


attentionhasbeenpaidto inferring theevolutionaryhistoryof thevariantsthemselves,with
notableexceptionsof evolutionaryimportance,particularlythoseaffectinggeographically
varyingtraitssuchasskinpigmentation,diet,andimmunity [6±8].Rather,attentionhas
focusedon theindirect useof geneticvariationto detectpopulationstructure[9, 10],identify
relatedsamples[11,12],infer parametersof modelsof humandemographichistory[13,14],
andestimatethetime of ancestralpopulationdivergence[15]. Theevolutionaryhistoryof clas-
sesof variantscontributing to polygenicadaptation(for example,thoseaffectingheight[6, 16,
17])or causingpotentiallossof genefunction [18] hasreceivedattention,thoughrarelyat the
levelof specificvariants.Previouswork on rarevariantshasidentifiedancestralconnections
betweenindividualsandpopulations[19±21]anddemonstratedevidencefor explosivepopu-
lation growth[22]. Nevertheless,to date,no comprehensiveeffort hasbeenmadeto infer the
age,placeof origin, or patternof spreadfor thevastmajority of variants.

Wehavedevelopedamethodfor estimatingtheageof geneticvariants;that is,thetime of
origin of anallelethroughmutationatasinglelocus.Our approach,whichwereferto asthe
GenealogicalEstimationof VariantAge(GEVA),issimilar to existingmethodsthat involve
coalescentmodelingto infer thetime to themostrecentcommonancestor(TMRCA) between
individual genomes[13,23,24].However,thesemethodstypicallyoperateon adiscretized
timescale[13], utilizeonly afractionof theinformation availablein largersampledata[25], or
employapproximationsto overcomecomputationalcomplexity[14,15,26].Alternate
approaches,in particularthosethathavebeenusedto indicatealleleage,areoftenstrongly
parameterizedandmakeassumptionsaboutdemographichistory,selection,or theshapeof
genealogicaltrees[27±30].Recentlyproposedapproachesfor genealogicalinferencearealso
ableto estimatealleleagebyplacingmutationeventson thebranchesof reconstructedtreesat
variablesites[31,32].Our work ismotivatedby thedesirefor afastandscalablenonparamet-
ric estimatorof alleleagethatmakesno assumptionsaboutthedemographicor selectivepro-
cessesthatshapedtheunderlyinggenealogyandthat is robustto thefrequencyandtypesof
error found in modernwhole-genomepopulationsequencingstudies.Welearnabouttheage
of amutationbycombiningprobabilisticdistributionsof theTMRCA betweenhundredsor
thousandsof genomeson acontinuoustimescale,irrespectiveof contemporaryallelicdistribu-
tionsor historicpopulationboundariesandwithout theneedto fully reconstructgenealogies.

Theapproachusedwithin GEVAisoutlinedin Fig1.A copyof thepieceof theancestral
chromosomeon whichthemutationoccurredisstill presenttodayin theindividualscarrying
thederivedallele(Fig1A).Overtime,additionalmutationshaveaccumulatedalongtheinher-
itedsequence(haplotype),andits lengthhasbeenbrokendownbyrecombinationduring mei-
osisin eachgeneration.Welocatethisancestralsegment(oftenreferredto asanidentity-by-
descent[IBD] region)relativeto thepositionof agiventargetvariantusingahiddenMarkov
model(HMM) constructedempiricallyfrom sequencingdatato providerobustnessto realistic
ratesof sequencingandgenotypingerror (Fig1B).Bymeasuringtheimpactof mutationand
recombinationon thesegmentssharedbetweenpairsof haplotypes,weinfer theTMRCA
usingprobabilisticmodelsto accommodatethestochasticnatureof mutationandrecombina-
tion processes(Fig1C).Moreover,wemakefull useof theinformation availablein whole-
genomesequencingdatato performcomparisonsbetweenpairsof chromosomesthatboth
carrythemutation(concordantpairs)andpairsin whichonecarriesthemutationandthe
othercarriestheancestralallele(discordantpairs),therebyconsideringgenealogicalrelation-
shipsthatarebothyoungerandolder,respectively,thanthetime of mutation.Information
from hundredsor thousandsof haplotypepairsis thencombinedwithin acomposite-likeli-
hoodframeworkto obtainanapproximateposteriordistribution on theageof thederived
allele(Fig1D).Onebenefitof our methodis thatwecanincreasethenumberof pairwise
TMRCA inferencesincrementallyto updateageestimatesor to combineinformation across
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manydatasourcesto improvethegenealogicalresolutionfrom awiderdistribution of inde-
pendentlysampledgenomes.Weadditionallyuseaheuristicmethodfor rejectingoutlier pairs
to improverobustnessto low ratesof dataerror andrecurrentmutation.Full detailsaregiven
in S1Text.

Results

Simulation study

To validateGEVA,weperformedcoalescentsimulationsunderdifferentdemographicmodels;
seeFig2.Usingastandardcoalescentmodelwith constantmutationandrecombinationrates,
wefound low bias(relativeerror,ε = 0.268;seeS2Text)for alleleageestimatesandhighcorre-
lation betweentrueandinferredage(Spearman'sρ = 0.953;Fig2A).Wecomparedour
approachfor estimatingtheTMRCA to thecomputationallymoredemandingpairwise
sequentiallyMarkoviancoalescent(PSMC)methodology[13], whichformsthebasisof many
applicationsin ancestralinference[14,26].PSMCestimatesamodelof thedemographichis-
tory betweenpairsof chromosomes(overadiscretizedgrid of time intervals)andcan,for

Fig 1. Overview of the GEVA method. (A) At thechromosomallocationof avariant,thereexistsanunderlying(andunknown) genealogical treedescribingthe
relationshipbetweenthesamples.Weassumethat thederivedallele(inferredbycomparisonto outgroupsequences)aroseoncein thetree.Forconcordantpairsof
carrierchromosomes(yellowterminalnodes),their MRCAs(bluenodes)occurmorerecentlythanthefocalmutationevent.Fordiscordantpairsof chromosomes,
betweentheancestralallele(greenterminalnodes)andthederivedallele,theMRCAs(rednodes)areolderthanthefocalmutation.(B) Foreachpair of chromosomes
(concordant anddiscordant), weuseasimpleHMM with anempiricallycalibratederror modelto estimatetheregionoverwhichtheMRCA doesnot change;that is,
thedistanceto thefirst detectablerecombination eventeithersideof thefocalpositionalongthesequence.Fromtheinferredancestralsegment,weobtainthegenetic
distanceandthenumberof mutationsthathaveoccurredon thebranchesleadingfrom theMRCAto thesamplechromosomes.(C) Foreachpair of chromosomes,we
useprobabilistic models(seeS1Text)to estimatetheposteriordistribution of theTMRCA,represented ascumulativedistributionsof havingcoalescedfor concordant
pairs(blue)andof havingnot coalescedfor discordantpairs(red).(D) An estimateof thecomposite posteriordistribution for thetime of origin of themutationis
obtainedbycombiningthecumulativedistributionsfor concordantanddiscordant pairs.Informally, themutationisexpectedto beolderthanconcordantandyounger
thandiscordant pairs.In practice,thiscomposite-likelihood±basedapproachresultsin approximateposteriorsthatareoverconfident; hence,theyaresummarizedby
themodeof thedistribution.Additional filtering stepsarecarriedout to removeinconsistentpairsof samples(seeS1Text).GEVA,GenealogicalEstimationof Variant
Age;HMM, hiddenMarkovmodel;MRCA,mostrecentcommonancestor;TMRCA,time to themostrecentcommonancestor.

https://doi.org/10.1371/journal.pbio.3000586.g001
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everypositionin thegenome,return theinferredposteriordistribution on theTMRCA,thus
enablingacomposite-likelihoodestimatorof alleleageasin GEVA.

Wefound thatPSMC-basedageestimationsperformedsimilarlywell to GEVA(ρ = 0.952),
thoughthetime discretizationincreasedbias(ε = 0.530)and,in particular,ledto overestima-
tion of theagefor theyoungestvariants.WenotethatPSMCwasnot designedstrictly for this
purposeandhenceisnot optimizedfor estimatingalleleage.Conversely,pairwiseestimatesof
theTMRCA betweenconcordanthaplotypeswerehighlycorrelatedwith trueTMRCA in both
GEVA(ρ = 0.922)andPSMC(ρ = 0.919),but thecorrelationfor discordantpairswaslowerin
GEVA(ρ = 0.586)comparedto PSMC(ρ = 0.766);seeS1Fig.Suchdifferencesin relationto
estimatingalleleagewith highaccuracyaretoleratedbecausethetime of mutation isestimated
from thecompositedistribution of TMRCA posteriorsfrom manypairwisecomparisonsper-
formedatasinglelocus.Eventsthatoccurreddistantin time (relativeto thetime of mutation)
will havelittle influenceon theestimate.

