 2005). In the superalignment approach, the phylogenetic
informationisthencombinedbyconcatenatingthemultiplealignmentstoformasuperalignment.
Subsequently,conventionalphylogeneticinferencemethodscanbeusedtotransformthealignment
into a phylogeny. Superdistance trees continue the path of phylogenetics by first calculating
distance matrices for all gene families.The phylogenomic distance between two species is then
definedastheaveragedistancebetweenallthesharedgenefamilies(Kuninetal.2005).Finally,the
supertreeapproach(Bininda-Emonds2004;Daubinetal.2002)takesthestepfromphylogeneticsto
phylogenomicsattheveryend.Afterphylogenetictreeshavebeencomposedforallgenefamilies,
anintegrationstepcombinesthemultiplegenefamilytreestoformasinglephylogenomictree.
Ofthemethodsbasedonwhole-genomefeatures(Delsucetal.2005)weonlyconsidergenecontent
here,asgeneorderintheFungievolvestoofasttoretainaphylogeneticsignal(Huynenetal.2001).
Genecontenttakesthestepfromphylogeneticstophylogenomicsrightafterthedefinitionofthe
OGs(Figure10).Speciesareregardedas“bagsofgenes”,andsequenceinformationisonlyusedto
determinetheOGs.Toinferaphylogenomictreefromgenecontentdata,abinarycharactermatrix
indicatingthepresenceorabsenceoftheOGsinallspeciescanbetreatedinthesamewayasa
multiplesequencealignment.

Orthology
Theinitialstepineveryphylogenomicapproachistodeterminewhichgenesaretobecompared
betweenspecies(toprowinFigure10).Wecomparetheperformanceofthreetypesoforthology
definition:pairwiseorthology,clusterorthology,andtree-basedorthology.Thefirsttwomethods
usesequencesimilarityscorestodefineorthologousgroupsofgenes.Pairwiseorthologyisdefined
betweenonlytwospecies(e.g.bi-directionalbesthitsorInparanoid(Remmetal.2001)),andcluster
orthology (e.g. Clusters of Orthologous Groups (Tatusov et al. 1997)) is the natural extension of
pairwiseorthologytomorethantwospecies.Tree-basedorthologycomesclosesttotheoriginal
phylogeneticdefinitionoforthology (Fitch1970).Rather thanusingonly thesequencesimilarity
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Figure10.Makingphylogenomictrees.Beforestartingtreeinference,OGsaredefined(toprow).Phylogenomicsfollows
thestepsofphylogenetics,frommultiplealignmentthroughdistance,likelihoodorparsimonytothereconstruction
ofaphylogeny.Integratingseparatephylogeneticsforeachgenefamily(grayboxes)tophylogenomics(whiteboxes)
canbedoneateveryoneofthesesteps.Thisdefinesthephylogenomicapproach:genecontent(afterOGdefinition),
superalignment(aftermultiplealignment),superdistance(afterdistancecalculation)orsupertree(afterreconstruction
ofgenefamilytrees).Thephylogenomictreeswereconstructedarelistedatthebottom,thenumberbetweensquare
bracketsindicatesthenumberoftargetnodesthatthetreerecoveredcorrectly.

scores, it analyses a phylogenetic tree of a homologous group of genes to obtain orthologous
relations (van der Heijden et al. submitted). Note that although tree-based orthology is an ideal
approachtodetermineorthologyatscalablelevelsofresolution,itneedstobeoperationalized:OGs
havetobedeterminedfromthetreesseparatelyforeachpairofspecies.Thesuperalignmentand
supertreeapproaches,thatconsideralargesetofspeciessimultaneously,cannotdealwithpairwise
orthologyoroperationalizedtree-basedorthology(see“Methods”andAppendix).

Fungal phylogeny
Tocomparetheperformanceofphylogenomicapproaches,somekindofgoldenstandardphylogeny
isimperative.Wechoseheretobenchmarkthephylogenomicmethodsusingaphylogenyofreal

Assessment of phylogenomic and orthology 
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species.Thealternative,toworkwithsimulatedevolutionarydata(Hillisetal.1994),wouldrequire
thesimulationoftheevolutionofcompletegenomesforwhichwelackthemodelsandparameters.
Primafacie,anapproachthatusesaknownphylogenyappearstoexcludethepossibilityforany
improvements.However,duetoambiguitiesintheliteratureourgoldenstandardphylogenyisnot
completelyresolved.Weexpectthatproperlyderivedcompletegenomephylogenieswillallowa
higher resolution both for the species analyzed here, and for other (partly) unresolved clades in
futureanalyses.
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Figure 11. Target phylogeny. Labeled nodes are supported by literature. Unresolved issues are indicated by
multifurcating nodes (bold lines). The numbers at every node indicate the number of the trees in each of the
phylogenomicapproachesthatrecoveredthisnodecorrectly.SeeTable11forreferencesthatsupportthistree.

TheFungiaretheeukaryoticcladewiththemostsequencedgenomes.Saccharomycescerevisiae
hasbeenamodelorganismfordecades,andinthiseraofcomparativegenomicsmuchworkhas
focusedonsequencingthegenomesofmoreorlesscloselyrelatedspecies(Cliftenetal.2003;Dujon
etal.2004;Kellisetal.2003). Intotal,26completelysequencedfungalgenomeswereavailablein
publicdatabasesatthestartofthisstudy(September2005):22Ascomycota,3Basidiomycotaand
theMicrosporidiumEncephalitozooncuniculi(seeTable2andFigure11).WeincludedE.cuniculias
anoutgroupbecausethiswasthemostcloselyrelatedcompletegenometotheFungi(Thomaratet
al.2004;Vivaresetal.2002),andRhizopusoryzaewasnotavailableyet.
The fungal kingdom has been extensively studied by phylogeneticists. Traditional phenotypic
methods(e.g.reviewedin(Guarroetal.1999)),molecularphylogeneticanalysesbasedonrRNA(Fell
etal.2000;Lopandicetal.2005;Lutzonietal.2004;Scorzettietal.2002;Tehleretal.2003)orsmall
numbersofotherproteins(Diezmannetal.2004;Jamesetal.2006;Kouvelisetal.2004;Kurtzman
2003), as well as some large scale studies (Jeffroy et al. 2006; Kuramae et al. 2006; Robbertse et
al. 2006; Rokas et al. 2003;Thomarat et al. 2004) have helped resolve many of the phylogenetic
relationshipsinthefungalkingdom.Basedontheavailableliterature(Berbeeetal.2000;Delsucet
al.2005;Diezmannetal.2004;Jeffroyetal.2006;Jonesetal.2004;Kouvelisetal.2004;Kuramaeet
al.2006;Kurtzman2003;Lopandicetal.2005;Lutzonietal.2004;Medina2005;Prillingeretal.2002;
Robbertseetal.2006;Tehleretal.2003;Thomaratetal.2004),wecomposedatruefungalphylogeny
(Figure11)thatweuseasabenchmark.

This study
Here, we compare the four phylogenomic and the three orthology approaches presented above
(Figure10)inparallel,assessingtheirabilitytoinferthe19targetnodesderivedfromtheliterature.
Asmanydifferentmethodsandalgorithmsexistformostoftheseapproaches,weincludeseveral
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implementationsinordertobufferourfindingsfrompossiblebiasesintheindividualmethods.Thus,
wecomposeatotalof54phylogenomictreesofthe26completefungalgenomes,usingcompletely
automatedmethods.

Table2.Theorganismsincludedinthisresearch.

species name genes reference
Ago Ashbyagossypii(Eremothecium) 4,720 (Dietrichetal.2004)
Afu Aspergillusfumigatus 9,926 (Niermanetal.2005)
Ani Aspergillusnidulans 9,541 (Galaganetal.2005)
Cal Candidaalbicans 11,904 (Jonesetal.2004)
Cgl Candidaglabrata 5,272 (Dujonetal.2004)
Cne Cryptococcusneoformans 5,882 (Loftusetal.2005)
Dha Debaryomyceshansenii 6,896 (Dujonetal.2004)
Ecu Encephalitozooncuniculi 1,918 (Katinkaetal.2001)
Fgr Fusariumgraminearum 11,640 (www.broad.mit.edu)
Kla Kluyveromyceslactis 5,331 (Dujonetal.2004)
Kwa Kluyveromyceswaltii 5,230 (Kellisetal.2004)
Mgr Magnaporthegrisea 11,109 (Deanetal.2005)
Ncr Neurosporacrassa 10,620 (Galaganetal.2003)
Pch Phanerochaetechrysosporium 11,777 (Martinezetal.2004)
Sba Saccharomycesbayanus 4,966 (Kellisetal.2003)
Sca Saccharomycescastellii 4,690 (Cliftenetal.2003)
Sce Saccharomycescerevisiae 6,702 (Goffeauetal.1996)
Skl Saccharomyceskluyveri 2,992 (Cliftenetal.2003)
Sku Saccharomyceskudriavzevii 3,813 (Cliftenetal.2003)
Smi Saccharomycesmikatae 3,100 (Kellisetal.2003)
Spa Saccharomycesparadoxus 8,955 (Kellisetal.2003)
Spo Schizosaccharomycespombe 4,990 (Woodetal.2002)
Sno Stagonosporanodorum 16,597 (www.broad.mit.edu)
Tre Trichodermareesei 9,997 (www.jgi.doe.gov)
Uma Ustilagomaydis 6,522 (Kamperetal.2006)
Yli Yarrowialipolytica 6,666 (Dujonetal.2004)

Methods
Orthology

Sequences were downloaded from the respective fungal sequencing projects (see Table 2). We
compare the performance of three types of orthology definition: pairwise orthology, cluster
orthology,andtree-basedorthology.UsingInparanoid(Remmetal.2001),wedetected1,025,849
pairwise“InparanOGs”.ForclusterorthologyweusedamethodbasedonCOG(Tatusovetal.1997),
yielding 8,044 triangle based“triOGs” and 10,754 pair based“duOGs”. For specific purposes (see
Appendix),wecomposedsubsetsofOGswithoutparalogs(8,722unambiguousduOGsand6,488
unambiguoustriOGs)andOGsthatoccurexactlyonceineveryspecies(64pan-duOGsand59pan-
triOGs).To compose tree-based orthology, phylogenetic trees were analyzed with LOFT (van der
Heijdenetal. submitted).LOFTdoesnot imposeaphylogenyonthedata,butassignsorthology
relationsbasedonthespeciesoverlapbetweenthebranchesofaphylogenetictree.Becausetree-
basedorthologyyieldslevelsoforthology,itneedstobeoperationalizedbetweenspeciespairs.We
identified858,622distancetree-duOGs,820,007distancetree-triOGs,856,363likelihoodtree-duOGs
and822,570likelihoodtree-triOGs.Furtherdetailsabouttheorthologyapproachescanbefoundin
theAppendixOrthologypredictionsareavailableatwww.cmbi.ru.nl/~dutilh/phylogenomics.

Phylogenomics
Phylogenomictreesbasedongenecontentwerecalculatedfrompresence-absenceprofilesusing
eitherdistance(Dutilhetal.2004;Korbeletal.2002)orparsimony(Farris1977;Felsenstein1989).In
thedistanceapproach,wecorrectedforgenomesize,becausedistantlyrelatedspecieswithlarge
genomesmaysharemoregenesthancloserrelatedspecieswithsmallgenomes(Appendix,Figure28).

Assessment of phylogenomic and orthology 
approaches for phylogenetic inference
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Forthesuperalignmentapproach,Musclemultiplealignments(Edgar2004b)ofeitherunambiguous
clusterOGsorpan-OGswereconcatenatedtoformasuperalignment.UnambiguousOGsthatare
absentfromcertainspecieswerecodedwithquestionmarks,andformgapsinthealignment(Philippe
etal.2004).Insomesuperalignmenttrees,weanalysedtheeffectofselectingunambiguouslyaligned
aminoacidsbyusingGBlocks(Castresana2000).Weusedeitherdistanceormaximumlikelihood
approachestoreconstructthesuperalignmenttrees.Thesuperdistancetreeswerecalculatedfrom
superdistancematrices,basedontheaveragedistanceoverallOGsthataresharedbetweenthetwo
species.WeanalysedtheeffectofcorrectingforrapidlyevolvingOGsbyusingSDM*(Criscuoloetal.
2006).Supertreeswerecomposedofdistanceormaximumlikelihoodgenefamilytrees.Tointegrate
thedifferentphylogenetictrees intoaphylogenomicsupertree,weusedeitherthemajorityrule
fromConsense(Felsenstein1989),orCLANN(CreeveyandMcInerney2005).Forfurtherdetailssee
theAppendix,allthetreesareavailableatwww.cmbi.ru.nl/~dutilh/phylogenomics.

Scoring the reconstructed trees
Toscorethereconstructedphylogenomictrees,weusethetargetphylogenyinFigure11.Aphylogeny
receivesonepointforeachoftheresolvedpartitionsthatiscorrectlyretrieved,soamaximumof
19 points can be obtained. Note that, for example, the node“Yli primitive in Hemiascomycetes”
referstothe(Ago,Cal,Cgl,Dha,Kla,Kwa,Sba,Sca,Sce,Skl,Sku,Smi,Spa)branch(seeFigure11).This
meansthatthisnodecancontributeapointforacertaintree,eveniftheHemiascomycetesarenot
monophyleticinthattree,forexampleifY.lipolyticaclusterswithSch.pombe.Inthatcase,however,
itwillnotreceiveapointforthe“Hemiascomycetes”node.

Results
We present a systematic comparison of two important factors in phylogenomic inference: the
orthologyapproachandthe levelof integrationofphylogenetic informationtoagenomicscale.
Weusevariousimplementationsforeachoftheseapproaches,suchastheinclusivepair-basedor
the more restrictive triangle-based cluster OGs; and distance, maximum likelihood or parsimony
for the reconstruction of the tree (Figure 10 and Appendix). Thus, we automatically construct
54 phylogenies from the available genome data of 26 Fungi. To assess the performance of the
phylogenomicmethods,wecomparethenodesinthereconstructedtreestothe19resolvednodes
ofapartlyunresolvedgoldenstandardphylogenybasedonextensive literatureresearch(Figure
11andAppendix).Allofthecanonicalphylogenomicmethodsthatwetestedperformremarkably
wellatreconstructingtheknownfungalphylogeny.Thephylogenomictreesinthethreesequence-
basedapproaches(superalignment,superdistanceandsupertree)recoveredatleast16outofthe
19targetnodes.Thisconstitutesamajordistinctionwiththegenecontenttrees,thatperformed
much lesswell:eventhebestmethodsrecoverednomorethan13nodes.All thephylogenomic
treescanbefoundintheAppendix.

Collapsing recent duplications to gain data
Weincludedtwotypesofclusterorthology:theinclusivepair-based“duOGs”,andthemorerestrictive
trianglebased“triOGs” (see“Methods”).Asubsetof theseclusterOGsare theunambiguousOGs,
thatoccurnomorethanonceineveryspecies.Evenmoreconstrainedarethepan-orthologs,that
arebothunambiguousanduniversal,occurringexactlyonceineveryspecies.Wedetected8,722
unambiguousduOGs,6,488unambiguoustriOGs,64pan-duOGsand59pan-triOGsintheFungi.This
resultdependsoncollapsingtherecentduplications,as identifiedfromthephylogeniesbyLOFT
(vanderHeijdenetal.submitted),beforeselectingtheunambiguousOGsfromtheclusterOGs(see
Appendix).Withoutcollapsingrecentduplications,weretrievednomorethan4,421unambiguous
duOGs,4,887unambiguoustriOGs,13pan-duOGsand13pan-triOGs.Thisdifference(anaverageof
42%) illustratesthenecessitytofilteroutspecies-specificgeneexpansionsandsystematicerrors,
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suchasthediploidgenomeassemblyofCan.albicans(Jonesetal.2004),toincreasethenumberof
genesthatcanbeconsidered.

Orthology approaches
Anorthologydefinitionthatconsidersarecentlastcommonancestorwillhaveahigherresolution
thanonethatconsidersamoreancientcommonancestor.Thus,pairwiseorthologyandtree-based
orthologyshould,inprinciple,obtainahigherresolutionthanclusterorthology,thatincludesina
singleOGallgeneduplicationssincethelastcommonancestorofallthespeciescompared.However,
pairwiseorthologyincorporatesinformationfromonlytwospecies,andmaymissgenesthatcluster
orthologyandtree-basedorthologycanidentify.Weexpectedtree-basedorthology,thatincludes
sequence information from many different species, while allowing a high-resolution view where
necessary,tocombinetheadvantagesfrompairwiseandclusterorthology.However,althoughthe
orthologydefinitiondoesturnouttobeanimportantfactorinthequalityofaphylogenomictree,
thehighestscoringtreeswerebasedoneitherunambiguousclusterOGs (duOGsandtriOGs)or
pan-triOGs,ratherthantree-basedOGs.
Itisstrikingthatalthoughthereisalargeoverlapbetweenthe64pan-duOGsand59pan-triOGs(56
OGsareidentical),thepan-triOGsgivebettertreesinboththesuperalignmentandthesupertree
approach. However, the choice for one of these orthology definitions is no warrant for a good
phylogeny. Both the unambiguous cluster OGs and the pan-triOGs also produced relatively low-
scoringtreesineveryphylogenomicapproach(Figure10).

Superalignment trees and supertrees can recover all target nodes
Superalignment can be considered the most successful phylogenomic approach: four of the
14 superalignment trees correctly infer all 19 target nodes (see Figure 10).The most difficult to
recoverasamonophyleticgrouparetheAscomycota(althoughnotforthetreesconstructedwith
maximumlikelihood)andthe(Mgr,Ncr)node(Figure11).Inthosesuperalignmenttreesthatdidnot
groupM.griseawithN.crassa,neitherofthesespecieswaspreferentiallyfoundattherootofthe
Sordariomycetes.
SelectingtheunambiguouslyalignedpositionsofthesuperalignmentusingGBlocks(Castresana
2000)madeitcomputationallypossibletoincludemoreunambiguousOGs(Appendix),whichled
theunambiguousduOGstomatchtheresultsoftheunambiguoustriOGs(Figure10).However,the
decreaseinthenumberofalignedpositionsthatGBlocksbroughtaboutinthepan-triOGs,resulted
in a sub-optimal tree (Figure 10). It appears that it is not simply the selection of unambiguously
alignedpositions,butrathertheincreaseintheamountofhighqualitydatathatleadstoabetter
phylogeny.Tofurthertestthis,wecomposedConsensesupertreesfromanincreasingnumberof
phylogeneticdistancetreesofthemostrestrictiveOGset,the59pan-triOGs.Interestingly,notwo
single gene trees were identical, and none was identical to the target: on average, they recover
only11.5nodes.Yetwhenwecombineatleast30-40phylogenetictreestoasupertree,wealready
recovertheexternalgoldenstandard(Figure29).
Three of the 12 phylogenomic trees inferred using the supertree approach correctly recover all
19 target nodes.The Consense supertree based on phylogenetic distance trees from pan-triOGs
is identicaltothefourhighestscoringsuperalignmenttrees(Figure12a),butdiffersslightlyfrom
theequallyhigh-scoringClannsupertreesbasedonphylogeneticmaximumlikelihoodtreesfrom
bothduOGsandtriOGs(Appendix).Thisispossiblebecauseoftheunresolvednodesinthetarget
phylogeny.Notethatsuperdistanceandgenecontenttreesneverretrieveall19targetnodes.