Underacomplexdemographicmodelthat recapitulatesthehumanexpansionout of Africa
andwith empiricalandvariablerecombinationrates,ageestimationin GEVAmaintaineda
similarlyhigh levelof accuracy(ε = 0.198,ρ = 0.937;Fig2B).In thissituation,althoughPSMC
modeledthemoredynamicdemographichistoriesbetweenhaplotypeswith higheraccuracy
(correlationof trueandinferredTMRCA for discordantpairs:ρ = 0.915)comparedto GEVA
(ρ = 0.775),thetime discretizationresultedin artifactsatmorerecenttimes(TMRCA for con-
cordantpairs:ρ = 0.892)thatwerenot presentin GEVA(ρ = 0.932),leadingto worseperfor-
mancewhenestimatingtheage(ε = 0.409,ρ = 0.900;S2Fig),with theadditionof substantial
computationalcost.Wenextintroducedrealisticdatacomplicationsby reproducingempiri-
callyestimatedgenotypeerrorsin simulateddata(seeS2Text),aswellaserrorsarising
throughin silicohaplotypephasing(Fig2B).Wefoundageestimationin GEVAto remain
largelyunbiasedandstronglycorrelatedwith trueageaftertheinclusionof dataerror (ε =
0.346,ρ = 0.925;S3Fig)andafterphasing(ε = 0.430,ρ = 0.921;S4Fig).ThePSMC-based
approachcontinuedto showhigherbiasandreducedcorrelationat thesamesetof variants,
bothaftererror (ε = 1.042,ρ = 0.882)andafterphasing(ε = 1.009,ρ = 0.880).Reduceddata
qualityresultingfrom sequencingerrorsmayintroducefalsesignalsof pairwisedifferences
seenbetweenhaplotypes,andphasingerrorsmayleadto anunderestimationof haplotype
lengthsatvariantsthatarerelativelyyoung,for whichweoverestimateTMRCA andhence
alleleage(particularlyfor allelesyoungerthanapproximately100generations).

Fig 2. Validation of GEVA through coalescent simulations. (A) Densityscatterplotsshowingtherelationship
betweentruealleleage(geometric meanof lowerandupperageof thebranchon whichamutationoccurred;x axis)
andestimatedalleleage(y axis),usingGEVAwith thein-built HMM methodology (left) andPSMC(right) for the
samesetof 5,000variants.Dataweresimulated underaneutralcoalescent modelwith samplesizeN = 1,000,effective
population sizeNe = 10,000,andwith constantandequalratesof mutation (μ = 1× 10−8) andrecombination
(r = 1× 10−8) persitepergeneration. Variantsweresampleduniformly from a100-Mbchromosome,with allelecount
1< x< N. Colorsindicaterelativedensity(scaledby themaximum perpanel).Upperinsertsindicatethefractionof
siteswherethepoint estimate(modeof thecomposite posteriordistribution) of alleleageliesabovetheupperageof
thebranchon whichit occurred(^), belowthelowerage(˅), or within theagerangeof thebranch(�). Lowerinserts
indicatetheSpearmanrankcorrelationstatisticρ, squaredPearsoncorrelation coefficient(on logscale)r2, interval-
adjustedbiasmetric(seeS2Text)ε, andRMSLE.AlsoshownisanLOESSfit (second-degreepolynomials,
neighborhoodproportionα = 0.25;dashedline). (B) Therelationship betweentrueandinferredagesfor 5,000variants
sampleduniformly from asimulationunderacomplexdemographicmodelwith N = 1,000,Ne = 7,300,μ =
2.35× 10−8, andvariablerecombinationratesfrom humanchromosome20(63Mb). Alleleagewasestimatedon
haplotypedataassimulatedandwithout error (top),with error generatedfrom empiricalestimatesof sequencing
errors(middle),andwith additionalerror arisingfrom in silicohaplotypephasing;seeS2Text.Alleleagewas
estimatedusingscalingparametersasspecifiedfor eachsimulation. A further breakdownof resultsusingmutationand
recombinationclocksalone,aswellastheinferredpairwiseTMRCAs,isavailablefor A (S1Fig)andB(S2Fig,S3Fig,
S4Fig).GEVA,GenealogicalEstimationof VariantAge;HMM, hiddenMarkovmodel;LOESS,locallyestimated
scatterplotsmoothing;PSMC,pairwisesequentiallyMarkovian coalescent; RMSLE,root mean-squarelog10error;
TMRCA,time to themostrecentcommonancestor.

https://doi.org/10.1371/journal.pbio.3000586.g002
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Age of selected variants

To evaluatetheperformanceof GEVAon empiricaldata,wefirst consideredvariantsaffecting
thewell-studiedlactasepersistence(LP) trait, for whichnumerousapproaches,including the
useof archaeologicaldata,geneticdata,andabiologicalunderstandingof thefunctionaland
evolutionaryimpactof previouslyassociatedvariants,haveresultedin consensusexpectations
for theage.TheLCT geneencodesthelactaseenzymebut is regulatedbyvariantsin anintron
of theneighboringMCM6 gene(MinichromosomeMaintenanceComplexComponent6).We
estimatedtheageof thederivedT alleleof thers182549variant(G/A-22018),which isatafre-
quencyof approximately50%in Europeanpopulationsandformspartof ahaplotypeassoci-
atedwith LP[33]. Underamodelthat jointly considersmutationalandrecombinational
information,weestimatedthealleleto be688generationsold (Fig3A),originatingapproxi-
mately14,000to 21,000yearsago,dependingon assumptionsaboutgenerationtime in
humans[34,35].Our estimateisbasedon datafrom two differentsources,the1000Genomes
Project(TGP)[2] andtheSimonsGenomeDiversityProject(SGDP)[36], which,whenesti-
matedseparately,giveverysimilarages(692and687generations,respectively).Thefull result
datasetfor thisvariantisavailableonline:https://human.genome.dating/snp/rs182549.We
obtainedasimilarageestimateof 693generationsfor thederivedA alleleof thers4988235(C/
T-13910)variant(seehttps://human.genome.dating/snp/rs4988235),whichisalsostrongly
associatedwith LPandin nearperfectassociationwith rs182549,thoughwenotethat thereis
evidencefor multiple originsof thevariant[37]. Previousestimatesof theageof thesevariants
rangebetween2,200and21,000years[38], putting our estimateson thehigherendof this
range.Multiple sourcesof information suggestthat thesevariantsonly achievedhigh fre-
quencyin Europeanpopulationswithin thelast10,000years(approximately400generations)
[39] andthatLPalleleswererareuntil theadventof dairy farmingin Europe[40]. Our results
thereforesuggestthat themutationconferringthestronglyselectedphenotype(estimatedto
haveaselectioncoefficientof up to 15%in Europeanandup to 19%in Scandinavianpopula-
tions[39]) waspresentfor hundredsof generationsbeforeits rapidsweepthroughthe
population.

Wenextconsideredtheprotein-codingmissensevariantrs3827760in theEctodysplasinA
Receptor(EDAR) gene,wherethederivedG allele(Val370Alasubstitution)is foundathigh
frequencyin EastAsianpopulations(87%in theTGP,82%in theSGDP)andAmericanpopu-
lations(39%and80%,respectively)andisassociatedwith sweat,facialandbodymorphology,
andhair phenotypes[41,42].Weestimatedthevariantto be1,456generationsold,approxi-
mately29,000to 44,000years(Fig3B;https://human.genome.dating/snp/rs3827760),again
with strongconcordancebetweentheTGP(1,513generations)andtheSGDP(1,346genera-
tions).Our estimateisconsistentwith previousestimatesandlimited evidencefrom ancient
DNA studies[7, 44].Our resultsfurther showthatmostindividualscarryingtheallelesharea
commonancestorcloseto thetime theallelearosethroughmutation.Thismaysuggestthat
thevariantrapidly rosein frequencyfollowing its origin, which isconsistentwith previous
findingsof strongpositiveselectionof thisvariantin EastAsia[41]. Wecomparedthis result
to variantsof similarage(1,450± 100generations)in theAtlasof VariantAge(seefurther
below):wefound1,043,376variantsdatedin theTGP,of which2,073havereachedafre-
quencyhigherthan30%globallyandonly 130above80%in EastAsianpopulations,demon-
stratinghowunusualsucharapid risein frequencyis.

Finally,weconsideredthevariantrs80194531,in whichthederivedallelecausesan
Asn78Thrsubstitutionin theZinc fingerE-box±bindinghomeobox1 (ZEB1) gene.Thevari-
ant is reportedaspathogenicfor cornealdystrophy[43] but ispresentat6%in African ances-
try sampleswithin theTGPor theSGDP.Weestimatedtheageof thevariantto be5,866
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generationsold (120,000to 180,000years),againwith consistencybetweentheTGPandthe
SGDP(5,879and5,854generations,respectively;Fig3C;https://human.genome.dating/snp/
rs80194531).Suchanancientageseemsinconsistentwith thereporteddominantpathogenic
effect[43]. Moreover,of the1.2million variantsfoundatcomparablefrequencies(5%±7%)in
African ancestryindividualswithin theTGP,wefound that46%wereestimatedto beyounger
thanthers80194531allele,suggestingthat thisvariantis in no wayunusual.

Distribution of allele age in the human genome

Wenextsoughtto characterizetheagedistribution of geneticvariationacrossthehuman
genome,for whichweappliedGEVAto morethan45million variantsidentifiedin theTGP
or theSGDP.More than32billion haplotypepairswereanalyzedto estimatesharedhaplotype
segmentsandTMRCAs.Forvariantspresentin bothdatasources(13.7million), weaddition-
allyestimatedtheagebycombiningpairwiseTMRCA distributionsthatwereinferredinde-
pendentlyin eachsampleafterconfirming thatseparatelyobtainedageestimatesagreed
(Spearman'sρ = 0.862;seeS5Fig).Wemakethis information, referredto astheAtlasof Vari-
antAgefor thehumangenome,publiclyavailableasanonlinedatabase(https://human.
genome.dating).A breakdownbychromosomeof thenumberof variantsdatedandhaplotype
pairsanalyzedisgivenin S1Table.Furtherdetailsaregivenin S3Text.

Wefind substantialvariationin therelationshipbetweenestimatedageandallelefre-
quency,dependingon thepopulationin whichfrequencyismeasuredandthegeographical
distribution of thevariant(Fig4A).Variantsin African ancestrygroupsaretypicallyolder
thanin othergroupsandalsohavethegreatestvariancein agefor agivenfrequency.For
example,variantsbelow0.5%(within agivenpopulation)haveamedianageof 670genera-
tionsin African ancestrygroups,377generationsin EastAsianancestrygroups,and488gen-
erationsin Europeans(seeS2Table).Theagedistribution of variantsrestrictedto aparticular
ancestrygroup(or sharedbetweenthem)indicatesthedegreeof connectionbetweenpopula-
tions.Forexample,therearemanyvariantsup to 5,000generationsold (100,000to 150,000
years)thatarerestrictedto African ancestrygroupsyetareobservedat frequenciesup to 10%,
but variantsin this frequencyrangethatarerestrictedto EastAsianor SouthAsianancestry
groupsaretypicallyunder1,000generations(20,000to 30,000years)or 1,300generationsold
(26,000to 39,000years),respectively.Conversely,cosmopolitanvariantsthatareshared
amongeveryancestrygrouparetypicallyolderthan2,000generations(40,000to 60,000years)
despitebeingobservedatglobalfrequenciesbelow0.5%(S6Fig).Variantsrestrictedto

Fig 3. Application of GEVA to 3 variants of phenotypic and selective importance. (A) Estimated TMRCAsfor
concordant(left) anddiscordant(right) pairsof chromosomesfor thederivedT alleleat rs182549,whichlieswithin an
intron ofMCM6 andaffectsregulationof LCT [33],whichencodeslactase.Eachbarreflectstheapproximate95%
credibleinterval(ETPI)for apair,orderedbyposteriormean(blackdots).Datafrom theTGP(green)[2] andthe
SGDP(orange)[36] wereused.Thefrequency of thevariantin theSGDP,theTGP,andthedifferentpopulation
groupsin theTGPisshown(top left).Theinferredalleleagein generationsfrom eachdatasourceandthecombined
estimateareshown(bottomright) andconverted to anapproximateagein years,assuming20±30yearsper
generation.Seehttps://human.genome.dating/snp/rs182549for additional results.(B) Asfor panelA for thederivedG
alleleof rs3827760,whichencodestheVal370Alavariantin EDAR andisassociatedwith sweatandfacialandbody
morphology[41,42];alsoseehttps://human.genome.dating/snp/rs3827760.Our filtering approachis to removethe
smallestnumberof concordantanddiscordantpairsnecessary(shownin pink) to obtainconcordantanddiscordant
setswith nonoverlappingmeanposteriorTMRCAs.(C) Asfor panelA for thederivedC alleleof rs80194531,which
encodestheAsn78Thr substitution in ZEB1, reportedaspathogenic for cornealdystrophy[43]; alsoseehttps://human.
genome.dating/snp/rs80194531.Abbreviationsreferto ancestrygroups.AFR,African;AMR, American;EAS,East
Asian;EDAR, EctodysplasinA Receptorgene;ETPI,equal-tailedprobability interval;EUR,European;GEVA,
GenealogicalEstimation of VariantAge;LCT, Lactasegene;MCM6, MinichromosomeMaintenanceComplex
Component 6gene;SAS,SouthAsian;SGDP,SimonsGenomeDiversityProject;TGP,1000GenomeProject;
TMRCA,time to themostrecentcommonancestor;ZEB1, Zinc fingerE-box±bindinghomeobox1gene.

https://doi.org/10.1371/journal.pbio.3000586.g003
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Americanancestrygroupsaretypicallyyoungerthan750generations(15,000to 22,500years),
consistentwith existingknowledgeaboutthesettlementof theAmericasviatheBeringland
bridgethatconnectedAsiaandNorth Americaduring thelastglacialmaximumaround
15,000to 23,000yearsago[45,46].Wenote,however,that recentadmixtureandthesampling
strategiesof thedifferentdatasets[47,48]canhaveastrongimpacton agedistributions.For
example,variantsathigh frequencywithin Americanpopulationsbut thatarenevertheless
restrictedto justAmericanandAfrican populationsare,on average,youngerthanlower-fre-
quencyvariants(within Americanpopulations)with thesamegeographicalrestriction(S6
Fig).Thesevariantslikely aroserecentlywithin Africa andenteredAmericanpopulations
throughadmixture,rising to high frequencythroughpopulationbottlenecks[49]. Similarly,
variantsfoundonly within EuropeanandAfrican populationsbut thathaveafrequencybelow
0.5%in Europeansare,on average,olderthanvariantsobservedathigherfrequenciesin

Fig 4. Age distribution of variants among different human populations. (A) Therelationshipbetweenestimatedalleleageandfrequencyasobservedwithin agiven
populationgroupin theTGPsample.Of the45.4million variantsavailablein theAtlasof VariantAge,43.2million weredatedusingTGPdataalone;weexcluded
variantswith low estimationqualityandinconsistentancestralalleleinformation (seeS3Text),retaining34.4million variants.Eachline showsthecumulativeage
distribution of variantswithin agivenfrequency bin (seelegend)within apopulationgroup;circlesindicatemedianandinterquartile range.Panelson theleft showthe
frequency-stratifiedcumulativedistribution of estimatedagefor variantsatnonzerofrequenciesasobservedwithin agivenancestrygroup. Thenumberof variants
availablepergroupisshown(top left).Panelson theright showthedistributionsof geographically restrictedvariantsthatonly segregatewithin agroup(numberof
availablevariantsshownon bottomright). A summary of variantssharedbetweendifferentancestrygroupsin theTGPisprovidedin S6Fig.(B) Differencesin alleleage
distributionsfor approximately70,000variantsin theTGPthatareannotatedasimpactingproteinfunction byPolyPhen-2 (left) andSIFT(right), comparedto a
referencesetof variants(thoseannotatedasbenignbyPolyPhen-2or toleratedbySIFT),matchedfor allelefrequencywithin agivenancestry group.Theseresultsare
presentedin moredetailin S7Fig.AFR,African;AMR, American;EAS,EastAsian;EUR,European; PolyPhen-2,PolymorphismPhenotypingv2software;SAS,South
Asian;SIFT,SortingIntolerantFromTolerantsoftware;TGP,1000GenomesProject.

https://doi.org/10.1371/journal.pbio.3000586.g004
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Europeansandolderthanvariantsrestrictedto only Europeansin thesamefrequencyrange,
suggestingrecentgeneflow from Africa into Europe.