Assessment of phylogenomic and orthology 
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Figure12.Phylogenomictrees.a)Oneofthetwohighestscoringfungaltopologies.Thistopologywasrecoveredby
foursuperalignmenttreesandonesupertree.AMLtreebasedonasuperalignmentofpan-triOGs,aMLtreebasedon
aGBlocks-filteredsuperalignmentofunambiguousduOGs(presentin>24species,132,409positions;thisisthetree
displayed,onlybootstrapvalues<100%areindicated)ortriOGs(presentin>24species),adistancetreebasedona
superalignmentofpan-triOGs,andaConsensesupertreebasedonphylogeneticdistancetreesofpan-triOGs.b)Gene
contenttree.Bio-NJdistancetreebasedontheInparanOGgenecontentdistancebetweentwospecies(see“Methods”
andSupplementalMaterial).Liketheothergenecontenttrees,thistree indicatesconvergence ingenecontentof
specieswithsimilarlifestyles.

Gene content trees have a phenotypic bias
Comparedtotheotherphylogenomicmethods,thegenecontenttreesperformrelativelypoorlyat
recoveringtherequiredtargetnodes:onaverage,theyonlyrecover10.38nodes.Severalnumbers
standoutinFigure11.WhilealmostalltheothertreesgrouptheHymenomycetes,(Sce,Smi,Spa)
and(Ago,Kla,Kwa,Skl)together,noneofthegenecontenttreesrecoverthesenodes.Thedistance
basedgenecontenttreesalsofailtoretrievetheAscomycotaasamonophyleticgroup,although
thisprovestobeaproblemformostsuperdistancetreesaswell.Interestingly,wefindthatpartof
theexplanationforthesebiasescanbefoundinthelifestyleoftheFungi(Figure12b).Although
Sch.pombe shares relatively many genes with the Basidiomycota (Appendix and Figure 28), and
mightthusbeexpectedtoclusterattherootoftheAscomycota,themaindichotomywefindwithin
thegenecontenttreeoftheFungiisbetweentheyeastsontheonehand,andthefilamentousfungi
ontheother.Thedimorphicfungi,Sch.pombe,Y.lipolyticaandinsomecasesCan.albicansaswell,are
moreorlessplacedinbetweenthesetwobranches.ThefilamentousP.chrysosporiumisdrawncloser
tothefilamentousEuascomyceteswithintheBasidiomycota,breakinguptheHymenomycetes,and
leavingthedimorphic Cry.neoformansand U.maydisas themorederivedBasidiomycota inmost
trees.ThefilamentousAsh.gossypiistaysclosetoitsrelatives,K.lactisandK.waltii,butthe(Ago,Kla,
Kwa,Skl)branchisneverintactinthegenecontenttrees:Sac.kluyveriisoftenattherootofthiscluster.
Thismaybearemnantgenomesizeeffect,asSac.kluyveriisaveryincompletelysequencedgenome.
ToinvestigatetheeffectofthesmalloutgroupE.cuniculionthepositionofSac.kluyveri,weremoved
E.cuniculifromthedatasetandrecomposedtheBio-NJdistancetreebasedontheInparanOGgene
contentdistance(Figure12b).ThepositionofSac.kluyverididnotalter(notshown).
Thisstrongphenotypiceffectdoesnotexplaintheinabilityofgeneconenttoreproducethetarget
branchingorderintheSaccharomycessensustrictobranch.Inpart,thismaybeexplainedbythe
factthatthegenomesequencesofSac.bayanus,Sac.kudriavzeviiandSac.mikataeonlycovered85
to95%(Cliftenetal.2003).Anotherissuethatmayspecificallyhinderthecorrectinferenceofthe
Saccharomycessensustrictobranchingorderaredifferentialgene lossesfollowingthecomplete
genomeduplicationoralloploidgenomefusioninthesespecies(Langkjaeretal.2003;Scannellet
al.2006;WolfeandShields1997).Duetothelargenumberofredundantgenesthatresultedfrom
thisevent,andthedifferentialprocessesofgenelossthatfollowedinthedescendantlineages,a
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patchworkofoverlappinggenerepertoireswillhavebeenthe result.Althoughsuchgene losses
shouldnotbeinconflictwiththeevolutionarysignal, itmaybepartofthereasonthatthegene
contentapproacheswereconfounded,resultinginthedeviationsfromthetargetphylogenywithin
theSaccharomycessensustrictoclade.

Suggestions for the unresolved nodes in the fungal taxonomy
Thetargetnodesweselectedfromtheliteraturewererecoveredinmostofourphylogenomictrees
(Figure11).Thishighrecoveryratesupportsourperhapssubjectivegoldenstandardphylogeny.In
additionwewerefacedwiththreenodesthatremainedambiguousinourreviewoftheliterature
(Table12):theinternalresolutionofthe(Ago,Kla,Kwa,Skl)partition;themostprimitivecladeinthe
Euascomycetes;andthemostprimitivecladeintheAscomycota(boldlinesinFigure10).InTable3,
wehavescoredthesupportforeachofthepossiblebranchingordersintheseunresolvednodes
over the four phylogenomic approaches. Based on our phylogenomic data, we can make some
carefulconclusionsabouttheissuesthatremainedunresolvedinthefungalphylogenythusfar.
Invirtuallyallphylogenomictreesreconstructedinthecurrentresearch,Ash.gossypiiandK.lactis
aresisterspeciesinthe(Ago,Kla,Kwa,Skl)branch.Infacttheliteraturereferencesthatrejectthis
hypothesisdosowithlowsupport(Diezmannetal.2004;Kurtzman2003),whilethereferencesthat
supportitpresentwellsupportednodes(Jeffroyetal.2006;Kuramaeetal.2006;Tehleretal.2003).
AllthephylogenomicapproachessupportaclusteringofK.waltiiandSac.kluyveri,exceptforthe
gene content trees.This suggests that the correct phylogeny is ((Ago, Kla), (Kwa, Skl)), as we also
foundinthehigh-scoringphylogenomictreeinFigure12a.

Table3.Supportamongthetreesineachofthephylogenomicapproachesforthedifferentpossiblebranchingsinthe
unresolvednodesofthefungaltaxonomy(seeTable12).
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Genecontent(13) 10 0 0 1 0 0 8 0 0 0 4 5 4 0 11 0
Superalignment(14) 14 0 0 0 0 14 0 0 0 0 14 0 0 0 0 12
Superdistance(15) 14 0 0 0 0 15 0 0 0 1 13 0 2 2 0 1
Supertree(12) 12 0 0 0 0 12 0 0 0 0 12 0 0 4 2 4

Our phylogenomic trees are also quite consistent regarding which clade should be placed
at an ancestral position in the Euascomycetes (blue bold line in Figure 11). Except for two of
the superdistance trees, all sequence-based trees agree that Sta.nodorum groups with the
Eurotiomycetes,andtheSordariomycetesareancestral (Table3).This is largelysupportedbythe
literature(Lopandicetal.2005;Robbertseetal.2006;Tehleretal.2003),whiletheonlycontradictory
referencescontainotherPleosporalesorDothideomycetes,butnotthespeciesSta.nodorumitself.
Strikingly,theSta.nodorumnodeisthesingleill-supportednodeinarecentanalysisofAscomycota
(Robbertseetal.2006).
The solution to the third unresolved issue, that of which is the most primitive of the three
Ascomycotal clades (black bold line in Figure 11), is less evident than the two above.The initial
hypothesiswasthatSch.pombewouldbethefirsttobranchofftheAscomycotallineage(hencethe
nameArchiascomycetes),whichisalsosupportedbymost,butnotall,literaturereferences(Table
12).InallbuttwoofthegenecontenttreestheEuascomycetesarethemostprimitiveAscomycota,
even though Sch.pombe clearly shares more genes with the Basidiomycota than do the other
Ascomycota(AppendixandFigure28).Conversely,thesuperalignmenttreesconfidentlyprovidethe
Archiascomyceteswiththislabel,andthesuperdistancetreesandthesupertreesareinconclusive.
Asthesuperalignmenttreeshavecorrectlyrecoveredmostoftheothernodesaswell,weconclude
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thattheirplacementoftheArchiascomycetesasthemostprimitivelybranchingascomycoticclade
isthemostreliable.Thus,thetopologydepictedinFigure12aisourfinalsuggestionforthefungal
phylogeny.

Concluding remarks
Wehavesystematicallycomparedfourphylogenomicapproachesinparallelwiththreeorthology
definitionsthatdefineOGsatdifferentlevelsofresolution.Usingvariousalgorithmsandtreebuilding
methods,wecomposedatotalof54fullyautomatedphylogenomictrees.Themaindichotomyin
thetopologiesof the reconstructedtrees is thatbetweentrees reconstructedusingasequence-
based method, and trees reconstructed using gene content data (Figure 13).The phylogenomic
trees thatbest reproducedthe targetphylogenycanbe foundamongthesuperalignment trees
andthesupertrees,usingeitherunambiguousclusterOGsorpan-triOGs.However,althoughthese
approachescanyieldtreesthatarecompletelyconsistentwiththecurrentopinionsonthefungal
phylogeny,theyarenotaguaranteeforasuccessfulphylogenomictree.Forexample,theCLANN
supertreesbasedonpan-duOGsstillonlyretrieved16ofthe19targetnodes.
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Figure13.Similaritybetweenthephylogenomictreescomposedinthisresearch,orderedbasedona)thephylogenomic
approach and b) the orthology approach. As superalignment trees and supertrees can not use pairwise or tree-
basedorthology,theseapproachesareexcludedfromfigureb.Thesmallnumbersinthematricesarethenumberof
partitionssharedbetweeneachpairoftrees.Thesenumbersarecolorcodedfrommany(green,max.23)tofew(red)
sharedpartitionsinthetree.Thelargenumbersaretheaveragenumberofsharedpartitionsbetweenalltreesinthe
fourmainphylogenomicapproaches.

Genecontenttreesrecoverrelativelyfewofthetargetnodes.Thisisatleastpartlyduetoconvergence
in the gene repertoires of Fungi with comparable phenotypes: the evolutionary and phenotypic
signalsarecombinedinonetree(Sneletal.1999).Forexample,weobservethatthefilamentous
Euascomycetes and P.chrysosporium are drawn closer together, breaking the generally accepted
topologyofboththeAscomycotaandtheBasidiomycota(e.g.Figure11).Whileprokaryotesfrom
differentlineageshavepreviouslybeenshowntoassumeconvergentgenerepertoiresincomparable
ecologicalniches(ZomorodipourandAndersson1999),thisisthefirsttime(toourknowledge)that



aparallelbetweenconvergenceingenecontentandinphenotypehasbeenshowninEukaryotes,
totheextentthatitaffectsagenecontentphylogeny.
This research strongly supports the fungal phylogeny as displayed in Figure 12a.The node that
was recovered by the fewest phylogenomic trees is the basal position of the Archiascomycetes,
representedbySch.pombehere,withintheAscomycota.Allothernodesaresupportedbymany
ofthetrees(seeFigure11andTable3).Althoughmostofthesebranchesaresupportedbyrecent
literature (Table11), this researchhelpedprovidesupport for thosecases thatwere inconclusive
(Table 3 and Table 12). What is striking in our phylogenetic findings is that that several of the
fungalgroupspresentedintheGenbankTaxonomyDatabase(Wheeleretal.2002)shouldactually
be adjusted. For example, Candida, Kluyveromyces, Saccharomyces and the Saccharomycetaceae
remainmentionedasclades,whiletheirmembersshouldberegrouped(seealso(Diezmannetal.
2004;Kurtzman1998;Kurtzman2003;Lopandicetal.2005;Prillingeretal.2002;Tehleretal.2003)).
Our phylogenomic trees of the Fungi reproduced many of the clades in accordance with the
currenttaxonomicviews.AtleastfortheFungi,weconfirmanumberofstandardpracticesinthe
current phylogenomics field, albeit it with small differences relative to the less well-established
approaches such as supertrees. A recent superalignment tree (Ciccarelli et al. 2006) has been
criticisedasbeinga“treeofonepercent”ofthegenome(DaganandMartin2006).Inthecurrent
study,weshowthatmethodsthatarerestrictiveinselectinggenesoftencreateaphylogenythat
isclosetothegoldenstandard.Apparently, thisselectionprocedure isnecessarytofilteroutthe
noisecausedbyevolutionaryprocesseslikegeneduplicationandgeneloss,evenintheabsence
ofhorizontaltransfer(Andersson2005).Completegenomesallowustodothisautomaticallyand
stillretainenoughgenestoconstructareliablephylogeny.Ourresultsindicatethata(1)maximum
likelihood(2)superalignmenttreebasedon(3)selectedwellalignedpositionsof(4)unambiguous
clusterOGs,automaticallyderivedatthelevelofresolutionmostsuitableforthegroupofspecies
considered,willyieldarespectabletree.Maximumlikelihood(1),becausewefindthatdistancetrees
mayhavetroublewiththeoutgroupweusedinthisstudy;superalignment(2),becauseonaverage,
this phylogenomic approach recovers the most target nodes; unambiguously aligned positions
(3),becausethisenablestheinclusionofmorehighqualitydata;andfinallyunambiguouscluster
OGsderivedatthelevelofthetaxonofinterest(4),becausethisensuresthatyouhavethehighest
resolutionpossible.

Assessment of phylogenomic and orthology 
approaches for phylogenetic inference
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Abstract
Genecontenthasbeenshowntocontainastrongphylogeneticsignal,yet
its usage is hampered by Horizontal GeneTransfer and parallel gene loss,
anduntilnowrequiredcompletelysequencedgenomes.Here,weintroduce
an approach that allows the phylogenetic signal in gene content to be
applied to any set of sequences, using signature genes for phylogenetic
classification.Thehundredsofpubliclyavailablegenomesallowustoidentify
signaturegenesforarangeoftaxa,andthepresenceofsignaturegenesin
an uncharacterized sample can help to detect its taxonomic composition.
We identify 8,362 signature genes specific for 112 prokaryotic taxa. We
show that these signature genes can be used to address phylogenetic
questions on the basis of gene content in cases where classic gene
content or sequence analyses provide an ambiguous answer, such as for
Nanoarchaeum equitans, and even in cases where complete genomes
are not available, such as for metagenomics data.The signature genes for
which functional information is available reveal clade-specific processes,
such as sporulation genes in Bacillaceae, and virulence-related genes,
e.g. linked to the biosynthesis of phthiodiolone dimycocerosate esters
in Mycobacterium and to alginate biosynthesis in Pseudomonas species.
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Introduction
Gene content contains a strong phylogenetic signal (Snel et al. 1999;Tekaia et al. 1999), and has
helped to clarify several taxonomic uncertainties (for review see (Snel et al. 2005)). Classic gene
content isbasedonthefractionofgenessharedbetweentwogenomes,andrequiresadataset
of completely sequenced genomes to confirm not only the presence, but also the absence of
eachgene. Ifacompletegenomecannotbeobtained,genecontentcanstillbeusedtoaddress
taxonomicalquestionsbymeansofsignaturegenes. Inthesignaturegeneapproach,weusethe
wealthofcompletelysequencedgenomestodefinecoresofgenesforeveryclade.Acore is the
setofallgenescommonto(ubiquitousamong)allgenomesinaphylogeneticallycoherentgroup
(Charlebois and Doolittle 2004). For an unidentified, even incompletely sequenced organism, its
relatives can be identified by finding the overlap between its gene repertoire and these cores.
Previouslyusingthisidea,wefoundthatthenumberofsignaturegenesthatKueneniastuttgartiensis
shareswiththecoresofpotentialsistercladessupportedthefinding,basedonasuperalignmentof
49proteins,thatthisanaerobicammoniumoxidizingbacteriumiscloselyrelatedtotheChlamydiae
(Strousetal.2006).
When complete genomes are available, and when one wants to use a single method, we have
shown gene content to be less suitable for phylogenomic inference than sequence similarity
based approaches, at least in the Fungi (Dutilh et al. 2007). However, gene content does contain
a phylogenetic signal that can be exploited if the right genes are selected (Dutilh et al. 2004).
Furthermore, sequence-based approaches have to restrict themselves to sequences with a wide
phylogeneticdistribution.Thepresenceorabsenceofgenesthatarestableinevolutionprovides
independent phylogenetic evidence, that can complement sequence-based information. This
informationisindependentfromthedatausedinsequencesimilarity-basedphylogeniesbecause
1)genecontentitevolvesatadifferentlevel(wholegenesinsteadofresidues),and2)signature
genesspecificallyexploitthosegenesthatdonothaveaverywidephylogeneticdistribution.This
two-fold independence makes gene content a valuable complementary source of phylogenetic
informationtosequencesimilaritybasedapproaches.
Investigationswithafunctionalangleusesignaturegenesasawaytocharacterizeataxon.Proteins
thatarepresent inall thedomainsof lifehavebeenusedto reconstructancestralgenomesand
minimal gene-sets (Harris et al. 2003; Koonin 2003). These cores that are common to all living
organismscandifferslightlyinsizeandcomposition,dependingonthemethodusedtofindthem,
buttheyalwayscontaininformationalgenesthatareinvolvedinthesingleprocessthatunifiesall
ofLife, i.e.thetranslationofgenesintoproteins.AttheleveloftheEukaryota,thecoremakesup
components of the cytoskeleton, inner membranes, RNA-modification machinery and the major
elementsofintracellularcontrolsystems(HartmanandFedorov2002).Forseveralprokaryoticclades,
mostofthesignaturesareannotatedashypothetical.However,thosethatcanberelatedtoacertain
functionrevealasensiblepattern,e.g. signaturegenes inCyanobacteriaaredirectlyor indirectly
involvedinphotosynthesis(Martinetal.2003),andChlamydialesspecificsignatureproteinscontain
membraneproteins thatarepossibly involved in the interactionof thepathogenwithhostcells
(Griffithsetal.2006).Thus,asfarasafunctionisknown,signaturegenesarerelatedtotheunique
andunifyingfeaturesoftaxaatarangeoflevels.
Signaturegeneshavebeenidentifiedforseveraltaxaonanadhocbasis,oftenusingareference
genome,sequencesimilaritysearchesandmanualinspectionoftheresults(Gaoetal.2006;Griffiths
etal.2006;KainthandGupta2005;Martinetal.2003).Thelargevarietyofcompletelysequenced
genomesthathavebecomeavailableinrecentyears,togetherwithhighqualityautomatedcluster
orthologydefinitions(Tatusovetal.2000;vonMeringetal.2007b)andreliablespeciesphylogenies
(Ciccarellietal.2006),enableustotakeamoresystematicapproach,andfindsignaturegenesonalarge
scaleformanycladesthroughoutthetreeoflife.Todothis,weintroduceasimple,phylogeny-based
definition:thesignaturegenesofacladearethosegenesthatoccurineverydaughterlineageofa

Signature genes as a phylogenomic tool
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clade,butnowhereoutsideit(Figure14).Themostparsimoniousexplanationforsuchadistribution
isthatthegeneoriginatedattherootofthisclade,andhasanimportantfunctionforthespecies
inthisclade,sothatitisretainedinallthedescendantlineages.Withapre-definedspeciestreeasa
guide(Ciccarellietal.2006),weusethisdefinitiontofindcoresofgenesforcladesofdifferentages,
atalllevelsinthetree.Asourdefinitiononlyrequiresthatthegeneisretainedinatleastonespecies
perdaughterofaclade,itallowsforspeciesspecificlosses,forexampleinthedegeneratedgenomes
ofparasites(Fraseretal.1995).Thus,itisbroaderthanadefinitionthatrequirescompletecoverage
ofaclade.We introduceacoveragescorethat takes intoaccountasymmetric taxonsamplingto
increasethereliabilityofthusdefinedsignaturegenes.

A

A1 A2 A3

B

OG1: 1 1 1 0 0 1 0 0 0 0
OG2: 0 1 1 1 1 1 0 0 0 0
OG3: 1 1 1 1 1 1 0 0 0 1

Figure14.Definitionofsignaturegenesbasedonapartiallyunresolvedphylogeny.Foreveryspecies,presence(1)or
absence(0)ofthreegenes(OGs)isindicated.Inthisexample,onlyOG1isasignatureforcladeA,asitispresentin
cladeA1,cladeA2andcladeA3,butnotincladeB.AlthoughOG2andOG3arepresentinmorespecieswithincladeA,
theyarenotasignatureforcladeAbecauseOG2isnotpresentincladeA1,andOG3ispresentoutsideofcladeA.