Suchheterogeneityin therelationshipbetweenalleleageandfrequency,coupledwith het-
erogeneousandunknownsamplingstrategies,complicatestheuseof frequencyasameansof
assessingvariantsfor potentialpathogenicityduring theinterpretationof individual genomes.
TheAtlasof VariantAgepotentiallyoffersamoredirectapproachfor screeningvariants,
giventhehighprobabilityof eliminationof nonrecessivedeleteriousvariantswithin afewgen-
erations[50]. To assessthevalueof alleleagein theinterpretationof potentiallypathogenic
variants,weestimatedtheagesof variantsthathadeffectspredictedasdamagingbyPolymor-
phismPhenotypingv2software(PolyPhen-2)[51] or deleteriousbySortingIntolerantFrom
Tolerantsoftware(SIFT)[52] in theTGP(Fig4B).Of theapproximately70,000variantsana-
lyzed,50%of damagingand49%of deleteriousvariantswereestimatedto havearisenwithin
thelast500generations(10,000to 15,000years),comparedto 41%of benign(PolyPhen-2)
and42%of tolerated(SIFT)variants(S7Fig).Comparedwith control setsof variants(those
annotatedasbenignor toleratedandmatchedfor allelefrequencywithin thefocalancestry
group),variantsannotatedasdamagingor deleterioushadanotabledearthof oldervariants
(>1,000generations)for agivenfrequency,consistentwith theoreticalexpectationsandprevi-
ousfindings[19,53,54].Our resultssuggestthatold allelescanlargelybeexcludedfrom con-
siderationof pathology(thoughrecentorigin isnot evidencein favorof pathogenicity).

Shared ancestry

Finally,weinvestigatedtheextentto whichpatternsof sharingof variantsof differentages
couldpowerapproachesfor learningaboutgenealogicalhistory.Previouswork hashighlighted
thedescriptivevalueof geneticvariantsin identifying individualswhosharerecentcommon
ancestryandpatternsof demographicisolationandmigration[10,55,56],thoughit hasalso
highlightedthechallengesof interpretingtheoutputof approachessuchasprincipalcompo-
nentanalysis(PCA)[57,58].Conversely,numerousmodel-basedapproacheshavebeendevel-
opedthatusepatternsof variantandhaplotypesharingto infer underlyingdemographic
parameters[14,59±61],thoughthesetypicallymakestrongsimplifyingassumptionsaboutthe
spaceof possiblehistories.

Here,wepresentanonparametricapproachfor combiningdescriptiveandinferential
approachesto learnaboutancestralconnectionsbetweenindividual genomes(andgroupsof
individuals)basedon variantageinformation.Unlike existingmethodsthatassigntime-
invariantancestryproportionsto individual genomesbyreferenceto contemporarypopula-
tions[9, 62],wecanestimatethefractionagivengenomesharesbecauseof commonancestry
with anyothergenomeatdifferentpointsin time,referredto asthecumulativecoalescent
function (CCF).Weuseafastdynamic-programming approachto estimateamaximumlikeli-
hoodCCFbetweenanypair or groupof individuals(Fig5A;seeS4Text).Usingsimulated
data,wefound that inferenceof ancestralrelationshipsbetweenindividuals(CCFsinferred
from estimatedalleleages)correctlyreflecteddifferencesof relatednessamongindividuals
within andbetweendifferentancestrygroupsandrevealedpatternsqualitativelyconsistent
with pastdemographicevents(seeS5Text),thoughwenotethatuncertaintyin variantage
estimatesmaycauseoversmoothingof coalescentprofiles,in particularin thedistantpast
(>20,000generationsago).

To illustratethevalueof thisnonparametricapproachin describingthehistoryof individu-
alsandgroups,wefirst consideredthecoalescenthistorybetweenasingleindividual of Ameri-
can(PuertoRican)ancestryfrom theTGP(ID: HG00733)andall othersin theTGPsample,
usingGEVAageestimatesfor variantson chromosome5 (Fig5B).Asapositivecontrol,we
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Fig 5. Age-stratified variant sharing to characterize ancestral relatedness. (A) Overviewof approachfor estimatingtheCCFfor apair of haplotypes,thefractionof
thegenomesof thetwo samplesthathavecoalescedbyagiventime.Derivedvariantswithin atargetgenomeareidentified,their estimatedagesareobtainedfrom the
Atlasof VariantAge,andtheir presence(blackcircles)or absence(whitecircles)in another(comparator) genomeof interestis recorded.Variantsaresortedbyallele
age(indicatedbycolor),t, to obtainanaivemaximumlikelihoodestimateof theCCF,Λ(t), usingdynamicprogramming (assumingindependenceof variantsand
ignoringerror in variantageestimates).(B) SelectedpairwiseCCFsfor thetwo haploidgenomes(chromosome5) of individualHG00733(top:maternallyderived;
bottom:paternallyderived)of aPuertoRicanindividual from theTGPcomparedto 8haplotypesfrom 4 individuals,including their motherandfather.Maternaland
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includedtheparentsof HG00733(HG00732andHG00731),whoreachaCCFof near1 in the
mostrecentepoch(thoughnotethat theparentswereusedfor haplotypephasing,whichesti-
matestransmittedhaplotypes;hencetheCCFreaching1 ratherthantheexpectedone-half).
Weshowtheancestryof HG00733sharedwith everyindividual in theTGPsamplein S1
Movie;alsoseehttps://human.genome.dating/ancestry/HG00733.Within thefirst 100genera-
tions,weseeadditionalcoalescencewith theuntransmittedparentalchromosomesandother
individualsfrom thePuertoRicansample.TheearliestcommonancestryoutsidePuertoRico
isseenwith aEuropeanindividual in Spain(paternalside;approximately60generationsago)
andaMexicanancestryindividual (maternalside;approximately80generationsago).Coales-
cencewith individualssampledfrom outsidetheAmericasoccursfurther backin time (>100
generationsago),initially with Europeanindividuals(predominantlyaround300to 600gener-
ationsago),thenuniformly with non-African individualsaround1,500to 4,000generations
ago,morestronglywith African individualsaround5,000to 15,000generationsago,anduni-
formly with all individualsaround20,000generationsago.Becauseof theimpactof dataerrors
on ageestimationof recentvariants(highlightedabove),theabsolutetimingsof theearly
eventsarelikely substantiallyoverestimated.However,weexpecttherelativeorderingof
eventsto berobustandconsistentamongsamplecomparisons(seeS5Text).

TheCCFsto all othermembersof areferencepanel(averagedacrossall chromosomesin
bothhaploidgenomes)provideanoverviewof thegenealogicalrelationshipsfor atargetindi-
vidual.Asanexample,weinferredtheCCFprofilesof aSiberianEskimoto all otherindividu-
alsin theSGDP(Fig5C,top),showingcommonancestryto otherCentralAsianandSiberian
individualswithin afewhundredgenerations,substantialcommonancestrywith American
individualsbefore1,000generations,andtypicallymorerecentcommonancestrywith East
AsiansthanWestEurasiansor Africans;seehttps://human.genome.dating/ancestry/S_
Eskimo_Sireniki-1.Notably,relativelylittle additionalcoalescenceisseenduring aperiod
around2,000to 10,000generationsago,which isapatternsharedamongnon-African individ-
uals(alsoseeS1Movie)andagreeswith previousfindingsof aperiodof reducedcoalescence,
peaking100,000to 200,000yearsago[14].

TheCCFcanalsoberepresentedasacoalescentintensityfunction (CIF;seeS4Text),
whichmeasurestherateof changeof commonancestryovertime (Fig5C,middle).TheCIF
revealsadditionalstructure;for example,around3,000to 20,000generationsago,thoseparts
of theSiberianEskimo'sgenomethathavenot yetcoalescedwith othergenomessampled
from thesameancestrygrouphaveaverylow CIF,while theCIF to theAfrican ancestrysam-
ples(whichhavehadverylittle coalescenceuntil thispoint) is relativelyhigh (thoughnotethe
absoluterateremainsverylow overthisperiod).