Results
Usingthedefinitionofsignaturegenesandthemethodoutlinedabove(Figure14),wehaveidentified
8,362setsofsignaturegenes(orthologousgroupsorOGs)for112cladesthroughouttheprokaryotic
treeof life(seeFigure15andMethods)usingapartlyunresolvedreferencephylogeny(Ciccarelli
etal.2006)andapredefinedsetofOGs(vonMeringetal.2007b).HomologousOGs,asdetected
byprofile-to-profilecomparisons,thathadlargelycomplementaryphylogeneticdistributionswere
mergedtopreventhighratesofsequenceevolutiontoleadtoanoverestimationofthenumber
ofsignatureOGs(seeMethods).Subsequentlysignaturesforagivencladeweredefinedasthose
OGsthatarespecificforthecorrespondingnode,andoccurineverydaughterlineage(Figure14).
Themanysignaturegeneswefoundunderlinethephylogeneticsignalthatexistsingenecontent.
Conversely,theresultsjustifythesuspicionofcladesthatarecompletelyvoidofsignaturegenes.
Figure15showsthenumberofsignaturegenesidentifiedforeachbranchthatdefinesataxon.Most
taxaareconfirmedbythesignaturegenes.Forexample,eventheBacteroidetes/Chlorobigroup,
whichisadifficultbacterialdivisiontoretrieveingenecontenttrees(seeFigure30),issupportedby
sevensignaturegenes.Incontrast,thecontroversialgroupingofThermotogamaritimaandAquifex
aeolicusisnotsupportedbyanysignaturegenes,whichcastsmoredoubtonit.

Assessing species distribution in metagenomics samples
Theinitialmotivationforthisstudywastofindanapproachthatmakesuseofthephylogeneticsignal
ingenecontent,butcanbeemployedforincompletegenomes.Toshowthatthisapplicationworks,
wehavemappedthetaxonomicdistributionofsignaturegenesidentifiedinthreemetagenomics
samplesfromtheSargassosea(Venteretal.2004),agriculturalsoilandthreedeep-sea“whalefall”
carcasses,thathavebeenassignedtoOGs(Tringeetal.2005).Besidethephylogeneticanalysesinthe
papersthatintroducedthesedatasets,theseenvironmentalsampleshaverecentlybeenincludedin
anotherphylogeneticanalysisbasedon31universalmarkergenes(vonMeringetal.2007a),which
provides insightful additional reference material to compare our signature genes approach with
sequence-basedapproaches.
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Figure 15. Amounts of signature genes identified in prokaryotic taxa. The unresolved phylogeny is based on a
superalignmenttree (Ciccarellietal.2006)wherewecollapsednodeswithabootstrapvalue lowerthan80%and
removedtheEukaryota.Severalnodenamesusedinthispaperareindicated(totheright)withgrayboxes.Branch
widthsandcolorsindicatethenumberofsignaturegenesfoundforeachnode(seelegend).
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Inthesequence-basedapproaches,thesoilsamplewasshowntocontainthelargestspeciesdiversity,
mainlyconsistingofChloroflexiandAcidobacteria(bothnotinourdatasetofcompletegenomes),
Alphaproteobacteria,andBacteroidetes,butalsomanyBetaproteobacteria,Gammaproteobacteria,
Gemmatimonadetes (not in our data set), Deltaproteobacteria (not a clade in the reference tree,
see Figure 15) and Actinobacteria (Figure31, FigureS2B in Tringe et al. 2005; and Figure34A,
FigureS1AinvonMeringetal.2007a).Intheoriginalanalysisthatwasbasedonsixphylogenetic
markers(16SrRNA,RecA,EF-Tu,EF-G,HSP70andRNApolymeraseB)andinthelateranalysisbased
on 31 universal marker genes, the phylotypes in the Sargasso sea were shown to be dominated
byAlpha-andGammaproteobacteria,buttheywerealsoshowntocontainmanyCyanobacteria,
Bacteroidetes and Betaproteobacteria (Figure33, Figure6 in Venter et al. 2004; and Figure34B,
FigureS1B in von Mering et al. 2007a). Finally, the whale fall samples were primarily mapped to
Bacteroidetes, Alphaproteobacteria, Epsilonproteobacteria and Gammaproteobacteria (Figure33,
FigureS4AinTringeetal.2005;andFigure34C,FigureS1CinvonMeringetal.2007a).AsFigure
16shows,thepreviouslyreportedspeciesdistributionsshowasurprisinglygoodcorrespondence
withthecladesforwhichwefindsignaturegenesinthesemetagenomicsamples,althoughinsome
cases,thepreciseproportionsvary.Clearly,signaturegenesprovideanindependenttoolthatcanbe
usedtophylogeneticallymapunidentified,evenincompletegenomes,ormetagenomicsdatasets,
allowingtheexploitationofacomplementaryfractionofthedata.
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Figure16.Fractionsofsignaturegenespresentinthreemetagenomicsdatasets(Tringeetal.2005;Venteretal.2004).
Inpiesa,b,andc,thefractionsarethetotalnumbersofsignaturegenesfoundforeachclade(includingsubclades);
inpiesd,eandf,thefractionsarethepercentagesofthetotalnumbersignaturegenesthatexistforeachclade.All
threemetagenomicsdatasetswerehighlydominatedbybacterialsignaturegenes(farmsoil:72%;sea:78%;whale
fall:70%),archaealsignaturegeneswerepresentinmuchlowerpercentages(farmsoil:0.05%;sea:0.6%;whalefall:
0.1%).The phylogenetically less informative clades genes are not shown in these charts.This analysis is based on
STRING6.3OGsasthemappingofthemetagenomicsdatasetswasonlyavailableforthatversion(kindlyprovided
byC.vonMering).

Addressing taxonomic questions with signature genes
Our signature genes procedure also allows us to investigate in detail the taxonomic position of
someearlybranchingprokaryoticspecies,forwhichthephylogeneticsignalinthesequencesmay
havebeenlost.Onebyone,weremovedAquifexaeolicus,Fusobacteriumnucleatum,Halobacterium
sp.,NanoarchaeumequitansandThermotogamaritimafromthedataset,andre-identifiedsignature
genesintheremaining162species.Table4showswhichgenesfromtheremovedgenomeswere
foundassignaturegenesinthecorrespondingrestricteddataset.Thus,thesesignaturegenescan
classifytheremovedgenomesintermsoftheirtaxonomicrelatives.
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Table 4. Signature genes shared by several species and potential sister clades. In some cases, no shared signature
geneswerefoundinthe1,000randomizedgenomesets(e.g.o/eratio1/0).OGsthatarelinkedwithahyphenwere
mergedbecausetheyarehomologousandhaveanon-overlappingtaxondistribution(seeMethods).

species clade o/e ratio shared signature genes

A
.a

eo
lic

us

Bacteria 60/0 60COGs
Acidobacteria/Proteobacteria 1/0 COG3034
Alpha-/Beta-/Gamma-/Epsilonproteobacteria 21.13 COG3302,NOG13261,NOG09591-NOG17096
Alpha-/Beta-/Gammaproteobacteria 2.48 COG4618,COG5611
Helicobacteraceae(Epsilonproteobacteria) 1,000 NOG18902
Rickettsiales(Alphaproteobacteria) 1,000 NOG07928
Beta-/Gammaproteobacteria 500 COG4969

Archaea 2,333 COG1423,COG1458,COG1503,COG1517,
COG1730,COG2112,COG4831

Crenarchaeota 1,000 COG4353
Sulfolobus(Crenarchaeota) 1,000 NOG18904
Methanosarcina(Euryarchaeota) 1,000 NOG09683

F.
nu

cl
ea

tu
m

Bacteria 67,000 67COGs
Lactobacillales(Firmicutes) 1,000 NOG17664
Mycoplasmataceaeex.M.mycoides(Firmicutes) 1,000 NOG19254-NOG36375
Treponema(Spirochaetales) 500 NOG17678
Alpha-/Beta-/Gamma-/Epsilonproteobacteria 20.13 COG2992,COG3713,NOG11181
Alpha-/Beta-/Gammaproteobacteria 2.48 COG4797,NOG18514
Pasteurellaceaeex.H.ducreyi
(Gammaproteobacteria) 500 NOG09881

Vibrionaceae/Pasteurellaceae/
Enterobacteriaceae(Gammaproteobacteria) 5.10 COG2926

Methanosarcina(Euryarchaeota) 1,000 NOG22419

H
al

ob
ac

te
ri

um
s

p.

Archaea 14,625
114COGs,COG1591-NOG14885,
COG3353-NOG29648,COG4023-NOG17603,
NOG39364-NOG10118

Euryarchaeota 5,000 COG1422,COG1777,COG2150,COG3390,
COG1711-NOG33052

Archaeoglobus/Methanosarcina(Euryarchaeota) 3,000 COG4749,COG4885,COG5427
Methanosarcina(Euryarchaeota) 1,500 NOG06067,NOG17658,NOG15033
Methanococcales/M.kandleri/
M.thermoautotrophicus(Euryarchaeota) 1,000 COG3363

Pyrococcusex.P.furiosus(Euryarchaeota) 1,000 NOG24228
Leptospira(Spirochaetaceae) 500 NOG15034
Actinobacteridae 167 COG5282
Mycobacterium(Actinobacteridae) 333 NOG20057
Streptomyces(Actinobacteridae) 400 NOG36090,NOG15774
Cyanobacteria 400 COG4250,COG5524
Alpha-/Beta-/Gammaproteobacteria 2.57 COG3205,COG4538
C.vibrioides/Rhizobiales(Alphaproteobacteria) 143 COG3743

N
.

eq
ui

ta
ns Archaea 22,333 66COGs,NOG21880

Euryarchaeota 2,000 COG1311,COG1933
Methanosarcina(Euryarchaeota) 1,000 NOG11162
Pyrococcus(Euryarchaeota) 1,000 NOG17563

T.
m

ar
it

im
a

Bacteria 60,000 60COGs
Clostridia(Firmicutes) 1,000 NOG22606

Archaea 1,200 COG1031,COG1184,COG1635,COG1992,
COG3374,COG5014

Pyrococcus(Euryarchaeota) 1,000 NOG13536
Pyrococcusex.P.furiosus(Euryarchaeota) 1,000 NOG23777

AdifficultcaseinclassicgenecontenttreesisHalobacteriumsp.(Dutilhetal.2004).Duetohorizontal
genetransferswiththeBacteria(Kennedyetal.2001),thiseuryarchaeonisoftenfoundattherootof
theArchaeaingenecontenttrees(seealsoFigure30).However,ouralternativeapplicationofgene
contentshowsthatmanymoresignaturegenesthanexpectedaresharedwithseveralEuryarchaeota
clades(Table4),supportingthetaxonomicpositioningofHalobacteriumsp.intheEuryarchaeota.
N.equitansisatinythermophilicarchaealparasitethatwasoriginallyassignedtoanovel,anciently
branching archaeal phylum on the basis of an unpolished superalignment approach (Huber et
al.2002;Watersetal.2003).Becauseof thesplit structureofmanyof itsgenes, theposition that
N.equitansisalivingfossilstillreceivessupport(DiGiulio2006),buttheargumentinthispaperleans
heavilyonthetRNAmolecule,whichisusuallycodifiedinasinglegene,butinN.equitanscomprises

Signature genes as a phylogenomic tool



57Extracting the evolutionary signal from genomes

twoseparategenesthatarenotcontiguousinthegenome.However,evidenceforotheraffiliations
canalsobefound.ABLASTP-basedsurveyofthephylogeneticpatternofallN.equitansORFsfindsa
stronglinkwiththeEuryarchaeota(Brochieretal.2005),morespecificallytheThermococcales.Wealso
findthatN.equitansclusterswiththePyrococciinaclassicgenecontenttree(Figure30).Conversely,
inthecuratedsuperalignmentphylogenyweusedasareference(Ciccarellietal.2006),N.equitans
clusterswiththeCrenarchaeotawithhighbootstrapvalue(cf.Figure15).However,notonesignature
isfoundforthisN.equitans/Crenarchaeotaclade(Figure15).Ifwere-identifysignaturegenesfor
allcladesinthephylogenyafterremovingN.equitans,wefindthatseveralEuryarchaeota,among
whichPyrococcus,sharemanymoresignaturegeneswithN.equitansthanexpected,whilenolinks
toanyCrenarchaeotacladeareobserved (Table4).Therefore,our resultssupport thepositionof
N.equitansasaderivedEuryarchaeote,possiblyrelatedtoPyrococcus(Brochieretal.2005).
Astheseexamplesshow,signaturegenescancomplementtraditionalsequencebasedmethodsand
classicgenecontentbasedoncompletegenomesinaddressingtaxonomicquestions.Conceptually,
thisgene-contentapproachisreminiscentoftheslow-fastmethod(BrinkmannandPhilippe1999),
whereslowlyevolvingsitesinanamino-acidalignmentareselectedasthosepositionsthathave
notmutatedwithinpre-definedclades.Thesepositionsarethemostreliableforinferringancient
relationships,asfast-evolvingsitesarelikelytobemutationallysaturated,obscuringthephylogenetic
signal.Signaturegenesevolveslowlyatthegenecontentlevel.Especiallythesignaturegeneswith
high coverage scores have undergone little loss or horizontal gene transfer, and are thus strong
indicatorsofphylogeneticrelatedness.

Ancient signature genes tend to be informational, recent 
signature genes are more operational

On the basis of the COG functional categories (Tatusov et al. 2000), those signature genes that
werebasedonCOGscouldbeincludedinananalysisoftheirfunctionalrepertoire.Wefindancient
signatures(BacteriaandArchaea)tobeheavilydominatedbyCOGsfromthe“Informationstorage
andprocessing”category(Figure17),ingoodagreementwiththemanypreviousobservationsthat
practicallyall thegenessharedbyevery livingorganismarerelatedtothetranslationofgenetic
material(CharleboisandDoolittle2004;Koonin2003).Conversely,signaturesforcladesthatdiverged
lateraremorelikelymembersofthe“Cellularprocessesandsignaling”and“Metabolism”categories.
Despitethesetrends,mostofthesignaturegenesweidentifyremain“Poorlycharacterized”,ashas
beenpreviouslyobservedinseveralsingle-cladeanalyses(Gaoetal.2006;Griffithsetal.2006;Kainth
andGupta2005;Martinetal.2003).Notethatontopofthismajorityofthe653signatureCOGs,
come7,934signatureNOGs,thatarealsolargelyuninvestigated(thesenumbersdonotaddupto
8,362becausesomehomologousOGsweremerged,seeMethods).
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Figure17.Functionaldistributionofthesignaturegenesforcladeswithdifferentageswithlinearregressionlines.Only
signaturegeneswithafunctionalannotation(Tatusovetal.2000)areincluded(653COGs).

Investigatingthefunctionsofsignaturegenes inmoredetail,wefoundthattheyoftencarryout
comparable processes in different clades (Table 5). For example, several sets of genes that are a
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signaturefordifferentcladesareindependentlyrelatedtoconjugation(e.g.NOG08929,NOG10080,
NOG10338, NOG12185, NOG12276, NOG13815, NOG18007, NOG21014 and NOG24221 in the
Vibrionaceae/Pasteurellaceae/Enterobacteriaceaeclade;orCOG5442,COG5443andCOG5461in
theRhizobiales/C.vibrioidesclade).Similarly,independentsetsofgenesrelatedtotheflagellaare
also signatures for different clades (e.g. COG1681, COG1955, COG2874, COG3353, NOG13591 and
NOG22539 in the Archaea; COG3351, COG3352 and COG3354 in the Euryarchaeota; NOG12184,
NOG15376,NOG28820,NOG28897orNOG32922intheSalmonella/Escherichia/Shigellaclade).
Triggeredbytheseobservations,wedecidedtoquantitativelycomparethefunctionalrelationships
ofsignaturesingeneral.WeusedtheSTRINGscoreasanindicationoftheintricacyofthefunctional
relationshipsbetweengenes(vonMeringetal.2007b),becauseSTRINGincorporatesseveralsources
ofinformation,suchasgenomiccontext,high-throughputexperiments,(conserved)co-expression
and previous knowledge to link the functions of genes. We find that the average STRING score
betweenalllinkedCOGsinSTRING7.0is0.235.Forthesubsetthatlinkedtwosignaturegenes,this
averagescorewas0.241,butifonlygeneswereselectedthatwereasignatureforthesameclade,the
averageSTRINGscoreincreasedto0.349.Also,whilesignaturegenesconstituteaminorityof26%
ofthealmost40thousandOGsinSTRING7.0,wefindanothersignaturegeneamongtheirhighest
scoringinteractionpartnersin54%ofthecases,andin66%ofthosecasesoneofthehighestscoring
interactionpartnersisasignaturegeneforthesameclade.Theseresultsconfirmthatthefunctions
ofsignaturegenesaremorerelatedthanthefunctionsofgenesthathaveascattereddistribution,
especiallyiftheyareasignatureforthesameclade.

Table5.Somefunctionsfoundamongthesignaturegenesforprokaryoticclades.

(related to) function clades
Conjugatetransposon,pili,
competence

Alpha-/Beta-/Gammaproteobacteria;Bacilli;B.thetaiotamicron/P.gingivalis;
Salmonella/Escherichia/Shigella;Deinococcus/Thermus;Vibrionaceae/
Pasteurellaceae/Enterobacteriaceae

DNArepair,DNAreplication,DNA
binding

Enterobacteriaceae;GammaproteobacteriaexceptXanthomonadaceaeand
C.burnetii;Vibrionaceae/Pasteurellaceae/Enterobacteriaceae

Fattyacidsynthase Bacteria
Flagella Archaea;Euryarchaeota;Spirochaetaceae
Peptidetransport Alpha-/Beta-/Gammaproteobacteria;Euryarchaeota;S.oneidensis/Vibrionaceae

/Pasteurellaceae/Enterobacteriaceae
Phagerelated Alpha-/Beta-/Gammaproteobacteria;Lactobacillus;S.oneidensis/Vibrionaceae

/Pasteurellaceae/Enterobacteriaceae;Vibrionaceae/Pasteurellaceae/
Enterobacteriaceae

PhotosystemI/II,phycocyanin Cyanobacteria
Protease Bacteria;Beta-/Gammaproteobacteria
Ribosome Archaea;Bacteria;Crenarchaeota;Gammaproteobacteriaexcept

XanthomonadaceaeandC.burnetii
Secretion,membrane Alpha-/Beta-/Gammaproteobacteria;Alpha-/Beta-/Gamma-/

Epsilonproteobacteria;Cyanobacteria;Deinococci;Euryarchaeota;
GammaproteobacteriaexceptXanthomonadaceaeandC.burnetii;
Methanococcales/M.kandleri/M.thermoautotrophicus;Pseudomonas;
Vibrionaceae/Pasteurellaceae/Enterobacteriaceae

Sporulation;celldivision Bacillaceae;Bacilli
Toxins,virulence GammaproteobacteriaexceptXanthomonadaceaeandC.burnetii;Mycobacterium

exceptM.avium;Pseudomonas;Vibrionaceae

Signaturegeneswefindfor theEnterobacteriaceae (NOG06760,NOG13543andNOG13893)and
some of its parent clades within the Gammaproteobacteria (e.g. COG3006, COG3050, COG3095,
COG3923andCOG4776intheVibrionaceae/Pasteurellaceae/Enterobacteriaceaeclade;orCOG3130,
COG3160,COG4568intheGammaproteobacteriaexceptXanthomonadaceaeandC.burnetiiclade)
haveDNArelatedfunctions,suggestingthatpartsofDNAreplicationandrepairmechanismshave
beeninventedorfinetunedthroughoutthehistoryofthislineage.Phagerelatedsignatureproteins
(e.g.COG3498,COG3499,COG3948,COG4220,COG4385,COG4540,COG5004,NOG06467,NOG14663,
and NOG22103 in the Alpha / Beta / Gammaproteobacteria clade; or NOG08626, NOG09661,
NOG22321, and NOG31424 in theVibrionaceae / Pasteurellaceae / Enterobacteriaceae clade) are
oftenfoundinsyntenicregionsonthegenome(theyare linkedbyhighneighborhoodscores in
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STRING(vonMeringetal.2007b)).Prophages,insomecasesconstitutingupto10-20%ofabacterial
genome,aremajorsourcesofinnovationforindividualsandspecies,andcanlieinresidenceforvery
longtimes(Casjens2003).
OtherexamplesfromTable5underlinethedistinctivecharacterofaclade.Notsurprisingly,many
Cyanobacteriasignaturegenesarerelatedtophotosynthesis(Martinetal.2003),includinggenes
involved in photosystem I and II, phycocyanin, phycoerythrin and allophycocyanin. Likewise, the
Bacillaceaecontainastrikingnumberofspore-relatedsignaturegenes,suchassporecoatproteins
andgenesrelatedtopeptidoglycanbiosynthesis.AswehaveobservedinFigure17,ancientclades
likeBacteriaandArchaeacontainmanyribosomalsignaturegenes,althoughmorerecentclades
seemtohavealsoaddedspecificgenestothissystematalaterstage.Importantly,wealsoidentify
severalvirulence-relatedsignaturegenes,suchasNOG24770fortheMycobacteriumtuberculosum
clade,thathaspreviouslybeenidentifiedasasignaturegeneinaSouthernblotanalysis(Rindietal.
2001).Additionally,weidentifiedseveralothersignatureOGsforthisclade(NOG31315)andother
Corynebacterinaesubclades(e.g.NOG26217,NOG31900andNOG34480),thatshareseveralSTRING
linkstoagroupofgenesinvolvedinthebiosynthesisofphthiodiolonedimycocerosateesters(PDIMs).
PDIMsareacategoryofvirulence-enhancinglipids,thatarespecificformycobacterialpathogens.
ForPseudomonas,wefindawholegroupofsignaturegenes(NOG28203,NOG26205,NOG24940,
NOG25112,NOG35177,NOG25420andNOG30475)involvedinalginatebiosynthesis.Alginateisan
extracellularpolysaccharideproducedbyPseudomonasstrains found in thepulmonary tractsof
chronicallyinfectedcysticfibrosispatients.Thus,whereasformostofthesignaturegenesbyfar,the
functionishypotheticalorevencompletelyunknown,thetrendthatweobserveintheremaining
casespromisesawealthofnewcladespecificbiologyawaitingdiscovery.

Conclusions
One of the weaknesses of classic gene content trees is that they require completely sequenced
genomes(Sneletal.1999;Tekaiaetal.1999),whichmaynotalwaysbeavailable(Tringeetal.2005).
Here,wesolvethisproblembyintroducingsignaturegenesasanovelapproachtoemploygene
contentforphylogeneticanalysis.Thewealthofcompletegenomesallowsustoidentifysignature
genesforarangeoftaxa,andthepresenceofsignaturegenesinanunidentifiedsamplecanhelp
todetectthetaxonomiccompositionofthequery.However, thecomprehensiveoverviewofthe
gene repertoires of a diversity of species has also uncovered a great plasticity in gene content,
withexamplesofextensivegene loss (forexample inparasiticgenomes (Fraseretal.1995)),and
horizontalgenetransferinprokaryotes(Doolittle1999b)aswellasinEukaryotes(Andersson2005).
Thus,astrictsearchforsignaturegenes,thatrequirescompletecoverageofallgenomeswithinthe
taxon,willonlyyieldlimitedresults(CharleboisandDoolittle2004).Toovercomethis,wedevelop
anintuitivedefinitionthatdefinesassignaturesofacladethosegenesthatoccurineverydaughter
ofthatclade,butcompletecoverageisnotrequired.Acoveragescoreindicatesthehowwellthe
signaturegenehasbeenretainedinthedescendantlineages.
Thisstudyhasidentifiedalargesetof8,362signaturegenesfor112cladesthroughoutthetreeof
life(Figure15).Thesemanysignaturegenesunderlinethephylogeneticsignalthatexistsingene
content.Basedonahistoricalreconstruction(Figure18),weexpectthatwiththeinclusionofmore
completelysequencedgenomes,thenumberofsignatureswillgrow,ratherthanshrink(Charlebois
andDoolittle2004),andthenumberofsignaturegenespertaxonwillremainquitestable.Thisisthe
resultofontheonehandthesamplingofmoredaughterspertaxon,whichincreasesthecoverage
requirementforasignaturegene,andontheotherhandthesamplingofmorespeciesperdaughter,
which increases the species sampling, leading to more imperfect signatures. Theoretically, the
numberofsignaturegenesmaydecreaseduetotheiridentificationinspeciesfromotherclades,or
increaseduetoamorecompletesamplingofthetaxon.Sofar,theGlobalOceanSamplingproject,
the largest environmental sequencing project ever carried out, identifying almost 4,000 protein
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families in 7.7 million sequences (Rusch et al. 2007;Yooseph et al. 2007), has hardly reduced the
numberofsignaturesforveryancienttaxa(BacteriaandArchaea).Withintheprokaryota,theauthors
findonePfamdomainthatwasthoughttobeBacteriaspecifictobepresentintheArchaea,andfour
ArchaeaspecificPfamdomains intheBacteria (Yoosephetal.2007).Withthespring-tideofdata
fromlarge-scalesequencingprojectsliketheGlobalOceanSamplingproject,thetrustworthiness
of signature genes will increase, even if, or better, because some genes thusfar thought to be a
signaturehavetobedropped,beingdiscoveredinothercladesaswell.
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05Figure18.Thenumberofsignaturegenes,perfectsignaturegenes (coveragescore1),andsignaturegeneswitha
coverage score cutoff of 0.75, found with increasing numbers of completely sequenced genomes. The genomes
areaddedonebyone,inorderofappearance(accordingtowww.ncbi.nlm.nih.gov/genomes).Initially,thenumber
of signature genes increases almost linearly with the appearance of more genomes. The 60th genome, that of
S.avermitilis,completesthesignature-richStreptomycesclade(S.coelicolorwasthe4thgenome),andcausesagreat
jumpinthenumberofbothperfectandnormalsignaturegenes.Theaveragenumberofsignaturegenesperclade
reachesabout75throughoutthelast10-15genomes,theperfectsignaturesgodowntoabout43.

Futurework,aimedatpolishingourinitialapproachtosignaturegenes,maybeexpectedtobenefit
from a higher resolution of the initial orthology definition. As we see in Figure 19 (Methods), a
few genes that were identified as a signature for recent clades in clade-specific investigations
basedonsequencesimilarity(Gaoetal.2006;Griffithsetal.2006;KainthandGupta2005;Martin
etal.2003),wereasignatureformoreancientcladesinourlarge-scaleanalysis(especiallyforthe
Alphaproteobacteria). If a more fine-grained orthology definition would be used, our approach
wouldalsoidentifythoseOGasasignatureforthemorederivedclades.Thispointiscloselyrelated
to another important issue. By their manual analysis, the cited authors could allow the sporadic
presenceofsignaturegenesinunrelatedspecies,denominatingthemascasesofhorizontalgene
transfer(HGT).Inourapproach,instancesofHGTmayberecognizedassignaturesatahigherdepthin
thephylogeny,butwillbecomesignatureswithalowcoveragescore.Forexample,aChlamydiaceae
signaturegenethatishorizontallytransferredtothebetaproteobacteriumN.europaea(NOG04874)
may,dependingonthephylogeny,becomea low-coveragesignaturefortheBacteria insteadof
ahigh-coveragesignatureforChlamydiaceae.Inpracticewehandlethesesituationsbyrequiring
ahighcoveragescore.Asanexample,wehaveincludedthenumbersforsignaturegeneswitha
coveragescorecutoffof0.75inFigure18andTable6.
In many cases, the functional annotations of signature genes include properties that are unique
for thetaxon inquestion,suchasvirulence-relatedgenes forMycobacterium,Pseudomonasand
Vibrionaceae (Table 5). Research aimed at elucidating lineage-specific properties for the clades
includedinthisworkwillbenefitfromthelistofuncharacterizedgenes,whichformsawealthof
suggestions for further experimental investigations into taxon-specific processes. Concluding,
signaturegenesareapromisingtool,thatcanbeusedinanumberofresearchareas,fromtaxonomic
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analysis of incomplete genomes and metagenomics data to the identification of clade specific
genes.

Methods
Data

Thereferencephylogenyweusedwasbasedonarecentsuperalignmentphylogenyof31universal
proteinfamilies(Ciccarellietal.2006),excludingallbutthe163prokaryoticspeciesthatwerealso
presentinSTRING7.0(vonMeringetal.2007b).WeexcludedtheEukaryota,becauseduetoboththe
largesizesofthegenomesandthehighlyasymmetricaltaxonsampling,theeukaryoticsignature
geneswouldhaveobscuredmuchofthestatisticalandfunctionalsignalintheprokaryoticsignature
genes.ToaccountforuncertaintiesintheCiccarellitree,wecollapsedthenodeswithabootstrap
valuelowerthan80%,resultinginapartlyunresolvedreferencephylogeny(Figure15).
The proteomes and orthology definitions were downloaded from STRING 7.0 (von Mering et al.
2007b);onlyCOGsandNOGspresentinatleasttwoprokaryoticspecieswereincludedinthisstudy.
Ourconceptofsignaturegenes identifiesthosegenesthatoriginatedattherootofaclade,and
are retained in all lineages. If, for some reason, an OG has undergone accelerated evolution in a
certaincladeofspecies,thesegenesmaybeerroneouslyassignedtoanewOG.Thiscouldcausean
overestimationofthenumberofsignaturegenesfortheacceleratedclade,oralsoanunderestimation
for the parent clade, where the OG actually originated.To avoid this, we used a highly sensitive
approachtoidentifyhomologybetweenOGsbyperformingprofile-profilesearches.Wealignedthe
sequencesofeachOGusingMUSCLE(Edgar2004b).HiddenMarkovmodels(HMMs)werecreated
usingHHmake(HHsearch1.4 (Soding2005))andcalibratedagainstadatabasecomprising1,250
randomSCOPdomainHMMs(Murzinetal.1995).WethencomparedtheHMMprofilesall-against-all
usingHHsearch.ForthehomologousOG-pairs(queryandhitalignedover>50%oftheirsequence;
score>90),weinspectedtheirdistributioninthespeciestree,andiftheparentcladeoftheOGwith
the narrowest distribution did not contain the OG that was more widely distributed, they were
consideredmergeable.WethenmergedthemergeableOGsusingCFinder(Pallaetal.2005),atthe
levelofcommunities.RemainingOGsthatwerenotincludedinthesecommunitiesweremergedas
pairs.Thus,wemerged2,958ofthe18,611OGs,obtainingafinaltotalof17,323OGs.

Table6.Statisticsofallsignaturegenesidentified,thesignaturegeneswithacoveragescorecutoffof0.75,andperfect
signaturegenes.

taxa with signatures number of signatures average coverage score
signatures 112 8,362 0.80
signatures(coverage>=0.75) 106 6,177 0.94
perfectsignatures 98 4,342 1.00

Signature genes and coverage score
Signature genes were identified automatically based on the OGs and the reference phylogeny.
SignaturegenesforacladearethoseOGsthatdonotoccuroutsidetheclade,andarerepresented
by at least one copy in every one of its daughters (i.e. two for a resolved node, and more than
twoforanunresolvednode;e.g.OG1forcladeAinFigure14).Usingthisapproach,weidentified
8,362signaturegenesfor112ofthe128clades(Table6,Figure15andSupplementaryTable1in
the original article; submitted).We found no correlation of the number of signature genes with
the number of daughters (r=0.07), the number of species (r=-0.06), the bootstrap value of the
clade(r=0.05)orthedistancetotheroot(r=-0.01).Thecladewiththemostsignaturegeneswas
Streptomyces(796signaturegenes).Whenwerestrictedoursearchtoperfectsignaturegenes(i.e.,
present in every species within the clade), we identified 4,342 signatures for 98 clades (Table 6).
Becausefortwo-speciesclades,thedaughtersinwhichageneisrequiredaresinglespecies,alltheir
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signaturesareperfect.2,972perfectsignaturegenesareasignaturefortwo-speciesclades,1,370
perfectsignaturegenesareasignatureforlargerclades.
To compare our results to the signature genes found in previous studies, we assigned the latter
genes to OGs using STRING (von Mering et al. 2007b). 213 of 241 Actinobacteridae signatures
(Gaoetal.2006),61of61signaturesspecificfortheAlphaproteobacteria(KainthandGupta2005),
174 of 205 Chlamydiales signatures (Griffiths et al. 2006) and 181 of 181 signatures identified in
theCyanobacteria(Martinetal.2003)couldbeassignedtoanOG(Figure19).Manyofthegenes
identifiedpreviouslywerealsofoundassignaturegenesinourapproach,andmostlyforthesame
taxonor,aswasalreadyobservedbythecitedauthors,forasub-clade(blueinFigure19).Inafew
caseswefoundthegenesassignaturesforahigherleveltaxon(red),becausetheOGsweredefined
atarelativelylowresolution,overallspeciessimultaneously(Tatusovetal.2000;vonMeringetal.
2007b).Bymanually inspectingtheresults, thesesignaturegenescouldbe identifiedatahigher
resolutioninthesmall-scalestudies,whileourapproach,basedonlarge-scaleautomatedorthology
definitions,alsoreportedthegenesinothertaxa.
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Figure 19. Identification of signature genes in four data sets obtained from the literature: 213 Actinobacteridae
signaturegenes(Gaoetal.2006),61Alphaproteobacteriasignaturegenes(KainthandGupta2005);174Chlamydiaceae
signaturegenes (Griffithsetal.2006);and181Cyanobacteriasignaturegenes (Martinetal.2003).Thegeneswere
assignedtoOGsusingSTRING(vonMeringetal.2007b).Thefractionsindicatehowmanyofthegenesassignedtoan
OGwereasignatureforthesamecladeorsubclades(blue),acladeatahigherlevel(red)ornotasignature(gray).

Thecoveragescoreiscalculatedasanestedcoverage,amethodthattakesintoaccountpotential
asymmetricaltaxonsampling.Forterminalclades,thescoreisequaltothecoverage,i.e.thefraction
ofspeciescontainingtheOG.Forhigherorderclades, thescore is theaverageof thescore in its
daughterclades.Thisisbestillustratedwithanexample(Figure14).ThecoveragescoreofOG1asa
signatureforcladeAis0.72:

3
(1/1+2/3+1/2) =0.72

Phylogenetic signal in gene repertoires
To assess whether the number of signature genes found for a clade is significant, we composed
1,000setsofrandomizedgenomes.BearinginmindthatthesizedistributionofboththeOGsand
thegenomesisimportantfortheidentificationofsignaturegenes,wekeptthenumberofOGsper
genomeidentical,aswellasthenumberofgenomesinwhichanOGisrepresented.Becausethe
phylogenywasnot randomized,wecouldcalculate theexpectednumberofsignaturegenes for
acladeastheaverageforthatexactsameclade,withthesamedistributionofspeciessizes,over
the1,000randomizedgenomesets.Intheserandomizeddatasets,wefoundanaverageof1,667
signaturegenesofwhichonly74hadacoveragescore>=0.75,and37wereperfect.Thesesmall
numbersshowthestrongphylogeneticsignalinthenon-randomizedgenerepertoires.
Becauseourrandomizationprocedureretainedthestructureofthephylogenyaswellasthesize
distribution of the genomes, we could calculate an observed over expected ratio (o/e-ratio) for

Signature genes as a phylogenomic tool
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eachindividualclade,basedonthethenumberofsignaturegenesfoundintheoriginaldataset
andintherandomgenerepertoires.Weobservedthatoutofthe129cladesinthephylogeny,103
containedmore,and24containedlesssignaturegenesthanexpected(seeSupplementaryTable1
intheoriginalarticle;submitted).FortheChlamydophilapneumoniaecladeandtheAcidobacteria
/Proteobacteriaclade,nosignaturegeneswerefoundorexpectedbasedonthe1,000randomized
gene sets, for the M.genitalium / M.pneumoniae clade, 29 signature genes were found, but none
expected.Fortheremaining126taxa,theaverageo/e-ratiowasashighas1321,whichisindicative
ofthestrongphylogeneticsignalinthegenerepertoires.Ifweappliedacoveragescorecutoffof
0.75, 104 clades contained more signature genes than expected, and for 41 clades, no signature
geneswereexpectedatall.Twelvecladescontainedlesssignaturegenesthanexpected,andfor13
cladesnosignaturegeneswerefoundorexpected.
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Abstract
Background
Themassivescaleofmicroarrayderivedgeneexpressiondataallowsforaglobal
view of cellular function.Thus far, comparative studies of gene expression
betweenspecieshavebeenbasedonthelevelofexpressionofthegeneacross
correspondingtissues,orontheco-expressionofthegenewithanothergene.
Results
To compare gene expression between distant species on a global
scale, we introduce the “expression context”. The expression context of
a gene is based on the co-expression with all other genes that have
unambiguouscounterpartsinbothgenomes.Employingthisnewmeasure,
we show 1) that the expression context is largely conserved between
orthologs, and 2) that sequence identity shows little correlation with
expression context conservation after gene duplication and speciation.
Conclusions
This means that the degree of sequence identity has a limited predictive
quality for differential expression context conservation between
orthologs, and thus presumably also for other facets of gene function.