Wecanfurther summarizethecoalescentprofilesfor thetargetindividual bycomputing
themaximumCIF overthesample.Thisstatisticcapturespropertiesanalogousto theeffective
populationsizeparameter,Ne, in populationgeneticsmodeling,in whichtheexpectedcoales-
centintensityis inverselyrelatedto populationsize.Wereferto themaximumCIF in thefol-
lowingastheNe equivalent(Fig5C,bottom),thoughwenotethat (in thecasein whichthere

paternalgenomeswereusedfor phasing;hence,theinferredparentalgenomesarethetransmitted(anduntransmitted)genomes.TheCCFsinferredwith genomesfrom
theentireTGPsampleisshownin S1Movie.Thefull resultdatasetfor HG00733isavailableathttps://human.genome.dating/ancestry/HG00733.(C) Inferredgenome-
wideCCFs(averagedperdiploid individualacrossautosomes)for aSiberianEskimofrom theSGDP(ID: S_Eskimo_Sireniki-1) to all othersampledindividuals(top
panel).Colorsindicateancestrybygeographic region(seelegend).TheCCFcanalsobeexpressedasaCIF (middlepanel)to reflecttheincreasein sharedancestry
within agiventime period.Eachrow representsanindividual from theSGDP,orderedby theAUC of theCCFandscaledsuchthat themaximumpercolumnisequal
to one.Thecolorbar(right) indicatestheancestrygroupof sortedindividuals.TheCIF within anytimeepochcanbeexpressedasaneffectivepopulationsize(Ne
equivalent)from themaximum overreferencesamples,providingasummaryof therateatwhichcommon ancestoreventsoccurred(bottompanel).Thefull resultdata
setfor this individual isavailableathttps://human.genome.dating/ancestry/S_Eskimo_Sireniki-1. AFR,African;AMR, American;AUC, areaunderthecurve;CCF,
cumulativecoalescentfunction;CIF,coalescentintensityfunction;EUR,European;SGDP,SimonsGenomeDiversity Project;TGP,1000GenomesProject.

https://doi.org/10.1371/journal.pbio.3000586.g005
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aregenuinepopulations)it is likely to bedownwardbiasedcomparedto existingmethods;for
example,wewouldexpectPSMC[13] to infer absolutevaluesof ancestralpopulationsize
moreaccurately.WethereforeuseNe equivalentsto providearelativesummaryof genealogi-
calhistoriesacrosstheentirecohort.

Weestimatedall pairwiseCIFsin TGP(S2Movie),whichweaggregatedacrossautosomes
to generateacoalescentprofile betweeneachpair of individuals(seeS6Text).Likewise,we
estimatedtheancestrysharedbetweeneachindividual pair in SGDP(S3Movie);CIFswere
further aggregatedamongthe130populationgroups(Fig6).Theserevealhowtheratesand
structureof coalescencehavechangedovertime,with themostrecentepoch(up to approxi-
mately200generationsago)dominatedbycoalescencewithin populations,but alsoidentify
recentconnectionsbetweengroupssuchasbetweensouthernSiberianandnorthernEast
Asianpopulations(Fig6A).SeveralpopulationssuchastheKusunda(Nepal),Saami(Fin-
land),andNegevBedouins(Israel)showstrongwithin-group coalescenceup to thispoint,
thoughby500generationsagotheyarecoalescingprimarily with otherpopulations.The
epocharound800generationsagoisdominatedbystructurebroadlycorrespondingto the
continentallevel(Fig6B),thoughsomeAfrican populationsÐforexample,theMbuti
(Congo),but moredramaticallytheKhomaniSan(SouthAfrica) andJu'hoansi(Namibia)Ð
remainisolatedup to approximately1,500generationsago(30,000to 45,000years),which
overlapswith previousfindings[63], andweseethesetwo populationsto bestronglycon-
nectedfor anextendedperiodfurther backin time (S3Movie).Around 800generationsago,
thereisverylittle remainingstructureamongWestEurasianpopulations,but manyadditional
intercontinentalconnectionsarenow identified.Forexample,weseeanorth-to-southgradi-
entof decreasingcoalescencebetweenAmericanpopulationsandSiberianor EastAsianpopu-
lations.In particular,weidentify strongcoalescenceof Americanancestryindividualswith
SiberianEskimos,AleutianIslanders,andTlingit peoplein aperiodbetween500and1,000
generationsagoandverylittle structureamongAmerican,Siberian,andEastAsianpopula-
tionsasawholefurther backthan1,000generationsago(S3Movie),whichagreeswith previ-
ousresultsregardingthehumanmigration into theAmericas,extendedisolation,and
subsequentdispersalacrossthecontinent[46]. By4,000generationsago,weseehigh levelsof
coalescencebetweennon-AfricanandAfrican populations(Fig6C)andessentiallyno struc-
ture in theepocharound20,000generationsago(Fig6D).Wenotethat theexacttimingsof
demographicevents(signifiedbyperiodsof intenseor reducedcoalescence),whileshowing
consistentpatternswithin andamongpopulationgroups,maycarryadditionalnoisedueto
uncertaintyin alleleageestimates.

ThemaximumCIFprofiles(Ne equivalents;Fig6E)highlightseveralfeatures,includingdif-
ferencesamongmodernancestrygroupsin theintensityof coalescencewithin thelast1,000
generations(particularlyintensefor AmericanandOceanicpopulations);amajorperiodof
intensecoalescenceamongall non-Africanancestryindividualsaround1,000to 2,000genera-
tionsago,following themigrationof modernhumansout of Africa [64]; aweaker,but still
marked,increasein coalescentintensityfor Africanancestrysamplesaround2,000generations
ago;andanolderreductionin coalescentintensity,peakingaround5,000to 8,000generations
ago,potentiallydrivenbyancientpopulationstructurewithin Africa and(for non-African
populations)possibleadmixturewith archaiclineages[65±67].Wefind minor quantitative,
but not qualitative,differencesamongchromosomes(S8Fig).Wenotethat thebottleneckand
steepchangein populationsizearound60,000to 80,000generationsago,althoughconsistent
acrossancestryprofilesinferredfor all individualsin thesample,is likely to beanartifactpos-
siblycausedbydecreasedaccuracyof ageestimatesin thedistantpast,alongwith abreakdown
of assumptionsregardingthestatisticalindependenceof veryold mutations.
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Discussion
Wehavedemonstratedhowalleleageestimatescanprovideinsightto arangeof problemsin
statisticalandpopulationgenetics.However,thereareseveralimportant assumptionsandlim-
itationsof theapproach.First,akeyassumptionis thatof asingleorigin for eachallele.Given
thesizeof thehumanpopulationandthemutationrate,it is likely thateveryallelehasarisen
multiple timesoverevolutionaryhistory.Yet,unlessthemutationrateisextremelyhigh,it is
still probablethatmostindividualscarryingthealleledo sothroughcommonancestry.More-
over,multiple originscanpotentiallybeidentifiedthroughthepresenceof thealleleon multi-
plehaplotypebackgrounds,ashas,for example,beenseenfor thers4988235variantatLCT
[37] (thoughwenotethatapreviousstudy[68] concludedthat thealleleof variantrs4988235
wasbroughtinto African populationsthroughhistoricgeneflow,possiblythroughtheRoman
Empire),theO bloodgroup[69], or allelesin theHumanLeukocyteAntigene(HLA) region
[70]. A variantlying in aregionwith high ratesof noncrossover(geneconversion)maysimi-
larly befoundon multiple haplotypebackgrounds[71]. However,for genomeswith veryhigh
mutationrates,suchasHIV-1 [72], recurrenceissufficientlyhigh to makeestimatesof allele
agemeaningless.In addition,whilewehaveshownGEVAto berobustto realisticlevelsof
sequencingandhaplotypephasingerror, theactualstructuresof error found in referencedata
sources,suchastheTGP,haveadditionalcomplexitywhoseeffectisunknown[73].

Our approachalsoassumesaknownandtime-invariantrateof recombination.Formost
species,only indirect estimatesof theper-generationrecombinationrateareavailable,andin
humans[74] andmice[75], thereisevidencefor evolutionin thefine-scalelocationof recom-
binationhotspotsthroughchangesin thebinding preferencesof PRDM9 (PRdomainzincfin-
gerprotein9).However,becausebroad-scalerecombinationratesevolveatamuchlowerrate
thanhotspotlocation[76] andbecauseour approachfor detectingrecombinationeventsis
drivenlargelyby thepresenceof recombinanthaplotypes,weexpectGEVAto berelatively
robustfor recentvariants.Oldervariantsmaybemoreaffected,but for suchvariants,most
information comesfrom themutationclock,which is likely to havebeenmorestableover
time.

Wehaveshownthat theagesof variantsarehighlycorrelatedwhenestimatedseparatelyin
independentsamples,whichagreeswith theassumptionthat,for themajority of alleles,muta-
tionsoccurredonly oncein thehistoryof thepopulation,suchthat thetrueageof anallele
refersto afixedpoint in time.In principle,theagecanbeestimatedirrespectiveof thefre-
quencydistribution observedin differentstudycohorts.Our resultsshowsubstantialheteroge-
neity in therelationshipbetweenfrequencyandage,revealingtheimpactof oftenunknown
demographicvariableson thedistribution of alleleswithin andacrossdifferentancestry
groups,whichmayfurther beconfoundedby themodeandstrengthof selectionon particular
alleles.Theestimationprofilesof variantsshownin Fig3 provideonly afewexamplesof cases
in whichthefrequencymaynot bereliableasaproxyfor theage.Our methodandtheAtlasof

Fig 6. Age-stratified connections between ancestry groups in the publicly available SGDP sample. TheCCFwasinferredfor all 556haploidtargetgenomeswith
all othercomparator genomesin theSGDPsampleandthenaggregatedbyancestrygroup(meanof CCFsfrom individualswithin apopulation)andacross
chromosomes,with populationsasdefinedin theSGDP(seelegendon theright). (A±D) Theancestrysharedbetweenpopulationsis indicatedby theCIF overa
giventime interval(epoch), shownasamatrix with populationssortedfrom north to southwithin continentalregions.Intensitieswerecomputedfrom aggregated
CCFsto summarizerelationshipsbetweenpopulations;colorsindicateintensityscaledpertargetpopulation(rows)by themaximumovercomparatorpopulations.
Ancestral connectionsareshownatdifferent epochsbackin time;around200generationsago(A), 800generations(B),4,000generations(C),and20,000
generations(D). Theconversion (top right) assumes20±30yearspergeneration. A moredetailedsummary, showingtheancestrysharedbetweenindividuals,overa
slidingtimewindow(epoch)isshownin S3Movie.(E) Themaximum CIF for individualsfrom differentancestrygroups(continental regions)expressedaseffective
population size(Ne) equivalentsovertime,estimatedfrom CCFsaggregatedperdiploid individualandsummarized bythemedianandinterquartilerangepergroup.
Trianglesindicatetheepochsshownin panelsA±D.A further breakdownofNe equivalentsestimatedfrom nonaggregated CCFsperchromosomeisshownin S8
Fig.CCF,cumulativecoalescent function;CIF,coalescent intensityfunction;SGDP,SimonsGenomeDiversity Project.

https://doi.org/10.1371/journal.pbio.3000586.g006
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VariantAgemaythereforeprovidemorerobustmeasuresfor analysesthatotherwiserelyon
populationor sample-specificallelefrequencies.

TheAtlasof VariantAgealsohasmultiple applicationsbeyondstatisticalandpopulation
genetics.Forexample,recentvariantsprovideanaturalindexwhensearchingfor relatedsam-
plesin population-scaledatasets.Wehavedemonstratedhowvariantageinformation canbe
leveragedmorecomprehensively, usinganonparametricapproach,to learnaboutgenealogical
history,relatednessbetweenindividuals,andancestralconnectionsbetweenpopulations.Our
approachto infer coalescentprofiles(pairwiseCCFandsample-wideCIF) capturesancestry
proportionsandcoalescenceratevariationsasafunction of time, from whichwecandistin-
guishrecentfrom pastdemographiceffectsor estimatechangesof relativerelatednessover
time.Asillustratedfor whole-genomesequencingdatafrom theTGPandSGDP,our method-
ologyaccessesatime dimensionto studyrelatednessbetweenindividual genomesandamong
entiresamplecohorts.Applicationsto otherdatasetsmayuseinformation from theAtlasof
VariantAgewithout theneedto re-estimateages,thusdemonstratingthevalueof this
resourcefor exploratorydataanalysis.

Finally,aspresentedhere,it ispossibleto combineinformation from multiple,potentially
evendistributeddatasetsbyestimatingcoalescenttime distributionsfor pairsof concordant
anddiscordanthaplotypesin eachdataresourceseparatelyor to updateageestimatesby the
inclusionof additionalsamples.Estimationof theageof particularvariantsmaygainadditional
accuracyby increasingthenumberof pairwisecomparisons,dependingon thehistoryof the
alleleandthegenealogicalresolutionattainablefrom thediversityof ancestralbackgrounds
inherentto availablesampledata.Futurestudiesmayrevealnewvariants,particularlywithin
under-representedancestrygroups,thatcanalsobeaddedto theAtlasof VariantAge.The
methodsarealsoapplicableto nonhumanspeciesaslongasestimatesof mutationrate,recom-
binationrate,andgenerationtime areavailable.Futureextensionsto infer locationof origin or
theancestralhaplotype,integratingthegrowingwealthof genomedatafrom ancientsamples,
will beanimportant steptowardsreconstructingtheancestralhistoryof theentirespecies.

Materials and methods

Data sources

Estimationof alleleageandsharedancestrywasconductedon publiclyavailabledatasets:the
TGP[2] andtheSGDP[36]. Weusedphasedhaplotypedataof chromosomes1±22from the
final releaseTGPpanel(Phase3;GRCh37),availablefor 2,504individualsfrom 26populations
worldwide(5 continentalpopulationgroups).Additional datawereavailablefrom theTGPfor
31relatedindividuals,whichweincludedin our sharedancestryanalysis.Weusedphased
haplotypedataof chromosomes1±22from thepubliclyavailableSGDPpanel(PS2;GRCh37),
consistingof 278individualsfrom 130populationsworldwide(7 continentalpopulation
groups).Recombinationratesweredeterminedfor eachchromosomeusingthegeneticmaps
availablefrom theInternationalHapMapProject(Phase2;GRCh37)[78]. Genotypedatafrom
theIllumina PlatinumGenomesProject(IPG) [79] (GRCh37;chromosomes1±22)wereused
asareferenceto measuregenotypeerror in amatchedsubsamplefrom theTGP.Weused
information from theEnsembldatabase(GRCh37;release92,version20180221)to determine
theancestralandderivedallelicstatesfor variantsin both theTGPandSGDPpanels,aspre-
dictedthroughmultispeciesalignmentsin theEnsemblEPOpipeline.

Availability of results

TheAtlasof VariantAgeispubliclyavailableasanonlinedatabase:https://human.genome.
dating/.It containstheageestimationresultsfor morethan45million variantsin thehuman
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genome,including theresultsof all pairwiseanalysesconductedateachfocalsiteto estimate
sharedhaplotypesegmentsandinfer TMRCA betweenhaplotypepairs(morethan32billion).
WeusedanHMM to infer sharedhaplotypesegments,for whichweconstructedanempirical
error model(throughcomparisonbetweengenotypesfrom theIPGandTGP)to generatefre-
quency-dependentemissionandinitial stateprobabilities;theseareavailableonline:https://
github.com/pkalbers/geva/tree/master/hmm.Furthermore,weperformedsharedancestry
analysesfor everypair of individual chromosomesin theTGP(including relatedindividuals)
andtheSGDP,whicharealsoavailableathttps://human.genome.dating/.

Source code availability

Thesourcecodeof theGEVAmethodisavailableonlineathttps://github.com/pkalbers/geva.
Thesourcecodeof theCCFdynamicprogrammingalgorithmisavailableathttps://github.
com/pkalbers/ccf.Wemodifiedtheoriginal sourcecodeof MSMC2to optimizetheperfor-
manceof thePSMCalgorithmin our simulationanalysis,availableathttps://github.com/
pkalbers/msmc2.