65Extracting the evolutionary signal from genomes

Background
Thetwomaincomponentsofthefunctionofageneareitsmolecularfunction(whatdoesitdo,e.g.
isitahydrolase,isitDNAbinding)anditsfunctionalcontext(withwhatotherelementsofthecell
doesitcollaborate).Thoughbothaspectscanonlybedecisivelydeterminedininvivoexperiments,
the incredible and increasing amount of experimental information assembled in databases
enablesmoreandmoreaccuratepredictions(vonMeringetal.2005).Becauseoftheaccuracyand
speed with which algorithms can identify sequence similarity, the most commonly used tool for
predictinggene function isdoubtlesslysequenceconservation.As thesequence is theblueprint
forthethree-dimensionalstructure,andtherewiththeenzymaticfunctionofagene,thismethod
isparticularlysuitableforpredictingthemolecularfunctionofanunknowngene,forexampleina
newlysequencedspecies.
Predictingfunctionalcontext,ontheotherhand, isadifferentstory.Thismeans inferring insilico
in which process the gene plays a role.Whereas the molecular function is concrete, and can be
describedbythecatalyzedchemicalreaction,thefunctionalcontextismoreelusiveandmaybest
bedescribedasacompositionofthecontext (e.g.bindingpartners)oftheencodedproteinand
theregulationofitsexpressionintimeandspace(Werner2002).Awaytoestimatethefunctional
contextisintermsofthecollectionofcellsortissuesandbiologicalprocessesorcircumstancesthat
determinewhenthegene isexpressed.DNAmicroarraysmeasure theexpression levelsofmany
genes under the same experimental condition, and combining the information from many such
experimentsallowstheclusteringofgenesbasedoncorrelationsintheirexpressionpatterns(Eisen
etal.1998).Iftwogenesareco-expressed,i.e.theyhaveacomparableexpressionprofile,theyare
assumedtohaveacomparablefunctionalcontext,independentofwhatthisfunctionalcontextis.
Usingco-expressionasafunctionpredictiontoolisparticularlypowerfulwhentheco-expressionis
conservedindifferentorganisms(Bergmannetal.2004;Sneletal.2004;Stuartetal.2003;vanNoort
etal.2003).
Here,weintroduceamethodtotakethestepfromthecomparativestudyofexpressionevolution
based on the pairwise co-expression between two genes, to a definition on a global level. We
presentthe“expressioncontext”ofagene,basednotontheexpressionacrossarangeoftissues
orcircumstances,butontheco-expressionwitha rangeofgenes. If twogenesareco-expressed
with the same other genes, i.e. they have a comparable co-expression profile, they thus have a
comparable expression context. Not only does this allow a global view on expression evolution,
butitalsosolvestheissueofcomparinggeneexpressionbetweendistantlyrelatedspecies.When
studyinge.g.CaenorhabditiselegansandSaccharomycescerevisiae(vanNoortetal.2003),onecan
notassignequivalenttissueslikebetweenHomosapiensandMusmusculus(HuminieckiandWolfe
2004).Theexpressioncontextmethodovercomes this limitationbysubstituting identical tissues
fororthologousgenes,andlevelsofexpressionforco-expressionvalues. Inthisstudy,weinclude
four Eukaryote species (C.elegans, Drosophila melanogaster, H.sapiens and S.cerevisiae), for which
geneco-expressiondatahavebeendeterminedonalargescale(Stuartetal.2003).Thefirstissue
weaddressinthispaperishowmuchournewglobalestimateofexpressioncontextisconserved
betweenspecies.
Inacomparativeanalysisofgenepropertiesbetweendifferentspecies,asoliddefinitionoforthology
iscritical.Currentstateoftheartorthologymethodsallowfortheexpansionofanorthologousgene
pairinoneorbothofthespeciescompared.Theexistenceofthesesocalledin-paralogs,raisesthe
questiontowhatextenttheexpressioncontextsofthegenecopieshavediverged.Previously,we
have studied genes that are duplicated in C.elegans relative to S.cerevisiae (Snel et al. 2004).We
showedthattheC.elegansorthologsofgenesthatinS.cerevisiaearereliablyco-regulatedwiththe
ancestralgene,haveatendencytoretainco-expressionwithoneofthetwoduplicatedorthologsin
C.elegans,whilethelinkwiththeotherislost(partialconservation,Figure3in(Sneletal.2004)).One
oftheimportantquestionsthispaperleftuswithiswhetherthederivedgenethathadretainedthe
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ancestralregulatorycontextwasalsotheleastdivergedatthesequencelevel.Therefore,thesecond
issueaddressedinthecurrentworkistherelationshipbetweentheevolutionofthegenesequence
andtheevolutionoftheexpressioncontextafterageneduplication.Wepresentananalysisbetween
orthologousgroups(afterspeciation),andananalysisbetweensiblinggenes(in-paralogs)within
expanded orthologous groups (after gene duplication), and show that sequence and expression
contexttendtodivergeindependently.

Results and discussion
Orthology

Inparanoid is a pairwise definition of orthology that allows for species specific gene expansions
(in-paralogs,(Remmetal.2001)).Inthecaseofthisgrouporthology,twoormoregenesfromone
speciesareevolutionarilyequallyorthologoustooneormoregenes intheotherspecies.Sucha
schemeisnecessaryifwewanttostudythedivergenceinexpressioncontextbetweentworecent
genecopies,whichwouldnotbefoundin,forexample,areciprocalbesthitapproach.Ontheother
hand, algorithms that identify group orthology between more organisms at once would annul
the resolution obtained in a pairwise definition (Koonin et al. 2004). We constructed orthology
relationshipsseparatelyforallspeciespairs,andseparatedtheresultingorthologousgroupsinto
twocategories:1-1orthologousgroups(ifbothspeciescontainasingleortholog)andX-Xorthologs
(ifatleastoneofthespeciescontainsmorethanoneortholog).Thereareabouttwiceasmany1-1
orthologsasthereareX-Xorthologousgroups(seeTable7).

Table7.InparanoidpairwiseorthologousgroupsbetweenallspeciespairsforC.elegans(15950genes)D.melanogaster
(4456genes)H.sapiens(12193genes)andS.cerevisiae(6199genes).

species A species B total OGs 1-1 OGs
C.elegans D.melanogaster 2393 1907
C.elegans H.sapiens 3814 2335
C.elegans S.cerevisiae 2520 1516
D.melanogaster H.sapiens 2739 1891
D.melanogaster S.cerevisiae 1641 1193
H.sapiens S.cerevisiae 2514 1580
total 15621 10422
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Figure 20. Method used to calculate the expression context conservation between gn_A and gn_B. Genes gn_A
andgn_BarethequerygenesinspeciesAandspeciesB,respectively.First,thecorrelationbetweentheexpression
levelsofthequerygeneandall1-1orthologsovermultiplemicroarrayexperimentswascalculatedinbothspecies
(a;uncenteredcorrelation).Theresultingexpressioncorrelationvalueswerecorrelatedbetweenthetwospecies(b;
Pearson’scorrelation),yieldingtheexpressioncontextconservationbetweengn_Aandgn_B.Foranunambiguous
comparisonbetweenspecies,weonlyanalyzetheexpressioncorrelationvaluesofthestudiedgeneswiththe1-1
orthologs.

A global definition of expression context is conserved between 
orthologs, but does not correlate with sequence conservation



67Extracting the evolutionary signal from genomes

Expression context
Theglobaldefinitionofexpressioncontextintroducedhereisbasedontheexpressioncorrelations
betweenaquerygeneinonespeciesandall themembers inthatspeciesofall1-1orthologous
groups present between the two species compared (see Figure 20a). The expression context
conservationisthenobtainedbycorrelatingtheexpressioncorrelationvaluesofthequerygenes
fromtwodifferentspeciesandthecorresponding1-1orthologsintheirspecies(seeFigure20b).
Totesthowmeaningfulthismeasureis,wecomparedtheexpressioncontextconservationbetween
differentcategoriesoforthologsandrandomnon-orthologousgenepairs.ThehistogramsinFigure
21arenormalized,andthedataispooledoverallspeciescomparisons.Asanullmodel,wecomposed
arandomdatasetof1000non-orthologousgenepairsdrawnfromeachspeciespair.
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Figure 21. Expression context conservation between different classes of orthologs and random non-orthologous
genepairs.Theplotsarenormalizedhistogramsofthecombineddatafromallspeciescomparisons.Forstatistical
comparisonofthehistogramsseeTable8.Thedistributionsarenormallydistributed(Shapiro-Wilktest,P<1·10-4).

Thoughthedistributionsoftheexpressioncontextconservationscoreslieclosetozero,wefindthat
theexpressioncontextofboth1-1orthologsandofX-Xorthologsissignificantlyhigherthanthat
ofrandomgenes(seeFigure21,forPvaluesseeTable8).Thissignificantconservationrevealsthe
functionalandevolutionaryrelevanceoftheexpressioncontext.

Table 8. Probability that the expression context conservation scores in different classes of orthologs and random
non-orthologousgenepairsweredrawnfromthesamedistribution(seehistogramsinFigure21;Pvalues,Student’s
t-test;thedistributionsarenormalaccordingtoaShapiro-Wilktest,P<1·10-4).Theexpressioncontextdataiscombined
overallspeciescomparisons:1-1orthologs(n=10303)allX-Xorthologs(n=27147)mostconservedX-Xorthologs
(n=5180)lessconservedX-Xorthologs(n=21967)randomnon-orthologousgenepairs(n=6000).

1-1 orth most cons X-X less cons X-X random non-orth
allX-Xorth 6.31·10-233 0 1.78·10-70 3.55·10-21

randomnon-orth 9.66·10-173 0 0.172
lessconsX-X 0 0
mostconsX-X 1.38·10-57

Which genes have a conserved expression context?
WelookedatthefunctionofthegeneswithaconservedexpressioncontextusingtheKOGfunctional
categories(Kooninetal.2004).Thefunctionalcategorieswerecountedforall1-1orthologsassigned
toaKOG(thegeneswereconsideredseparately).Foreachfunctionalcategory,thefractionof1-1
orthologousgeneswithanexpressioncontextconservationscorehigherthanzeroisshowninFigure
22.Wefindthatall“Informationstorageandprocessing”categorieshaveahigherlevelofexpression
contextconservationthanall“Metabolism”categories.Withinthe“Cellularprocessesandsignaling”
class,which liesbetweenthe twoextremes,wealsofindthecategorieswithmore informational
genestohaveahigherexpressioncontextconservationthanthosecontainingoperationalgenes.
“Nuclearstructure”(Y)forexamplehasalargefractionofgeneswithahighlyconservedexpression
context, while “Cell wall/membrane/envelope biogenesis” (M) and “Extracellular structures” (W)
havealowexpressioncontextconservation.Theseresultsareinaccordancewithotherstudies:the
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conservation of co-expression has previously been shown to be high for genes involved in core
informational cellular processes (specifically the ribosome and ribosome biogenesis (Stuart et al.
2003),aswellastheGObiologicalprocesscategory“Metabolism”,whichharborsproteinbiosynthesis
(Lefebvreetal.2005)).Informationalgenesarealsofoundtobemoreconservedthanoperational
geneswithrespecttootherproperties,e.g.theyhavebeenshowntobelesspronetohorizontal
genetransfer(Dutilhetal.2004;Jainetal.1999).

D M N O T U V W Y Z C E F G H I P Q R S XA B J K L

0.8

0.6

0.4

0.2

0

Cellularprocessesandsignaling Informationstorage
andprocessing

Metabolism Poorly
characterized

fr
ac

tio
n

Figure22.Functionalclassificationof1-1orthologswithaconservedexpressioncontext(scorehigherthanzero).From
allspeciespairs,all1-1orthologsthatcouldbeassignedtoaKOGwereincluded.Thecategoriesaregroupedinthe
fourmainKOGclasses.Thehorizontaldashedlinesarethefractionofgeneswithaconservedexpressioncontextfor
theentireclass.Thefunctionalcategoriesare(thenumberbetweenbracketsisthenumberofgeneswithaconserved
expressioncontext):“Cellularprocessesandsignaling”(D:Cellcyclecontrol,celldivision,chromosomepartitioning
(n=442), M: Cell wall/membrane/envelope biogenesis (n=73), N: Cell motility (n=23), O: Posttranslational
modification,proteinturnover,chaperones(n=1330),T:Signaltransductionmechanisms(n=1151),U:Intracellular
trafficking, secretion, and vesicular transport (n=953),V: Defense mechanisms (n=67),W: Extracellular structures
(n=111),Y:Nuclearstructure(n=96),andZ:Cytoskeleton(n=378)),“Informationstorageandprocessing”(A:RNA
processing and modification (n=823), B: Chromatin structure and dynamics (n=244), J: Translation, ribosomal
structureandbiogenesis(n=1153),K:Transcription(n=985),andL:Replication,recombinationandrepair(n=545)),
“Metabolism”(C:Energyproductionandconversion(n=486),E:Aminoacidtransportandmetabolism(n=367),F:
Nucleotidetransportandmetabolism(n=205),G:Carbohydratetransportandmetabolism(n=452),H:Coenzyme
transport and metabolism (n=131), I: Lipid transport and metabolism (n=383), P: Inorganic ion transport and
metabolism (n=228), and Q: Secondary metabolites biosynthesis, transport and catabolism (n=71)) and“Poorly
characterized”(R:Generalfunctionpredictiononly(n=1716),S:Functionunknown(n=912),andX:Notcategorized
byNCBIstaff(n=2))(Kooninetal.2004).

Differential expression context conservation between in-paralogs
OurpreviousworksuggeststhatinanX-Xorthologousgroup,theancestralexpressioncontextmay
havebeenretainedbyoneofthein-paralogsineachofthespecies(Sneletal.2004),possiblybecause
theyarefunctionallythemostconserved.Wethereforesub-classifyeachX-Xorthologousgroupinto
thegenepairthathasthehighestexpressioncontextconservationwithinthisorthologousgroup
ontheonehand(wewillrefertothisgenepairasthe“mostconservedX-Xorthologousgenepair”),
andontheotherhandtheremaining,“lessconservedX-Xorthologs”(Figure23).
Comparingthedistributionoftheexpressioncontextconservationscoresinthesesub-categoriesof
orthologswiththeotherhistogramsinFigure21revealsthatonlythesetofrandomgenepairsand
thelessconservedX-Xorthologsdonothavesignificantlydifferentdistributions(P=0.172,Student’s
t-test;seeTable8).Theexpressioncontextconservationinthesetwodatasetswaslowest,followed
by,inorder,allX-Xorthologs,the1-1orthologs,andfinallythemostconservedX-Xorthologs(see
Figure 21). All the other pairs of distributions are highly significantly different from one another
(P�3.55·10-21,seeTable8).

A global definition of expression context is conserved between 
orthologs, but does not correlate with sequence conservation
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Figure 23. Example of an X-X orthologous group between C.elegans and S.cerevisiae.This X-X orthologous group
(KOG0054: Multidrug resistance-associated protein/mitoxantrone resistance protein, ABC superfamily) has three
genesinC.elegansandtwogenesinS.cerevisiae.Theexpressioncontextconservationscoresaregiveninthetable.
Thegenepairwiththehighestscoreisthe“mostconservedX-Xorthologousgenepair”(yellow),therestarethe“less
conservedX-Xorthologs”(blue).

Correlation of sequence identity and expression context 
conservation between orthologous groups

Tofindouthowtheconservationofexpressioncontext(seeFigure21)isreflectedinthesequence
conservation,wefirstanalyzedhowthesequencedivergencebetweenorthologousgroupsrelates
tothedivergenceinexpressioncontextinanorthologousgenepairafterspeciation.Toavoidhaving
tomakeapotentiallycontroversialchoiceonhowto functionallyandevolutionary interpret the
multipleorthologousrelationshipsinX-Xorthologousgroups(Sneletal.2004),weonlyusedthe
1-1orthologsforthiscomparison.Thesegenepairsoriginatedatthespeciationevent,sotheyhave
allhadthesameamountoftimetodiverge.Table9presentsthecorrelationcoefficientsbetween
expressioncontextconservationandsequenceidentityofthe1-1orthologsforallspeciespairs.

Table9.Correlationbetweensequenceidentityandexpressioncontextconservationfor1-1orthologsbetweenall
speciespairs.Pistheprobabilitythatthedatasetisasampledrawnfromadistributionwithcorrelationcoefficient
zero.

species A species B correlation P
C.elegans D.melanogaster 0.077 8.41·10-4

C.elegans H.sapiens 0.060 4.49·10-3

C.elegans S.cerevisiae 0.121 5.14·10-6

D.melanogaster H.sapiens 0.092 6.27·10-5

D.melanogaster S.cerevisiae 0.050 9.01·10-2

H.sapiens S.cerevisiae 0.061 1.46·10-2

Thoughthecorrelationcoefficientsaresignificantlypositive (P<0.05forallspeciescomparisons
exceptDM-SC,whereP=0.09), theyarevery low(seeTable9). Inthisanalysisof therelationship
between expression context conservation and sequence identity across orthologous groups, we
concludethattheevolutionrateofthegenesequencedoesnotdependonitsexpressioncontext.
Atrendthatweseemtoobserveisthatthecorrelationbetweensequenceevolutionandexpression
contextevolutionreflectsthepredictivespanoftheexpressiondata.InFigures2d-fofthepaper
by Stuart et al.(2003), the accuracy-coverage plots of D.melanogaster and H.sapiens are always
lowerthanthoseofC.elegansandS.cerevisiae.Inourresults,wealsoobservethehighestcorrelation
betweenexpressioncontextconservationandsequenceidentityforthe1-1orthologsofS.cerevisiae
andC.elegans,ratherthanfortwocloserrelatedMetazoa.Thussomeofthevariationinourresults
reflectthequalityofthemicroarraydataforfunctionprediction.

Correlation of sequence identity and expression context 
conservation between orthologs after a single gene duplication

The simplest case where we can study the divergence of duplicated genes within orthologous
groups is for 1-2 orthologs, where one gene duplication occurred in one of the two daughter
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speciessincethespeciationevent.Wecarryoutastraightforwardanalysisbycountinghowoften
thegenewiththehighestexpressioncontextconservationalsohasthehighestsequenceidentity.
Figure24showstheconsistencyofsequenceevolutionwithexpressioncontextevolutioninthe1-2
orthologousgroups.
Itisimmediatelystrikinghowlittledifferencethereisbetweentheobservedconsistentandobserved
inconsistentbarsinFigure24.Forallspeciescomparisons,thereisnosignificantover-representation
ofconsistentobservations,apartforafewexceptions(CE1-HS2orthologs(i.e.1orthologinC.elegans
and2orthologsinH.sapiens,otherabbreviationsarecomposedsimilarly)andHS1-SC2orthologs;
P<0.05,binomialdistribution).Ingeneral,allthePvaluesareveryhigh,sothisanalysisshowsthat
for1-2orthologs,theexpressioncontextisnotbetterconservedintheorthologwiththehighest
sequenceidentity.
Giventhelargeoverlapbetweentheexpressioncontextconservationscoresofthemostconserved
X-XorthologousgenepairandthelessconservedX-Xorthologs(seeFigure21),asubstantialfraction
of inconsistent cases is expected based on this overlap alone. We therefore examined whether
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Figure 24. Consistency of sequence divergence with divergence in expression context for simple duplications.
Consistencyorinconsistencyofsequencedivergencewithdivergenceinexpressioncontextfororthologousgroups
withasinglegeneduplication(1-2orthologs).Wedisplayboththeobservedfrequencies(plottedarethenumber
of 1-2 orthologous groups; Pis the probability to find at least this number of consistent observations by chance,
binomial distribution) and the maximum consistent and minimum inconsistent frequencies expected (horizontal
edgeofthetriangles),basedonacompletelyconsistentre-allocationoftheexpressioncontextconservationscores
fromtheoverlappingdistributions(seeMethods).

thesmalldifferencesbetweentheobservedconsistentandinconsistentfrequencies inFigure24
resultedfromthisoverlap.Todothis,wesplittheexpressioncontextconservationscoresofall1-2
orthologous groups into two data sets: one containing the highest (most conserved) expression
contextconservationscores,theothercontainingthelower(lessconserved)scores.Wecomputed
theexpectedmaximumconsistentandminimuminconsistentobservationsbydrawingfromthese
datasetsconsistentlywiththesequenceconservation(seeMethods).ThetrianglesinFigure24show
thatmanymoreconsistentobservationsareexpectedifthedatawasinitiallyorganizedconsistently,
evenwhenthedistributionsofthemostconservedandthelessconservedX-Xorthologshavesuch
alargeoverlap.
Inthisanalysis,weobservedthatthedifferenceinsequenceidentityforthetwoduplicatedgenes
wasoftensmall.Thismayinpartbeduetothefactthatwecompareevolutionarilydivergentspecies,
where the differences between in-paralogs (within species) are small relative to the differences
betweenorthologs(betweenspecies).Tobeabletocomparetherateofsequenceevolutionmore
accurately, we studied in detail the CE1-SC2 orthologous groups, and included the genome of
Ashbyagossypii,afunguscloselyrelatedtoS.cerevisiae.WherewefoundanAG1-SC2orthologous
groupconsistingofthesametwoS.cerevisiaegenesasintheaccompanyingCE1-SC2orthologous
group,wecalculatedtheK

a
/K

s
 ratiobetweenbothgenepairs intheAG1-SC2orthologousgroup

todeterminetherateofevolutionforbothS.cerevisiaegenes.Theratioofnonsynonymous(K
a
)to

A global definition of expression context is conserved between 
orthologs, but does not correlate with sequence conservation
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synonymous(K
s
)nucleotidesubstitutionratesisanindicatorofselectivepressuresongenes(Hurst

2002):aratiohigherthanoneindicatesgenesthatareunderpositiveselectionpressuretochange
theirsequence,aratiolowerthanoneindicatesstabilizingselection.Wefoundthattheexpression
contextwasconservedfortheslowestevolvingS.cerevisiaegeneinnomorethan50%ofthecases.
These results confirm that gene sequence and expression context evolve independently after a
geneduplicationin1-2orthologousgroups.

Diverged expression contexts in the two β-subunits of the Nascent 
polypeptide-Associated Complex in S. cerevisiae

Asanexample,wehavelookedindetailatapairofin-paralogsinS.cerevisiaewithalargedifference
in expression context conservation:β

1
NAC (EGD1) andβ

3
NAC (BTT1).This example was selected

because the in-paralogs in S.cerevisiae have an especially large difference in expression context
conservation relative to C.elegans (for this species pair, the microarray data had the highest
predictiverelevanceofallourspeciescomparisons;seeparagraph“Correlationofsequenceidentity
andexpressioncontextconservationbetweenorthologousgroups”andFigures2d-fin(Stuartet
al.2003)). Ingeneral,oneshouldbealertwheninterpretingmicroarraydataforaparticulargene.
For example, its spot may not hybridize well and the level of expression, co-expression or even
expressioncontextofthegenewillbecorrespondinglyinfluenced.Wethereforecheckedthesetwo
genesandfoundthattheybehavenormally:thefractionofexperimentswheretheyareover-and
under-expressediscomparabletothatofaveragegenes(notshown).
The β-subunit of the Nascent polypeptide-Associated Complex (βNAC) is represented by two
copies in S.cerevisiae:β

1
NAC (EGD1) andβ

3
NAC (BTT1) (Hu and Ronne 1994; Rospert et al. 2002).

Otherspecieshaveonlyonecopyofthisgene:icd-1inC.elegans,bicinD.melanogasterandBTF3
inH.sapiens.ComparingtheexpressioncontextofeachofthesethreegenestothetwoS.cerevisiae
genesrevealedthatforallspeciescomparisons,theexpressioncontextofEGD1washighlyconserved,
whiletheexpressioncontextofBTT1haddiverged(seeTable10).Comparedtoicd-1inC.elegans,
the expression context correlation of BTT1 was even negative.When we compare the sequence
identityofthetwogeneswiththeirsingleorthologsintheotherthreespeciesinthisstudy,wefind
indeedthatBTT1ismoredivergedthanEGD1inallcases(seeTable10),i.e.sequencedivergenceand
expressioncontextdivergencearecompletelyconsistent.

Table10.Sequence identityandexpressioncontextconservationof thetwoβNAC in-paralogs inS.cerevisiae.The
β-subunitof theNascentpolypeptide-AssociatedComplexhastwoorthologs inS.cerevisiae:EnhancedGal4DNA
bindingprotein1(EGD1,β

1
NAC)andBasicTranscriptionfactorThree1(BTT1,β

3
NAC).Thethreeotherspeciesinthis

analysishaveonlyoneortholog: inhibitorofcelldeath1 (icd-1 in C.elegans),bicaudal (bic inD.melanogaster)and
BasicTranscriptionFactor3(BTF3inH.sapiens).

C. elegans
icd-1

D. melanogaster
bic

H. sapiens
BTF3

S.cerevisiaeEGD1 identity 0.385 0.350 0.375
S.cerevisiaeEGD1 exp.cont. 0.302 0.203 0.199
S.cerevisiaeBTT1 identity 0.300 0.305 0.340
S.cerevisiaeBTT1 exp.cont. -0.205 -0.092 0.006

Thefunctionofthesetwogenecopiesremainsunclear.Sofar,theonlydifferenceinfunctionfound
for these two genes comes from deletion experiments. Disruption of either of the S.cerevisiae
βNACcopiesyieldedviablestrains,thatdifferonlyinthelevelofGAL1andGAL10inductionafter
transmissiontoamediumcontaininggalactoseinsteadofglucose(HuandRonne1994).Thecross
breddoublenegativeβNACmutantshowedanincreaseintheexpressionofseveralgenes,including
theGALgenes.HuandRonne(1994)suggestedthatEGD1andBTT1havearedundantfunction,but
basedonthedivergedexpressioncontext,itislikelythatthetwogenesareexpressedunderhighly
divergent cellular circumstances. Given the consistent hints from the differential conservation of
boththeexpressioncontextandtheproteinsequence,wepredictthatEGD1isthetrueorthologof
icd-1,bicandBTF3.
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Correlation of sequence identity and expression context 
conservation within orthologous groups after multiple gene 
duplications

Wealsocomparedsequenceconservationwithexpressioncontextconservationinmoreexpanded
X-Xorthologousgroups,i.e.allorthologousgroupswithfourormoregenesintwospecies.Here,we
consideredsequenceidentityandexpressioncontextconservationconsistentiftheyarepositively
correlatedoverallthegenepairswithinanX-Xorthologousgroup,andinconsistentwhentheyare
negativelycorrelated(notethatcarryingoutthisanalysisonthe1-2orthologswouldgivethesame
resultsasintheparagraph“Correlationofsequenceidentityandexpressioncontextconservation
betweenorthologsafterasinglegeneduplication”).
Figure 25 shows that these results and the results of the analysis of simple duplications (Figure
24) are very comparable. In almost all species comparisons, there is no significant difference
betweenthenumberofconsistentandinconsistentobservations(P<0.05,binomialdistribution,
exceptCE-HSorthologswhereP=0.018).ThepredominantlyinconsistentX-Xorthologousgroups
betweenD.melanogasterandH.sapiensmaybetheresultofthelowerpredictiverelevanceofthe
expressiondatainthesespecies(asmentionedintheparagraph“Correlationofsequenceidentity
andexpressioncontextconservationbetweenorthologousgroups”).
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Figure 25. Consistency of sequence divergence with divergence in expression context for expanded orthologous
groups. Consistency (positive correlation) or inconsistency (negative correlation) of sequence divergence with
divergenceinexpressioncontextforallexpandedorthologousgroups(X-Xorthologs,except1-2orthologs).Plotted
frequenciesarethenumberofX-Xorthologousgroupswithapositiveandnegativecorrelation.Pistheprobabilityto
findatleastthisnumberofpositivelycorrelatedobservationsbychance(binomialdistribution).

IfinbothspeciesthemostconservedX-Xorthologsaretheonlytwogeneswithaselectiveconstraint
tomaintaintheancestralfunction,thelessconservedX-Xorthologsmaydivergerandomly.Thus,
it is possible that the negative correlation between sequence identity and expression context
conservation in the whole X-X orthologous group arose by chance. For those X-X orthologous
groupswithanegativecorrelation,wethereforecheckediftherewasonegenepairthatharbored
boththehighestexpressioncontextconservationandthehighestsequenceidentity.However,this
wasthecaseforonly10%oftheseinconsistentX-Xorthologousgroups,sowemustconcludethat
theirnegativecorrelationbetweensequenceidentityandexpressioncontextconservationisnotthe
resultofoneoftheX-Xorthologousgenepairsbeingconserved,andtherestofthegenesdiverging
randomly.Rather,theconclusionisthatasin1-2orthologs,thesequenceandtheexpressioncontext
alsoevolveindependentlyinother,moreexpandedX-Xorthologousgroups.

Conclusions
In this paper, we introduce a global definition of expression context based on gene expression
data.Asequivalenttissuesorexperimentscannotbeassignedbetweendistantlyrelatedspecies,
our method uses orthologous genes to define convertible expression contexts between species.

A global definition of expression context is conserved between 
orthologs, but does not correlate with sequence conservation
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Werepresenttheexpressioncontextofaquerygeneastheco-expressionprofilewitharangeof
genes,ratherthanastheexpressionprofileacrosscorrespondingexperimentalconditions.Though
themicroarrayswerecarriedoutunderhighlydivergentconditionsinthefourEukaryotesinthis
study(seeFigure1bin(Stuartetal.2003)),theexpressioncontextofonegeneisbasedonmany
expression correlation values, each of which in turn integrates a large collection of experiments.
Totestthecoverageandhomogeneityoftheexperimentaldatasets,wecalculatedtheexpression
correlationvaluesofallgenepairsseparatelyovertworandomhalvesofthemicroarrayexperiments.
In D.melanogaster (r=0.91) and S.cerevisiae (r=0.79), these scores were highly correlated (the
correlation was not calculated for C.elegans and H.sapiens as these data sets were very large).
Thus,wedonotexpectbiasesinthemicroarrayexperimentalconditionstoseverelyinfluencethe
correlationsinexpressioncontext.Applicationofourmethodrevealsthattheexpressioncontextis
conservedbetweenorthologsacrossallspeciespairs,thoughX-Xorthologsarelesswellconserved
than1-1orthologs(seeFigure21).Wealsofindthat informationalgeneshaveamoreconserved
expressioncontextthanoperationalgenes(seeFigure23).Takentogether,theseresultsshowthat
theexpressioncontextpresentedhereisameaningfulmeasureoftheglobalexpressioncontextof
agene.
Using this method, we analyzed the correlation between the rates of evolution of the protein
sequenceandoftheexpressioncontext.Acorrelationmightbeexpectediftheselectiveconstraints
on sequence and expression context were linked. In a comparison between all unexpanded
orthologousgroups,wefindthatthiscorrelationisvery low(seeTable9).Thisanalysiscompares
genesthathavebranchedapartatthespeciationevent,whichmeansalldifferencesinsequence
conservationorexpressioncontextconservationareduetoorthologousgroupspecificevolution
rates. Because of the wide range of functions carried out by the different orthologous groups, it
is likely that there are also differences in the evolution rates between orthologous groups. To
eliminatethepossible resultingbiases in thecomparisonbetweenorthologousgroups,wehave
alsocomparedtheratesofsequenceandexpressioncontextevolutionwithinorthologousgroups,
i.e.afterone(1-2orthologousgroups)ormultiple(X-Xorthologousgroups)geneduplicationevents.
Intheseanalyses,notallgenesinonecomparisonhaveoriginatedatthesametime,butbiasesdue
toorthologousgroupspecificevolutionratesareabsent.Still,theconclusionsarethesameasinthe
comparisonbetweenorthologousgroups.For1-2orthologsaswellasfortheotherX-Xorthologs,
thecaseswheresequenceidentityandexpressioncontextconservationwerecorrelatedwerenot
significantlyover-represented(seeFigure24andFigure25).Theonlyspeciespairwithsignificantly
moreconsistentobservationsinbothanalyseswasC.elegansandH.sapiens,thoughonlytheCE1-HS2
andnottheHS1-CE2orthologswereconsistent.Comparingthetypesofmicroarrayexperiments
carriedoutinthesetwospeciesshowsthatthereislittleoverlap(Stuartetal.2003).Nonetheless,
thesespeciesarealmosttheonlypairwithasignificantover-representationofconsistencybetween
sequenceidentityandexpressioncontextconservation.
Themethodsemployedinthisresearchshowthattheexpressioncontextisconservedinorthologs
betweenspecies.Sequenceidentityandexpressioncontextconservationarenotcorrelatedafter
geneduplication.Thus,annotationofdifferentexpressioncontextstoorthologscannotbebased
onsequencesimilarityalone.
Many of the expression correlations that compose the expression context may be irrelevant.
Accordingtotheglobaldefinitionofexpressioncontextintroducedhere,theexpressioncorrelation
scoresofall1-1orthologsinthegenomeaddtotheexpressioncontext.Asfewgeneswillpossess
afunctionalnetworkcontainingall1-1orthologs,manyco-expressionvaluesinthevectordefining
theexpressioncontextmaybe irrelevant.Asanalternative,wehavethereforealsoperformedall
analyses presented in this research using another method, that defined the expression context
conservation as the number of overlapping orthologous groups in the top100 co-expressed
1-1 orthologs between two genes. In other words, this method counts how many of the highly
co-expressed1-1orthologsaresharedbetweentwogenes.Qualitatively, the results foundusing
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thisalternativemethodwereidentical,indicatingarobustnessoftheresultstodifferentdefinitions
ofexpressioncontext.
Previously,wehaveshownthatafterageneduplication,oneofthein-paralogshasatendencyto
keep the ancestral regulatory interaction, while this link is lost in the other (Snel et al. 2004).We
could not find evidence for such partial conservation using the global definitions of functional
conservation introduced here. In other words, although reliably predicted co-regulatory links are
asymmetricallyconservedaftergeneduplication,theco-expressionofin-paralogsremainssimilar
fromaglobalpointofview.Thiscanbeexplained if thedivergence(whichweobservestudying
pairwise links) indicates sub-functionalization, while the in-paralogs remain within in the same
cellularprocess(resultinginasimilarglobalexpressioncontext).

Methods
Data

The expression correlation of more than 326 million gene pairs over a large number of DNA
microarraysinC.elegans,D.melanogaster,H.sapiensandS.cerevisiae(Stuartetal.2003)wascalculated
usinguncenteredcorrelation(seeFigure20a).Weusedthisdatasetasis,becauseitisthelargest
uniformcollectionofgeneexpressiondataavailableforEukaryotes.Thegenomesweredownloaded
fromWormbaseforC.elegans(Chenetal.2005),FlybaseforD.melanogaster(Drysdaleetal.2005),
RefseqforH.sapiens (Pruittetal.2005)andtheSaccharomycesGenomeDatabaseforS.cerevisiae
(Christieetal.2004).ThegenomeofA.gossypiiwasdownloadedfromtheAshbyaGenomeDatabase
(Dietrichetal.2004).

Similarity and orthology
WesearchedthegenomesforhomologsusingtheSmith-WatermanPalgorithm(SmithandWaterman
1981) on a TimeLogic DeCypher in all query-database combinations (matrix: Blosum62; e-value
cutoff:100).Inthecaseofspuriousasymmetriesinthesimilaritysearch(e.g.twosequencesgiving
differentalignmentsdependingonwhichwasthequery),theresultsaretheaverageoftwovalues,
includingbothreciprocalexperiments.Inparanoid(Remmetal.2001)wasrunonthesearchresults
(defaultparameters;scorecutoff:50;outgroupcutoff:50;sequenceoverlapcutoff:0.5;confidence
cutoff:0.05;groupoverlapcutoff:0.5;grayzone:0).Weonlyincludedgenesintheorthologyanalysis
ifmicroarraydatawasavailable.Foreachpairofspecies,the1-1orthologousgroups(oneortholog
ineachspecies,seeTable7)wereusedtodefinetheexpressioncontextofagene(seebelowand
Figure20).Therestoftheorthologousgroupswereconsideredgeneexpansions(X-Xorthologous
groups,withmorethanoneorthologinatleastoneofthespecies).Thereareabouttwiceasmany
1-1orthologsasthereareX-Xorthologousgroups(seeTable7).

Expression context
Theexpressioncontextofagenewasestimatedusingtheco-expressionvalueswiththeothergenes
inthegenome.Tobeabletomakeanunambiguouscomparisonbetweentwospecies,weonlyused
theco-expressionvalueswiththe1-1orthologs(seeFigure20b).Weonlyincluded1-1orthologsin
thelistifwehadco-expressiondataavailableinbothspecies.Theexpressioncontextconservation
between two genes is defined as Pearson’s correlation coefficient between the two vectors with
co-expressionvalueswiththe1-1orthologs.
The expected level of consistency between the sequence identity and the expression context
conservation in a completely consistent set of 1-2 orthologs was calculated by separating the
expressioncontextconservationscoresintotwodatasets.Onecontainedthehighestexpression
contextcorrelationscoreineach1-2orthologousgroup(mostconserved1-2orthologs,cf.Figure
23),theothercontainedthelowerscores(lessconserved1-2orthologs).Wethenrandomlyassigned
thevalues fromthehigh,mostconserveddatasettothe1-2orthologouspairswiththehighest

A global definition of expression context is conserved between 
orthologs, but does not correlate with sequence conservation
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sequenceidentity,andthevaluesfromthelow,lessconserveddatasettothe1-2orthologouspairs
withthelowestsequenceidentity,andcountedtheconsistentcases.Thus,allorthologousgroups
wereconsistentinprinciple,andinconsistentobservationscanresultonlyfromtheoverlapofthe
distributions of the expression context conservation scores (cf. Figure 21). The numbers found
(trianglesinFigure24)arethusthemaximumexpectednumberofconsistentobservationsandthe
minimumexpectednumberofinconsistentobservationsifthedatawouldhavebeencompletely
consistent,giventheoverlappingdistributions.

KOG classification
ThelistofKOGs(euKaryoticclustersofOrthologousGroupsofproteins)withassignedgeneswas
downloadedfromtheCOGwebsite(Kooninetal.2004).

Ka/Ks ratio
The K

a
/K

s
 ratio was calculated using the kaks function of the seqinr package of the R Project for

StatisticalComputing(www.r-project.org).Thisfunctionmakesanunbiasedestimateoftheratioof
nonsynonymous(K

a
)tosynonymous(K

s
)nucleotidesubstitutionforasetofalignedsequences(Li

1993).
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Discussion
Inthisthesis,Ihaveinvestigatedwholegenomedatatolearnaboutevolution.Themanygenomes
that have been sequenced in recent years allow us to analyse and compare the complete
genetic basis of living organisms, and the opportunities that data of this breadth present are
unprecedented.Inthepastfewyears,Ihavebeendevelopingandusingseveralmethodstoanalyze
aspectsofevolution,thatdependontheavailabilityofcompletegenomes.QuestionsthatIhave
beenaddressingincludethefollowing:whataretheevolutionaryrelationshipsbetweenspecies?
Howcanwebestusecompletegenomedatatoinfertheserelationships(chapter“Assessmentof
phylogenomic and orthology approaches for phylogenetic inference”)?What is the influence of
evolutionarilydiscordantprocesses,suchashorizontalgenetransfer,ontherelationshipsbetween
thegenecontentsofrelatedorganisms(chapter“TheConsistentPhylogeneticSignal inGenome
Trees Revealed by Reducing the Impact of Noise”)? Can gene content be used to taxonomically
identify incomplete genomes or environmental sequencing data (chapter“Signature genes as a
phylogenomictool”)?And,comparingthefunctionsofgenesbetweenspecies:doestheexpression
contextofapairoforthologousgenescorrelatewiththeirsequencesimilarity(chapter“Aglobal
definition of expression context is conserved between orthologs, but does not correlate with
sequenceconservation”)?
Whiledevelopingapproachestoanswerthesequestions,Icameacrossavarietyofinterestingside
results,butIalsoidentifiednewopenquestions.OneoftheresultsIkeptfindingwastheevolutionary
stabilityofinformationalgenesrelativetometabolicgenes.Thishasbeenhypothesizedtoreflect
the more frequent occurrence of informational genes in complexes, whereas metabolic genes
supposedlytendtofunctionalone(Jainetal.1999).Anotherresultthatjumpsoutofthedatatime
andagainistheconsistencyofthetreeoflife.Itdoesnotmatterwhereyoulook,theevolutionary
signal keeps presenting itself: not only the gene sequence, but also gene content is more alike
betweencloselyrelatedspeciesthanbetweendistantrelatives.However,aquestionthatiswinning
moreandmoreconcernishowtheseevolutionaryrelationshipsshouldbeinterpreted.

Figure26.Left:“theaffinitiesofallthebeingsofthesameclasshavesometimesbeenrepresentedbyagreattree.The
greenandbuddingtwigsmayrepresentexistingspecies;andthoseproducedduringformeryearsmayrepresent
the longsuccessionofextinctspecies” (Figure inDarwin1859).Right:a reticulatedtree,ornet,whichmightmore
appropriatelyrepresentlife’shistory(Figure3inDoolittle1999a).