Supporting information
S1 Fig. Simple demographic model simulation. AlleleageestimationandTMRCA inference
in asimulationof a100-Mbregionwith samplesizeN = 1,000,effectivepopulationsizeNe =
10,000,constantmutationrate(μ = 1× 10−8 persitepergeneration),andconstantrecombina-
tion rate(r = 1× 10−8 persitepergeneration).(A) Relationshipbetweenthetruealleleage
(geometricmeanof lowerandupperageof thebranchon whichamutationoccurred;x axis)
andestimatedalleleage(y axis),estimatedusingthemutationclock,recombinationclock,and
joint clockmodels(left) andPSMC(right) for thesamesetof 5,000variants,randomlysam-
pledatallelecount1< x< N. Colorsindicatethedensityscaledby themaximumperpanel.
Upperinsertsindicatethefractionof siteswherethepoint estimate(modeof thecomposite
posteriordistribution) of alleleageliesabovetheupperageof thebranchon whichthemuta-
tion occurred(^), belowthelowerage(˅), or within therangeof thebranch(�). Lowerinserts
indicatetheSpearmanrankcorrelationstatisticρ, thesquareof thePearsoncorrelationcoeffi-
cient(on logscale)r2, theinterval-adjustederror metricε, andtheRMSLE.Alsoshownisan
LOESSfit (second-degreepolynomials,neighborhoodproportionα = 0.25;dashedline). (B)
RelationshipbetweentrueTMRCA for ahaplotypepair atagivensiteandcorresponding
inferredTMRCA (meanof posteriordistribution), shownseparatelyfor concordantanddis-
cordantpairs.Thesamesetsof haplotypepairswereanalyzedundereachclockmodelin
GEVA(left) andPSMC(right). Colorsindicatethedensityscaledby themaximumperpanel.
LowerinsertsindicatetheSpearmanrankcorrelationstatisticρ, thesquareof thePearsoncor-
relationcoefficient(on logscale)r2, andtheRMSLE.GEVA,GenealogicalEstimationof Vari-
antAge;LOESS,locallyestimatedscatterplotsmoothing;PSMC,pairwisesequentially
Markoviancoalescent;RMSLE,root mean-squarelog10error;TMRCA,time to themost
recentcommonancestor.
(TIF)

S2 Fig. Complex demographic model simulation without error. Alleleageestimationand
TMRCA inferencein asimulationthat recapitulatesthehumanexpansionout of Africa [77],
with N = 5,000,Ne = 7,300,constantmutationrateμ = 2.35× 10−8, andvariablerecombination
ratesfrom HapMap(Phase2,GRCh37)[78] for chromosome20(63Mb). Alleleagewasesti-
matedfor 5,000variantssampleduniformly from theintersectionof sitesavailableatallele
count1< x< N in datawithout error andafterdataweremodifiedwith error;seeS3Figand
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S4Fig.Descriptionof plotsasin S1Fig.GRCh37,GenomeReferenceConsortiumHuman
Build 37;TMRCA,time to themostrecentcommonancestor.
(TIF)

S3 Fig. Complex demographic model simulation with error. Alleleageestimationand
TMRCA inferencefrom simulateddatain whichhaplotypedataweremodifiedwith realistic
error rates;calibratedfrom empiricalestimatesof genotypeerrorsin TGPdata[2], bycompar-
isonto correspondinggenotypedatafrom theIPG[79]. Alleleagewasestimatedfor thesame
setof 5,000variantsasanalyzedin S2FigandS4Fig.Descriptionof plotsasin S1Fig.IPG,
Illumina PlatinumGenomesProject;TGP,1000GenomesProject;TMRCA,time to themost
recentcommonancestor.
(TIF)

S4 Fig. Complex demographic model simulation with error and after phasing. Alleleage
estimationfrom simulateddatain whichhaplotypedataweremodifiedwith realisticerror
rates,calibratedfrom empiricalestimatesof genotypeerrorsin TGPdata[2], bycomparison
to datafrom theIPG[79]. HaplotypedatawereadditionallyphasedusingSHAPEIT2[80]
aftertheintroduction of dataerror.Alleleagewasestimatedfor thesamesetof 5,000variants
asanalyzedin S2FigandS3Fig.Descriptionof plotsasin S1Fig.Notethat therelationship
betweentrueandinferredTMRCA perhaplotypepair cannotbeascertainedconclusivelyafter
phasingof haplotypedata.IPG,Illumina PlatinumGenomesProject;TGP,1000Genomes
Project;TMRCA,time to themostrecentcommonancestor.
(TIF)

S5 Fig. Correlation between allele age estimated separately in TGP and SGDP data. (A)
Therelationshipbetweenalleleageusingdatafrom theTGP(x axis)andtheSGDP(y axis),
estimatedfrom themutationclock(left), recombinationclock(center),andthejoint clock
model(right), for 13.7million variantsdatedin bothdatasources.Colorsindicatethedensity
scaledby themaximumperpanel.LowerinsertsindicatetheSpearmanrank correlationstatis-
tic ρ andthesquareof thePearsoncorrelationcoefficient(calculatedon log-scaledalleleages)
r2. (B) Differencesin allelefrequencyof thevariantscompared(left); thehistograms(right)
showthefrequenciesasobservedin theTGP(top) andtheSGDP(bottom) for corresponding
setsof variants.SGDP,SimonsGenomeDiversityProject;TGP,1000GenomesProject.
(TIF)

S6 Fig. Allele age and frequency for variants shared between different human populations.

Therelationshipbetweenalleleageandfrequencyfor variantsdatedin theTGP.Alleleagewas
estimatedunderthejoint clockmodelusingTGPdata(wholesample).Of the43.2million var-
iantsdatedin theTGP(chromosomes1±22),weexcludedthosewith low estimationquality
andinconsistentancestralalleleinformation,whichretained34.4million variants.Allelefre-
quencieswerecalculatedwithin subsamplesof AFR,AMR, EAS,EUR,andSASancestry
groups,asdefinedin TGPsampledata.Linesin eachpanelshowthecumulativeagedistribu-
tion of variantswithin agivenfrequencybin (seelegend),with frequenciesasobservedwithin
thepopulationgroupindicatedat thetop (columns);circlesindicatemedianandinterquartile
range(25th,50th,and75thpercentiles).(A) Thesubsetof variantsobservedin only two popu-
lation groups,referringto sitesthathavenonzerofrequenciesin eitherof thetwo populations
consideredandzerofrequencyin all othergroups(whitebackgroundcolor),andgeographi-
callyrestrictedvariantsthatareisolatedwithin only asinglepopulationgroup,referringto
sitesthathavenonzerofrequenciesin thepopulationconsideredandzerofrequencyin all
othergroups(diagonalpanels;graybackgroundcolor).Panelsthatarediagonalopposites
showresultsfor thesamesetof variantsbut with frequenciesasobservedin thepopulation
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considered(by column).Thenumberof variantsretainedisshownin eachpanel(bottom
right). (B) Theagedistribution of strictlycosmopolitanvariants(nonzerofrequenciesin every
group)by frequencyasseenwithin apopulationgroup.Thedistributionsshownin eachpanel
wereobtainedon samesetof 3,634,716variants.AFR,African;AMR, American;EAS,East
Asian;EUR,European;SAS,SouthAsian;TGP,1000GenomesProject.
(TIF)

S7 Fig. Allele age of potentially pathogenic variants. Alleleagewasestimated(joint clock)
usingsampledatafrom theTGPfor variantsannotatedby theEnsemblVEP[81]. We
excludedvariantswith low ageestimationqualityor inconsistentancestralallelicstates(deter-
minedthroughmultispeciesalignments;information availablethroughEnsembl),which
retained64,432(of 70,220)variantsannotatedbyPolyPhen-2[51] and61,995(of 67,539)vari-
antsannotatedbySIFT[52]; of those,61,615(of 67,123)variantshavebeenannotatedbyboth
methods.(A) TherelationshipbetweenalleleageandvarianteffectspredictedbyPolyPhen-2
(top),with effectcategoriesgivenasbenign,possiblydamaging,probablydamaging,and
unknown;variantnumberspercategoryareindicatedin thelegend.Eachline showsthe
cumulativeagedistribution byeffectcategory;circlesindicatemedianandinterquartilerange.
Thefrequencydistribution of all variantsconsideredisshownfor the5 majorpopulation
groupsdefinedin theTGPsample(middle),givenasthenumberof variantswithin allele
countbins(evenlyspacedon linearscalebut shownon logscale),with allelecountasperpop-
ulationgroupin theTGP.Thenumberof variantsatnonzerofrequenciesin apopulation
groupis indicatedin thelegend.Therelativeproportion of variantsacrosseffectcategoriesper
allelecountbin for the5 majorpopulationgroupsin theTGP(bottom).(B) Asfor part (A),
plotsshowtherelationshipsbetweenalleleageandpopulationfrequencyfor variantspredicted
bySIFT,with effectcategoriesgivenastoleratedanddeleterious.(C) QQ-plotsshowingdiffer-
encesin alleleagedistributionsfor variantsannotatedbyPolyPhen-2(left) andSIFT(right),
comparedto acontrol setof variants(thoseannotatedasbenignbyPolyPhen-2or toleratedby
SIFT),matchedfor allelefrequencywithin agivenpopulationgroup.Matchingwasdoneby
retainingonly thosevariantsobservedatnonzerofrequencywithin apopulationgroupandif
variantsof everyeffectcategorywererepresentedat identicalallelecounts.Theinsetin each
panel(bottomright) showsthenumberof variantsretainedpereffectcategory.PolyPhen-2,
ªPolymorphismPhenotypingv2ºsoftware;SIFT,ªSortingIntolerantFromTolerantºsoftware;
TGP,1000GenomesProject;VEP,VariantEffectPredictor.
(TIF)

S8 Fig. Effective population size (Ne equivalent) over time for chromosomes 1–22 in the

SGDP. TheCCFwasinferredfor eachhaploidtargetgenomewith all othercomparator
genomesin theSGDPsample,basedon atotalof 11.7million variantsdated(joint clock)on
chromosomes1±22,retainedafterexcludingvariantswith low ageestimationqualityand
inconsistentancestralalleleinformation.Coalescentintensitywascomputedpertarget
genomeandscaledby themaximumoverthesampleatagiventime interval(epoch;evenly
distributedon logscale).Eachline showsthemedianandinterquartilerangeofNe equivalents
inferredfor individualsin thedifferentancestrygroups(continentalregions;seelegend).CCF,
cumulativecoalescentfunction;SGDP,SimonsGenomeDiversityProject.
(TIF)

S1 Table. Summary of variants per chromosome in the Atlas of Variant Age. Thetable
showsthetotalnumber(Nall) of variantsavailablein theAtlasof VariantAgeon chromosomes
1±22,aswellasthenumberof variantsdatedusingdatafrom theTGPalone(NTGP) andthe
SGDPalone(NSGDP). Additionally,variantspresentin bothdatasetsweredatedusing
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independentlyinferredpairwiseTMRCA resultsfrom theTGPandSGDPto obtainacom-
binedageestimate(NCombined). Thenumberof haplotypepairsatwhichsharedhaplotypeseg-
mentsandTMRCA wereinferredisshownfor thetwo datasources;numbersareshownasthe
sumof concordantanddiscordantpairsanalyzedperchromosome.SeeS3Textfor details
abouttheanalysisof TGPandSGDPsampledata.Full resultdatasetsfor eachvariant,includ-
ing theresultsof eachpairwiseanalysisandageestimatesobtainedundereachclockmodel
(mutation,recombination,andjoint clock;seeS1Text),arepubliclyavailableonlineathttps://
human.genome.dating/.SGDP,SimonsGenomeDiversityProject;TGP,1000GenomesProj-
ect;TMRCA,time to themostrecentcommonancestor.
(PDF)

S2 Table. Age and frequency of variants within population groups in TGP data. Weesti-
matedalleleagefor variantsidentifiedin theTGPto characterizetheagedistribution of
geneticvariationacrossthehumangenome.Alleleagewasestimatedunderthejoint clock
model.Of the43,232,520variantsdatedin theTGP(chromosomes1±22),weretainedonly
thoseatqualityscoreQS> 0.5(seeS1Text)andatwhichtheancestralalleleisknownand
mappedto thereferenceallele(seeS3Text),whichretained34,388,511variants.Thetable
showsthenumberof variants(N) andthemedianof alleleageestimates(Q50), aswellasthe
25th(Q25) and75th(Q75) percentiles,percontinentalpopulationgroupandstratifiedbyallele
frequencywithin thatgroup.This isshownfor (A) variantsatnonzerofrequencieswithin a
givenancestrygroup,(B) geographicallyrestrictedvariantsthatsegregateonly within agiven
group,and(C) strictlycosmopolitanvariantsthataresharedamongindividualsfrom every
continentalgroup.AFR,African;AMR, American;EAS,EastAsian;EUR,European;SAS,
SouthAsian;TGP,1000GenomesProject.
(PDF)

S1 Movie. Ancestry of individual HG00733. Thechangein coalescencerate(intensity)over
time for thetwo haploidgenomes(chromosome5) of targetindividual HG00733(Puerto
Ricanin theAmericanancestrygroup)with all othergenomesavailablethroughtheTGPas
comparatorindividuals;5,070haploidgenomesin total, including relatedindividualsthathad
beenremovedin thefinal releasePhase3 panel.Computationsof theCCFandcoalescent
intensitiesarebasedon 2.3million variantsdated(joint clockmodel)on chromosome5 from
theTGP,retainedafterexcludingvariantsof low estimationqualityandinconsistentancestral
alleleinformation.Themovieshowstheintensityscaledby themaximumovertheTGPsam-
ple(top two panels),in whichchromosomesaredistinguishedbymaternalandpaternal
modesof inheritance(determinedfrom coalescentintensityinferredwith bothparental
genomes).Thescalingfactor(maximumof coalescentintensityacrossthesample)isshown
separately(bottom left).An estimateof theeffectivepopulationsize(Ne equivalent;bottom
right) isobtainedfrom thescalingfactorandthenumberof generationswithin agiventime
interval(epoch).Thetwo linesshowtheNe equivalentinferredfor thematernallyandpater-
nally inheritedchromosomesof thetargetindividual.Epochsareshownon aslidingwindow,
movingbackin time,with epochsizeasindicated(bottom).Thefull resultdatasetfor
HG00733isavailableonlineathttps://human.genome.dating/ancestry/HG00733.CCF,cumu-
lativecoalescentfunction;TGP,1000GenomesProject.
(TXT)

S2 Movie. Ancestry shared back in time for all individuals from the TGP. TheTGPsample
consistsof 2,535individualsfrom 26populationgroups,including relatedindividualsthathad
beenremovedin thefinal releasePhase3 panel.Wefirst computedtheCCFfor eachof the
5,070haploidgenomesin turn with everyothergenome,separatelyfor chromosomes1±22.
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Thiswasbasedon ageestimatesof 34.4million variantsdatedusingTGPdata(joint clock
model),retainedafterexcludingvariantsof low estimationqualityandinconsistentancestral
alleleinformation;CCFswerethenaggregatedperdiploid individual andacrosschromo-
somes.WethencalculatedtheCIF from theaggregatedCCFof eachpair of individuals.
Ancestralrelationshipsareshownin amatrix (left),wherecolorsindicatethecoalescentinten-
sitybetweeneachpair of individuals,scaledpertargetindividual (rows)by themaximumover
thesamplepertime interval(epoch).Labelsindicatethecontinentalpopulationasdefinedin
theTGP,whichcanbefurther subdividedinto smallerpopulationgroups(seelegendatendof
movie).Themovieshowsancestrybackwardsin time,wherecoalescentintensityiscalculated
in aslidingwindowwith epochsizeasindicated(top right). An estimateof theeffectivepopu-
lation size(Ne equivalent)isobtainedpertargetindividual from themaximumcoalescent
intensityacrossthesampleandthetime coveredbyagivenepoch(bottomright); colorsindi-
cateanindividual'sancestrygroup.Full resultdatasetsfor eachindividual areavailableonline
athttps://human.genome.dating/ancestry/index#TGP.CCF,cumulativecoalescentfunction;
CIF,coalescentintensityfunction;TGP,1000GenomesProject.
(TXT)

S3 Movie. Ancestry shared back in time for all individuals from the SGDP. TheSGDPsam-
pleconsistsof 278individualsfrom 130populationsin thepubliclyavailableSGDPsample.
WeestimatedtheCIF from theaggregatedCCFfor eachpair of individuals.CCFswere
inferredseparatelyperchromosomebetweeneachof the556haploidgenomesastargetin
turn with all othersascomparatorgenomes,basedon 11.7million variantsdatedunderthe
joint clockmodelin theSGDP(chromosomes1±22)andretainedafterexcludingvariantsof
low estimationqualityandinconsistentancestralalleleinformation.Thesewerethenaggre-
gatedperdiploid individual acrosschromosomes.Asfor S2Movie,ancestralrelationshipsare
shownin amatrix (left),movingbackin time, in whichcolorsshowthescaledcoalescent
intensityperepoch(asindicatedon thetimeline;top right). Individualsarelabeledaccording
to their populationgroupasdefinedin theSGDPsample(seelegendatendof movie).Full
resultdatasetsfor eachindividual areavailableonlineathttps://human.genome.dating/
ancestry/index#SGDP.CCF,cumulativecoalescentfunction;CIF,coalescentintensityfunc-
tion; SGDP,SimonsGenomeDiversityProject.
(TXT)

S1 Text. Genealogical Estimation of Variant Age (GEVA).

(PDF)

S2 Text. Analysis of data error and application in simulations.

(PDF)

S3 Text. Estimation of variant age in publicly available data sets.

(PDF)

S4 Text. Shared ancestry inference.

(PDF)

S5 Text. Inference of shared ancestry in simulated sample data.

(PDF)

S6 Text. Inference of shared ancestry between individuals and population groups in pub-

licly available data sets.

(PDF)
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