Since Darwin’s insightful depiction of his idea about the tree-like structure of evolution (Figure
26,left;Darwin1859),thedogmahasbeenthatevolutionisbyandlargeaverticalprocess.More
recently,however,Doolittlepointedoutthatespeciallyforprokaryotes,atreemaybeinsufficient
toillustratethecomplexevolutionarypathsthatledtothecurrent-daygenomes(Figure26,right;
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Doolittle1999a).Doesthediversityoftreesinthephylome(i.e.thecollectionofallgenephylogenies)
reflectnoiseandbiasesinthephylogeneticsignalthathavebeenaccumulatinglikedustoverthe
ages?Orarethemethodsforphylogeneticinferenceaccurateenough,anddoallthesegeneshave
trulydifferentancestries?Inthatcase,aspeciestreewouldbeaninadequaterepresentationofthe
evolutionary relationships between species, and one might imagine that a cobweb might more
accuratelycapturetheirinterconnections(Geetal.2005).Personally,Icouldagreethatatreemay
fallshortasarepresentationoftheevolutionaryrelationshipsbetweengenomes,butatthesame
time,describingaspeciesasitsentiregenomecanbluryourvision.Tocharacterizeaspecies,Ithink
oneshouldlookatitscore,theessenceofthespecies,anddisregardconfusingnoisethatobscures
itsevolutionaryhistory(chapter“TheConsistentPhylogeneticSignalinGenomeTreesRevealedby
ReducingtheImpactofNoise”).Thismayalsobepartofthereasonthatgenecontentphylogenies,
thatarebasedontheentiregenome,arelessreliablethansequencesimilarity-basedphylogenomic
trees,thatallowacarefulselectionofthemeaningfulsequencesandcharacters(chapter“Assessment
ofphylogenomicandorthologyapproachesforphylogeneticinference”).
Another type of data that has become available on a large scale are expression data. Gene
expressionpersecanhardlybecomparedbetweenspecies,asthisrequirescompletelyharmonized
experimentalconditions,anditisexpectedtoevolveveryfast.However,theco-expressionoftwo
genesdoescontainasignal(vanNoortetal.2003),albeitafunctionalandnotaphylogeneticsignal,
and this also has a lot to do with the experimental quality of the expression data.To be able to
comparethefunctionalcontextofgenesindistantlyrelatedspecies,wedevelopedtheexpression
context,whichreliesonthecompletenessofthegenomesequence,aswellasontheavailability
ofgenome-wideexpressionexperiments,whichthusfarareonlyavailableforasmallselectionof
speciesthataredistantlyrelated.
Thevalueandstatisticalsignificanceofcompletegenome-basedanalysesincreaseasthenumberof
sequencedgenomesgrows.Butwiththehundredsofgenomesthataresequencedthroughoutall
thetaxainthetreeoflife,therearealsocompletelynovelopportunitiesthatpresentthemselves.In
thechapter“Signaturegenesasaphylogenomictool”,Ihavecombinedthegenecontentinformation
fromspeciesinmanytaxa,andforeachtaxonidentifiedsignaturegenesthatcharacterizethatclade.
Asthesegenesremainconfinedtoasingletaxon,theyevolveslowlyatthegenecontentlevel,and
maythushaveretainedbettertheevolutionarysignalthanhavetheremaininggenesinthegenome
(thisisinaccordancewiththeresultsfoundinthechapter“TheConsistentPhylogeneticSignalin
GenomeTreesRevealedbyReducingtheImpactofNoise”).Ishowthatsignaturegenesareauseful
tool for the taxonomic characterization of a sequenced sample, for example an environmental
sample.
One of the questions that could still be addressed is whether the signature genes, that are
evolutionarilystableatthegenecontentlevel,arealsomorestableatthesequencelevel.Ifthatis
thecase,thenusingthesignaturegenesweidentifiedatarangeoflevelsinthetreeoflife,wecould
improvetheresolutionandreliabilityofasequencesimilarity-basedtree.Theevolutionarysignalin
eachsignaturecouldbeusedtoresolvethebranchingorderinitsspecificclade,whichIexpectwill
yieldahighlyaccuratephylogeny.
Furthermore,thesignatureapproachcouldbeexpandedtoincludeothertaxon-specificproperties
as well. Recently, large-scale sequencing projects have entered a new era with the cheap 454
technique that yields enormous amounts of relatively short pieces of sequence (Margulies et al.
2005).Astheyaresoshort,thesefragmentsaremoredifficulttoassemble,butIexpectthattheycan
stillcontainenoughsignaltocharacterizethespeciescompositioninthesampleusingtheirtaxon
specificity.
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Appendices
Supplemental material for “Assessment of 
phylogenomic and orthology approaches for 
phylogenetic inference”

Literature support for fungal phylogeny

Table11.Resolvedtopologicalfeaturesofthefungaltaxonomy(seealsoFigure11).

node description refs that support this node refs that contradict this node
Sce,Spa (Delsucetal.2005;Jeffroyetal.2006;Kuramaeetal.2006;

Rokasetal.2003) (Kurtzman2003)

Cal,Dha
(fungal.genome.duke.edu;Diezmannetal.2004;Jamesetal.
2006;Kuramaeetal.2006;Lopandicetal.2005;Prillingeretal.
2002)

(Tehleretal.2003),NCBItaxonomy
(Wheeleretal.2002)

Hypocreales (fungal.genome.duke.edu;Robbertseetal.2006),NCBI
taxonomy(Wheeleretal.2002)

Mgr,Ncr (fungal.genome.duke.edu;Kuramaeetal.2006;Robbertseetal.
2006;Tehleretal.2003)

Eurotiomycetes
(fungal.genome.duke.edu;Diezmannetal.2004;Jamesetal.
2006;Robbertseetal.2006;Tehleretal.2003),NCBItaxonomy
(Wheeleretal.2002)

Hymenomycetes
(fungal.genome.duke.edu;Jamesetal.2006;Kuramaeetal.
2006;Lutzonietal.2004;Tehleretal.2003),NCBItaxonomy
(Wheeleretal.2002)

Sce,Smi,Spa (fungal.genome.duke.edu;Delsucetal.2005;Jeffroyetal.2006;
Kuramaeetal.2006;Kurtzman2003;Rokasetal.2003)

Basidiomycota
(fungal.genome.duke.edu;Jamesetal.2006;Kuramaeetal.
2006;Lutzonietal.2004;Medina2005;Prillingeretal.2002;
Tehleretal.2003),NCBItaxonomy(Wheeleretal.2002)

Sce,Sku,Smi,Spa (fungal.genome.duke.edu;Delsucetal.2005;Jeffroyetal.2006;
Kuramaeetal.2006;Kurtzman2003;Rokasetal.2003)

Ago,Kla,Kwa,Skl (Diezmannetal.2004;Jamesetal.2006;Jeffroyetal.2006;
Kuramaeetal.2006;Tehleretal.2003)

(Kurtzman2003),NCBItaxonomy
(Wheeleretal.2002)

Sordariomycetes
(fungal.genome.duke.edu;Jamesetal.2006;Kuramaeetal.
2006;Robbertseetal.2006),NCBItaxonomy(Wheeleretal.
2002)

Saccharomycessensu
stricto

(fungal.genome.duke.edu;Jeffroyetal.2006;Kuramaeetal.
2006;Kurtzman2003;Rokasetal.2003;Tehleretal.2003)

Sba,Sca,Sce,Sku,Smi,
Spa

(Jeffroyetal.2006;Kouvelisetal.2004;Kuramaeetal.2006;
Kurtzman2003;Tehleretal.2003) (Jamesetal.2006)

Cgl,Sba,Sca,Sce,Sku,
Smi,Spa

(fungal.genome.duke.edu;Diezmannetal.2004;Jamesetal.
2006;Jeffroyetal.2006;Kouvelisetal.2004;Kuramaeetal.
2006;Kurtzman2003;Lopandicetal.2005;Prillingeretal.2002;
Tehleretal.2003)

(Tehleretal.2003),NCBItaxonomy
(Wheeleretal.2002)

Euascomycetes

(fungal.genome.duke.edu;Diezmannetal.2004;Jameset
al.2006;Kouvelisetal.2004;Lopandicetal.2005;Lutzoniet
al.2004;Medina2005;Prillingeretal.2002;Robbertseetal.
2006;Tehleretal.2003;Thomaratetal.2004),NCBItaxonomy
(Wheeleretal.2002)

Saccharomycessensu
lato

(fungal.genome.duke.edu;Diezmannetal.2004;Jamesetal.
2006;Jeffroyetal.2006;Kuramaeetal.2006;Prillingeretal.
2002;Robbertseetal.2006;Tehleretal.2003)

Yliprimitivein
Hemiascomycetes

(fungal.genome.duke.edu;Diezmannetal.2004;Jamesetal.
2006;Kouvelisetal.2004;Kuramaeetal.2006;Prillingeretal.
2002;Robbertseetal.2006;Thomaratetal.2004)

Saccharomycessensulato
primitiveinHemiascomycetes
(Tehleretal.2003)

Hemiascomycetes

(fungal.genome.duke.edu;Diezmannetal.2004;Jameset
al.2006;Kouvelisetal.2004;Lopandicetal.2005;Lutzoniet
al.2004;Medina2005;Prillingeretal.2002;Robbertseetal.
2006;Tehleretal.2003;Thomaratetal.2004),NCBItaxonomy
(Wheeleretal.2002)

Ascomycota

(fungal.genome.duke.edu;Jamesetal.2006;Kouvelisetal.
2004;Lutzonietal.2004;Medina2005;Prillingeretal.2002;
Robbertseetal.2006;Tehleretal.2003),NCBItaxonomy
(Wheeleretal.2002)
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Table12.Unresolvedissuesinthefungaltaxonomy(seealsoFigure11).

node description refs that support this node refs that contradict this node

Ago,Kla
(Jamesetal.2006;Jeffroyetal.2006;Kuramaeetal.
2006;Tehleretal.2003),Figure1in(Diezmannetal.
2004)

(Kurtzman2003),Figure2in(Diezmann
etal.2004),NCBItaxonomy(Wheeleret
al.2002)

Ago,Kwa

Ago,Skl Figure2in(Diezmannetal.2004)
(Kurtzman2003;Tehleretal.2003),
Figure1in(Diezmannetal.2004),NCBI
taxonomy(Wheeleretal.2002)

Kla,Kwa NCBItaxonomy(Wheeleretal.2002) (Kurtzman2003;Tehleretal.2003)
Kla,Skl
Kwa,Skl (Jeffroyetal.2006;Kurtzman2003) NCBItaxonomy(Wheeleretal.2002)
Ago,Kla,Kwa
Ago,Kwa,Skl
Ago,Kwa,Skl
Kla,Kwa,Skl
Sordariomycetesprimitive
inEuascomycetes

(fungal.genome.duke.edu;Lopandicetal.2005;Tehler
etal.2003)

(Lumbsch2000;Lumbschetal.2005;
Lutzonietal.2004;Prillingeretal.2002)

Eurotiomycetesprimitive
inEuascomycetes

(Lumbsch2000;Lumbschetal.2005;Lutzonietal.
2004;Prillingeretal.2002)

(fungal.genome.duke.edu;Lopandicet
al.2005;Tehleretal.2003)

Snoprimitivein
Euascomycetes

(fungal.genome.duke.edu;Lopandicet
al.2005;Lumbsch2000;Lumbschetal.
2005;Lutzonietal.2004;Prillingeretal.
2002;Tehleretal.2003)

Hemiascomycetes
primitiveinAscomycota

(Diezmannetal.2004;Prillingeretal.2002;Tehleret
al.2003;Thomaratetal.2004)

(fungal.genome.duke.edu;Berbeeetal.
2000;Kouvelisetal.2004;Kuramaeetal.
2006;Lopandicetal.2005;Lutzonietal.
2004;Medina2005;Sipiczki2000;Vivares
etal.2002)

Euascomycetesprimitive
inAscomycota (Kouvelisetal.2004;Lopandicetal.2005)

(fungal.genome.duke.edu;Berbeeetal.
2000;Diezmannetal.2004;Kuramaeet
al.2006;Lutzonietal.2004;Medina2005;
Prillingeretal.2002;Sipiczki2000;Tehler
etal.2003;Thomaratetal.2004;Vivares
etal.2002)

Archiascomycetes
primitiveinAscomycota

(fungal.genome.duke.edu;Berbeeetal.2000;
Kuramaeetal.2006;Lutzonietal.2004;Medina2005;
Sipiczki2000;Vivaresetal.2002)

(Diezmannetal.2004;Kouvelisetal.
2004;Lopandicetal.2005;Prillingeret
al.2002;Tehleretal.2003;Thomaratet
al.2004)

Orthology approaches
All multiple alignments, orthology relations, phylogenetic trees and phylogenomic trees are
available at www.cmbi.ru.nl/~dutilh/phylogenomics. The Sac. kluyverii gene annotations were
downloaded from www.broad.mit.edu/seq/YeastDuplication/. Similarity scores between all the
proteomeswerecomputedusingtheSmith-WatermanPalgorithm(SmithandWaterman1981)on
aTimeLogicDeCypherinallquery-databasecombinations(matrix:Blosum62;e-valuecutoff:0.01;
low-complexityfilteron).

Pairwise orthology
Todefinepairwiseorthologousgroups,weusedtheprogram Inparanoid (Remmetal.2001).We
detected 1,025,849 pairwise orthologous groups, or“InparanOGs”, between all 325 species pairs
(score cutoff:50; outgroup cutoff:50; sequence overlap cutoff:0.5; confidence cutoff:0.05; group
overlapcutoff:0.5;grayzone:0).

Cluster orthology
To determine cluster orthology, we used a method based on COG (Tatusov et al. 1997).The five
Saccharomycessensustrictospecies(Sba,Sce,Sku,Smi,Spa)werefirstjoinedintooneclade.Then,
in-paralogsweredeterminedwithintheclades(andintheremainingspecies):ifapairofproteins
hadabetterSmith-WatermanPscorethaneitherofthemhadwithanyproteinoutsidetheclade.
Bi-directionalbesthitsweredeterminedbetweengroupsofinparalogs,andtrianglesofbi-directional
besthitswerejoinediftheyshareonebi-directionalbesthit.Thus,weformed8,044trianglebased
cluster orthologous groups or“triOGs”. Alternatively, more inclusive cluster orthologous groups
werebaseddirectlyonthebi-directionalbesthits,simplyjoiningthemiftheyshareagenefroma
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singleinparalogousgroup.Thisapproachyielded10,754pairbasedclusterorthologousgroupsor
“duOGs”.
Unambiguous orthologous groups are a sub-group of the cluster orthologous groups that have
atmostonerepresentativeinanyspecies.Becauseadiploidgenomeassembly(Jonesetal.2004)
orrecent,speciesspecificduplicationsingeneralmaygreatlyreducethenumberofunambiguous
orthologous groups identified (cf. Figure 27), we collapsed all recent duplications identified by
LOFT (van der Heijden et al. submitted) in distance tree-based orthology (see below), retaining
onlythegenewiththeshortestbranchlengthtotheroot.Thus,weobtained8,722unambiguous
duOGs and 6,488 unambiguous triOGs. Among these unambiguous cluster orthologous groups,
thepan-orthologsarethosethatarepresentineveryoneofthespeciesconsidered.Wefound64
pan-duOGsand59pan-triOGs.
WechoseE.cuniculiasanoutgroupbecauseitisthespeciesmostcloselyrelatedtotheFungithat
hasacompletelysequencedgenome(Thomaratetal.2004;Vivaresetal.2002).Asanintracellular
parasite,E.cuniculihasadegeneratedgenome(Katinkaetal.2001).Thus,thischoicewilllikelylimit
the number of pan-orthologs identified. Indeed there are 143 pan-duOGs and 140 pan-triOGs
withoutE.cuniculi.422unambiguousduOGsand412unambiguoustriOGscontainE.cuniculi.

Tree-based orthology
Webuilttree-basedorthologyfromphylogenetictreesthatwereconstructedusingbothdistance
and maximum likelihood. To do this, we first aligned the duOGs and the triOGs using Muscle
3.52 (Edgar 2004b) with default parameters (one exceptionally large duOG was aligned without
refinement,usingthe-maxiters2option).Then,forthephylogeneticdistancetrees,pairwiseprotein
distances were calculated with Tree-Puzzle5.2 (Schmidt et al. 2002) (approximate parameter
estimates; parameter estimation uses neighbor-joining tree; JTT model of substitution; estimate
aminoacidfrequenciesfromdataset;4gammacategories;alpha=1.00(weakrateheterogeneity);
tocalculateproteindistancesinorthologousgroupswithlessthanfoursequences,weaddedeach
sequencetwice).WeusedBio-NJ(Gascuel1997)toreconstructdistancetrees.
Forthephylogeneticmaximumlikelihoodtrees,weusedPhyML(JTTmodelofsubstitution;estimated
proportionofinvariablesites;4substitutionratecategories;gammafixedwithalpha=1.00(Guindon
andGascuel2003)).TwoexceptionallylargeduOGs(831sequencesalignedover2,664positionsand
537sequencesalignedover2,379positions)hadtobediscardedfromfurtheranalysis,aswecould
notreconstructamaximumlikelihoodtreeforthem.
Subsequently,thephylogenetictreeswereanalyzedwithLOFT(vanderHeijdenetal.submitted),
usingtheautorootoption.LOFTdoesnotimposeaphylogenyonthedata,butassignsorthology
relationsinatreebasedonspeciesoverlapbetweenbranches.Theresultswereanalyzedforeach
speciespair,resultinginatotalof858,622distancetree-duOGs,820,007distancetree-triOGs,856,363
likelihoodtree-duOGsand822,570likelihoodtree-triOGsoverthe325speciespairs.Therearemore
InparanOGsthantree-basedorthologousgroupsbecausethelatterarebasedonphylogenetictrees
withat least threespecies,whereas the InparanOGsaredefinedbetweenspeciespairs,andthus
havealargercoverage.
Note that although tree-based orthology is in principle an ideal approach to determine levels
oforthology, itneedstobeoperationalized.Assumethatthephylogeny inFigure27reflectsthe
evolutionaryhistoryofagenefamily.Inthisgenefamily,Sac.cerevisiaeisrepresentedbySce_YOR285W
andSce_YOR286W,andD.hansenii isrepresentedbyDha_DEHA0G24948g. Inspectionofthetree
showsusthatinorthologousgroup1.2,Dha_DEHA0G24948gisorthologoustoSce_YOR286W,but
nottoSce_YOR285W,whichisinorthologousgroup1.1.ThetwoSac.cerevisiaegenesareparalogs
that duplicated before the ancestor of the Saccharomycetaceae. However, the duplication took
place after Y.lipolytica branched off, asYli_YALI0F29667g is in orthologous group1, which is at a
higherleveloforthology.Thus,Yli_YALI0F29667gisequallyorthologoustoboththeSac.cerevisiae
genes.TheotherY.lipolyticagene,Yli_YALI0B01650g,isnotorthologoustoanySac.cerevisiaegene:
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accordingtothisphylogeny,orthologousgroup2was likely lostafterY.lipolyticabranchedoff in
theHemiascomycetes.Astheseexamplesshow,theoperationalizedtree-basedorthologousgroups
looklikepairwiseorthologousgroups.However,tree-basedorthologyismoreaccurate,asitisbased
onaphylogeny,whilesimilarity-basedorthologymethodssuchasInparanoidcomposeorthologous
groupsdirectlyfromthesimilarityscores(Remmetal.2001).
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Figure27.Tree-basedorthology.LOFTanalyzedthephylogeneticdistancetreeofthistriOGtoidentifytheduplication
nodes (vanderHeijdenetal.submitted). Inthehistoryof thisgenefamily, therehavebeenthreeduplications:an
ancientduplication(A),anintermediateduplication(M)andarecentduplication(R;notethattherecentduplication
identified inCan.albicanswas likely the resultof itsdiploidgenomesequence (Jonesetal.2004)).The remaining
nodesarespeciationnodes.ThelevelsoforthologyasidentifiedbyLOFTareshownintheboxestotherightofthe
tree.
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Figure28.Largegenomessharerelativelymanygenes.ForeachofthethreeBasidiomycotaincludedinthisresearch,
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inanytriOG)isindicatedbetweenbracketsfortheBasidiomycota,andonthex-axisfortheAscomycota.Thedrawn
lineisy=c·(√2·x·3889)/(√(x2+38892))(seeEquation3),wherec=0.5(thisscalesthelineintothefigure).

Genome size effect in shared gene content
Because larger genomes can share more genes, we normalize the number of shared OGs in the
gene content approach by dividing by the weighted average genome size (Dutilh et al. 2004;
Korbeletal.2002).EventhoughtherearenoextraordinarilyreducedgenomeswithintheFungi,the
number of shared OGs between the Basidiomycota and the Ascomycota increases and saturates
with increasing ascomycotal genome size (Figure 28). In this respect, fungal genomes seem to
behave like bacterial genomes (Snel et al. 1999).There are two genomes in Figure 28 that stand
out.Thefirst is Sch.pombe,which liesabove thegeneralcurve, sharinga relatively largenumber
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oftriOGswiththeBasidiomycota.ThissuggeststhatSch.pombebelongsatanancestralposition
intheAscomycota.ThesecondorganismisCan.albicans,whichsharesastrikinglylownumberof
triOGswiththeBasidiomycota.Consideringthediploidgenomeofthisorganism(Jonesetal.2004),
itmightbebettertohalvetheestimateoftheCan.albicansgenomesize(onthex-axis)from7,340
toabout3,670genesthatareinatriOG.Indeed,thisoperationwouldplaceCan.albicansneatlyin
linewiththeotherAscomycota.

Phylogenomic approaches
Allmultiplealignments,orthologyrelations,phylogenetictreesandphylogenomictreesareavailable
atwww.cmbi.ru.nl/~dutilh/phylogenomics.

Gene content
Transforminggenecontentinformationintoaphylogenycan,inprinciple,bedoneusingdistance,
parsimonyorlikelihoodfortreereconstruction.Adistancemeasurethatcorrectsfordifferencesin
genomesizehasbeenshowntoyieldgoodresults(Dutilhetal.2004;Korbeletal.2002),althoughfor
simulateddata,ithasbeenreportedtobeoutperformedbylikelihooddistanceandDolloparsimony
(HusonandSteel2004).Althoughsomemaximumlikelihooddistancemethodshavebeenpublished
(GuandZhang2004;HusonandSteel2004),puremaximumlikelihoodthusfarrequirestoomuch
computertime,andaheuristicalgorithmsuchasPhyML(GuindonandGascuel2003)hasnotyet
beendevelopedforcharacterdatawithasymmetricconversionrates.Thisisnecessaryifwewantto
accountforthefactthatitishardertoacquireanorthologousgroupthantoloseit.However,Dollo
parsimonyhasbeenespeciallydevelopedforpresence/absencedataofcomplexcharacterssuchas
genes(Farris1977;Felsenstein1989).UndertheDolloprinciple,agenefamilycanbeobtainedonly
once,butlostseveraltimesinevolution.Althoughthisscenariomaybeless likelyinprokaryotes,
wheregenesmaybetransmittedbetweenspeciesthroughhorizontalgenetransfer,thissimplified
modelofevolutionwillbereadilyapplicabletoFungi,wherehorizontaltransferisrare(Andersson
2005).Thus,weuseDolloparsimonyratherthanmaximumlikelihoodoralikelihooddistanceasan
alternativetothedistancemeasuretoanalyzegenecontent.
Genecontenttreeswerecalculatedfrompresence-absenceprofilesusingdistanceandparsimony.
For the distance method, the evolutionary distance between each species pair is calculated
accordingtoEquation3(Korbeletal.2002),whereshared_OGs(A,B)isthenumberoforthologous
groupssharedbetweenspeciesAandspeciesB;size_Aandsize_Barethegenomesizesofspecies
AandspeciesB,respectively.

Equation3.Pairwisedistancebasedongenecontent.

dist(A,B)=1-
(√2·size_A·size_B)/(√(size_A2+size_B2))

shared_OGs(A,B)

Asdistantlyrelatedspecieswithlargegenomesmaysharemoregenesthancloserrelatedspecies
withsmallgenomes(Figure28),thenumberofsharedorthologousgroupswascorrectedforgenome
sizebydividingbythegeometricmeanofthegenomesizes.Foreachtypeoforthology,thegenome
sizewascalculatedseparatelyasthetotalnumberofgeneswithorthologsinanyotherspecies.We
usedBio-NJ(Gascuel1997)totransformthedistancematrixintoagenecontenttree.
ForDolloparsimony(Farris1977),weusedtheDollopprogramimplementedinthePhylippackage
(Felsenstein1989)onthepresence/absencematricesoftheclusterorthologousgroups(duOGsand
triOGs).

Superalignment
Forthesuperalignmentapproach,multiplealignmentsobtainedusingMuscle(Edgar2004b)(see
the paragraph“Orthology” above) of either the unambiguous cluster orthologous groups or the
pan-orthologousgroupswereconcatenatedtoformasuperalignment(thesuperalignmenthasalso
beencalledasupermatrix(Bininda-Emonds2004;Delsucetal.2005),butwerefrainfromusingthis
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termtoavoidconfusionwiththesuperdistanceapproach).Unambiguousorthologousgroupsthat
areabsentfromcertainspecieswerecodedwithquestionmarks,andformgapsinthealignment
(Philippeetal.2004).Forthedistanceapproach,weusedTree-Puzzle(Schmidtetal.2002)toobtain
maximum likelihood distances between all the supersequences (see the paragraph“Orthology”
above).Subsequently,weusedBio-NJ(Gascuel1997)toobtainadistancebasedsuperalignmenttree.
Forthemaximumlikelihoodapproach,PhyML(GuindonandGascuel2003)calculatedamaximum
likelihoodbasedsuperalignmenttree(forparametersseeparagraph“Orthology”above).
Because these phylogenetic inference programs are relatively computer intensive, we had to
somewhatrestrictthelengthofthesuperalignment. Insteadofsuperalignmentsofthecomplete
setofunambiguousorthologousgroups,thatreachedalengthofupto5,783,459charactersforthe
unambiguousduOGs,weusedasetintermediatebetweentheunambiguousorthologousgroups
andthepan-orthologs.Superalignmentswerecomposedforthosegenefamiliesthatwerepresent
inmorethanacertainnumberofspecies,dependingonwhatthephylogeneticinferenceprogram
couldhandle.TocalculatethedistancesbetweenthesupersequenceswithPuzzle, themaximum
superalignment was that of unambiguous orthologous groups present in more than 21 species,
reachingalengthof878,973positionsfortheunambiguousduOGsand910,270positionsforthe
unambiguoustriOGs.Becauseofcomputerlimitations,PhyMLcouldnotbeusedforsuperalignments
longerthanthosecomposedonlyofthepan-orthologs(i.e.unambiguousorthologspresentinmore
than25species).Thesesuperalignmentshadatotallengthof33,731positionsforthepan-duOGs
and28,925positionsforthepan-triOGs.
We selected blocks of unambiguously aligned amino acids using GBlocks (Castresana 2000)
underdefaultparameters,andwerethusabletoincludemoreunambiguousorthologousgroups
in the superalignments. After filtering the alignments with GBlocks, Tree-Puzzle could handle
superalignments from unambiguous duOGs present in more than three species (1,099,070
conservedpositions),andfromunambiguoustriOGspresentinmorethanfivespecies(1,017,559
conserved positions). PhyML could infer phylogenomic trees from concatenated alignments of
unambiguousorthologousgroupspresentinmorethan24species(132,409conservedpositions
for the unambiguous duOGs and 132,527 conserved positions for the unambiguous triOGs).The
GBlocks filtered superalignments of pan-orthologs were 11,625 and 11,006 conserved positions
longforthepan-duOGsandthepan-triOGs,respectively.

Superdistance
Distancematricescontainanevolutionarydistanceforallspeciespairs.Onaphylogenomicscale,the
distancebetweenaspeciespairinasuperdistancematrixistheaverageoverallorthologousgroups
thataresharedbetweenthetwospecies.Theseevolutionarydistanceswerecalculatedusingvarious
methods. For InparanOGs, similarities between all orthologous gene pairs between two species
werefirstcalculatedastheSmith-WatermanPscoredividedbythelengthofthematch.Then,the
similarityscoreswereaveragedoverallgenepairswithinanorthologousgroup(alternatively,the
smallestor largestsimilaritywastaken,butthisyielded identicalsuperdistancetrees).Finally, the
similarityscorebetweenaspeciespairistheaverageofthesimilaritiesofallorthologousgroups.
Thesescoreswerenormalizedbetweenzeroandone:foreachspeciespair,theaverageofthetwo
scoresofthespecieswiththemselveswassettoone,andthescoresbetweenthespecieswerescaled
down.Theresultingnormalizedsimilarityscoresweresubtractedfromonetoyieldthedistance.We
usedBio-NJ(Gascuel1997)toinferthesuperdistancetreesbasedonpairwiseorthology.
For the other orthology definitions, the maximum likelihood distances between all orthologous
genesfortwospecieswerecalculatedusingTree-Puzzle(Schmidtetal.2002)withtheparameters
detailed in the paragraph“Orthology” above. The distance for one orthologous group was the
averageofallthedistancesbetweenitsgenepairs,andthedistancebetweenaspeciespairwasthe
averageofallthedistancesbetweentheorthologousgroupstheyshare.WeusedBio-NJ(Gascuel
1997)totransformthesuperdistancematricesintosuperdistancetrees.
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Ifcertainorthologousgroupsevolveveryrapidly,itislikelythattheywillonlybeidentifiedasorthologs
incloselyrelatedspecies.Asthedistancesforsuchorthologousgroupswillberelativelylarge,they
will increasethedistancebetweenthecloselyrelatedspecies,pushingthemapartunnecessarily.
Tocorrect for this,weusedSDM* (Criscuoloetal.2006) tonormalize thesuperdistancematrices
oftheunambiguousduOGsandtriOGs,andofthepan-duOGsandpan-triOGs.Subsequently,the
normalizedmatricesweretreatedthesamewayastheoriginalmatrices.

Supertree
Supertreeswerecomposedofgenefamilytrees,whichwerecalculatedfromtheduOGsandtriOGs
usingdistanceormaximumlikelihood.Forthephylogeneticdistancetrees,weusedTree-Puzzleto
obtainmaximumlikelihooddistances(Schmidtetal.2002)andBioNJtoreconstructdistancetrees
(Gascuel1997);forthephylogeneticmaximumlikelihoodtrees,weusedPhyML(GuindonandGascuel
2003)(seealsotheparagraph“Orthology”above).Tointegratethedifferentphylogenetictreesinto
aphylogenomicsupertree,weusedtwoalgorithms.ThefirstwasthemajorityrulefromConsense
3.64(Felsenstein1989),whichrequirespan-orthologousgroups.Asanalternative,weusedCLANN
(CreeveyandMcInerney2005),whichrequiresunambiguousorthologousgroups(parameters:dfit
optimality criterion; heuristic search algorithm = SPR; nsteps=5; maxswaps=1,000,000; nreps=10;
weightingscheme=comparisons;startingtrees=top10randomtreeschosenfrom10,000random
samples).
CLANNandConsensedifferintwoways.Firstly,Consenserequiresthattheinputtreesallcontain
exactlythesamespecies,whileCLANNcanhandletreeswithdifferentsetsofspecies.Thisisbecause
CLANN is specifically developed to handle trees from many different studies, and hence with
differentspeciescompositions.Forourspecificpurpose,thisallowsCLANNtocomputeasupertree
fromamuchlargersetofOGs,namelyfromallunambigiousOGsandnotonlythethepan-OGs.
Theseconddifferencelies inhowtheprogramscomputeasupertreefromthesetof inputtrees.
Consenseheuristicallycomposesthesupertreebysimplycountingforeachpartitionhowoftenit
occursineachtree.Thisisadebatabledefinition,becausethetreeeditingdistance(andthusthe
supertree)betweentreescanbeexpressednotonly intermsofhowmanypartitionstheyshare
(which is implicitly used by Consense), but also by other measures such as cutting and pruning
distances.CLANNexplicitlyandmoresystematicallysearchesfortheaveragesupertree,scanning
forthetreethatisclosesttoalltreesintheinputdatausingabalancedtreedistancemethodthat
combinespartitionsharingand“graftingandpruning”.
To test what effect the increase in the amount of high quality data had on the supertree, we
composedConsensesupertreesfromanincreasingnumberofphylogeneticdistancetreesofthe
mostrestrictivesetofOGs,thepan-triOGs.Figure29showsthatalthoughtheindividualphylogenetic
treeswerealldifferent(highstandarddeviationontheleft),bycombiningthedata,thesupertrees
converge toward the external golden standard, reaching the golden standard phylogeny from a
minimumof30-40combinedphylogenetictrees.Thus,eventhoughweonlyuse59pan-triOGs,the
Consensesupertreeiswellintotheflatrangeofthecurve,showingthatthisrelativelysmallamount
ofdata(onaverage,0.7%ofthegenome)issufficientforrecoveringthetargetphylogeny.
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Figure29.Includingmorehighqualitydataleadstoabetterphylogeny.Supertrees(Consense)werecomposedfrom
anincreasingnumberofphylogeneticdistancetreesofpan-triOGs.Theaveragenumberoftargetnodesrecovered
correctlyincreases,andfinallythephylogenomicsupertreecomposedfromall59pan-triOGsrecoversall19target
nodescorrectly.Average±standarddeviationof100randomsub-samplingsofthepan-triOGs.
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Supplemental figures for “Signature genes as a 
phylogenomic tool”
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Figure30.Genecontenttreeofcompletelysequencedprokaryotes.ThetreewascomposedusingtheSHOTalgorithm
(Korbeletal.2002)tocalculatedistancesbetweengenomes,andBioNJ(Gascuel1997)tomakeaneighbor-joining
tree.
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Figure31.rRNAanalysisofsoil.Phylogeneticdistributionofsoil16SrRNAsequencesfromPCRclonelibrary(solid)and
genomiclibrary(hatched).FigureS2Bfrom(Tringeetal.2005).

Figure 32. Phylogenetic diversity of Sargasso Sea sequences using multiple phylogenetic markers. The relative
contribution of organisms from different major phylogenetic groups (phylotypes) was measured using multiple
phylogeneticmarkers thathavebeenusedpreviously inphylogeneticstudiesofprokaryotes:16S rRNA,RecA,EF-
Tu, EF-G, HSP70, and RNA polymerase B (RpoB).The relative proportion of different phylotypes for each sequence
(weightedbythedepthofcoverageofthecontigsfromwhichthosesequencescame)isshown.Figure6from(Venter
etal.2004).
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Figure 33. Rank-abundance curves for whale fall bacterial 16S sequences. Assignment of 16S rRNA sequences to
bacterialphylaforbothPCRclonelibraries(solidbars)andgenomiclibraries(hatchedbars).WF1,SantaCruzbone;
WF2,SantaCruzmicrobialmat;WF3,Antarcticbone.FigureS4Afrom(Tringeetal.2005).
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Figure34.Phylogeneticdistributionofcommunities,separatelyforeachenvironment:A)agriculturalsoil;B)surface
oceanwater;C)deepseawhalebone;andD)acidicminedrainage(notpartofthecurrentanalyses).FigureS1from
(vonMeringetal.2007a).
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Resume
BastiaanElieDutilh (Bas)wasborn inUtrecht,TheNetherlands,onMay2nd
1976.HestudiedbiologyatUtrechtUniversityfrom1994to1999.Duringhis
firstinternship(UtrechtUniversity,1996)withdr.AdBorstlap,hestudiedthe
transportofthespeciesspecificcarbohydratessorbitolandmannitolacrossthe
cellmembraneofPlantagomajor (broadleafplantain)andApiumgraveolens
(celery) phloem cells, respectively, using radioactive labeling . During this
work,Basshowedthatthecontrolsolutionwithoutmembranevesiclescould
takeupasmuchradioactivityasthesolutionsupposedlycontainingvesicles,
implyingthatitisprettydifficulttomakemembranevesiclesfromvasculartissue.
His second internship (Australian National University, Canberra, 1997) with prof. David Day and
prof.HansLamberswasaimedatdeterminingtheactivityandgeneticsequenceofthealternative
oxidase (AOX) in Lycopersiconesculentum (tomato),which involvedworkingwithsubstances like
myxothiazol andethidiumbromide  .Partofthegenewassequenced,showinghomology
to Aox genes in other plants, and AOX activity was found in several of the Lycopersicon tissues,
especiallyingreenfruitafterasevendaycoldtreatment.
In his third and last internship (Utrecht University, 1998) with prof. Paulien Hogeweg, Bas finally
enteredthesafeharbourof theoreticalbiology.Heusedacellularautomatamodel tostudythe
structuringofthegenotypes inapopulationofvirusesevolvingundertheselectionpressureof
the host immune system. Pinpointing what was overlooked in a recent Science paper (Gupta et
al.1998),heshowedthatwhilethevirusesoptimizetheirinfectionratebystructuringintoasetof
minimallyoverlappinggenotypes,thespatialstructureofahostpopulationrelievestheviralload
byfavouringdifferentsetsofviralstrains.Hewarnsthatexcessivelong-distancetravellingallows
thevirusestoescapefromthisconstraint,resultinginanincreaseinthenumberofinfections.
Writinghismasterthesis“Genenetworksfrommicroarraydata-analysisofdatafrommicroarray
experiments,thestateoftheartingenenetworkreconstruction”(UtrechtUniversity,1999)underthe
supervisionofprof.PaulienHogeweg,wasBas’firstventureintotheareaof“staticbioinformatics”.The
thesishasbeencitedinternationally,andhasbeenrecommendedbyeducatorsasavaluableessay
providingacomprehensiveoverviewofthestateoftheartinthereconstructionofgenenetworksfrom
largescaleexpressiondata(unpublished,availableatwww-binf.bio.uu.nl/~dutilh/gene-networks).
AfterBasgraduated,dr.RobdeBoergavehimhisfirstemploymentinscience,hiringhimasajunior
researcherintheoreticalimmunology,paidbytheSanquinBloodFoundation(UtrechtUniversity,
2000).Usingamathematicalmodeltodescribethedynamicsofsmall,unreplicatedcirclesofDNAin
naiveimmunecells(TcellreceptorrearrangementexcisioncirclesorTRECs),hechallengedexisting
dogmasbyshowingthat,giventhedecreasingfunctionoftheagingthymus,thesedynamicscan
onlybeexplainedbyassuminghomeostasisofnaiveTcells(DutilhandDeBoer2003).
Hethencontinuedworkingasajuniorresearcherwithdr.ChrisDutilh(DutilhBOSA,2001),among
other things investigating which initiatives exist around the world to monitor and improve
sustainabledevelopmentinthefoodindustry.Thisledtoanoverviewthatwaspublishedonlineby
theFoundationforaSustainableFoodChainDuVo(Dutilhetal.2001).
In2002,Basstartedworkingwithprof.MartijnHuynenattheCenterforMolecularandBiomolecular
Informatics (CMBI) and the Nijmegen Center for Molecular Life Sciences (NCMLS). As a junior
researcher,heusedavastbioinformaticstoolboxtostudythecarbohydratemetabolismofthree
reductive Pyrococcus species, and spent a while trying to predict interacting genes by finding
conservedsharingofdimericmotifsinarangeofgenomes.Otherresearchareasthatwereexplored
duringtheyearsspentattheCMBIaredescribedinthisbook.
Currently,Basisstillworkingwithprof.MartijnHuynen,collectingtheavailablegenomicdataonthe
skindevelopmentproteinP63,andassemblingandanalyzingthegenomesinamethanotrophic
microbialcommunity,aprojectresultingfromaHorizongrantobtainedwithdr.MarcStrous.
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