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attentionhasbeenpaidto inferring the evolutionaryhistory of the variantsthemselvesyith
notableexception®of evolutionaryimportance particularlythoseaffectinggeographically
varyingtraits suchasskin pigmentation diet, andimmunity [6+8]. Ratherattentionhas
focusedbn theindirect useof geneticvariationto detectpopulationstructure[9, 10],identify
relatedsampleg11,12],infer parameter®f modelsof humandemographidistory[13,14],
andestimatehetime of ancestrapopulationdivergencg15]. The evolutionaryhistory of clas-
se<f variantscontributing to polygenicadaptation(for examplethoseaffectingheight[6, 16,
17]) or causingpotentiallossof genefunction [18] hasreceivedattention,thoughrarelyatthe
levelof specificvariants Previouswvork on rarevariantshasidentified ancestratonnections
betweerindividualsand populationg[19+21]and demonstratedvidencdor explosivepopu-
lation growth[22]. Neverthelesdp date,no comprehensiveffort hasbeenmadeto infer the
age placeof origin, or patternof spreadfor the vastmajority of variants.

We havedevelopedimethodfor estimatingthe ageof geneticvariantsthatis, the time of
origin of anallelethroughmutation atasinglelocus.Our approachwhichwereferto asthe
Genealogicdtstimationof Variant Age(GEVA), is similar to existingmethodsthat involve
coalescenmodelingto infer thetime to themostrecentcommonancestoTMRCA) between
individual genomeg13, 23,24]. However thesemethodstypicallyoperateon adiscretized
timescald13], utilize only afraction of theinformation availablen largersampledata[25], or
employapproximationso overcomecomputationalcomplexity[14, 15,26]. Alternate
approachesn particularthosethat havebeenusedto indicatealleleage areoftenstrongly
parameterizednd makeassumptionsboutdemographidistory, selectionpr the shapeof
genealogicalees27+30].Recentlyproposedapproacheor genealogicahferencearealso
ableto estimatealleleageby placingmutation eventon the branche®f reconstructedreesat
variablesites[31, 32]. Our work is motivatedby the desirefor afastand scalableonparamet-
ric estimatorof alleleagethat makesno assumptionsboutthe demographior selectivgro-
cessethatshapedheunderlyinggenealoggndthatis robustto the frequencyandtypesof
error found in modernwhole-genomeopulationsequencingtudiesWe learnaboutthe age
of amutation by combiningprobabilisticdistributionsof the TMRCA betweerhundredsor
thousandof genome®n acontinuoustimescaleirrespectiveof contemporanyallelicdistribu-
tionsor historic populationboundariesandwithout the needto fully reconstructgenealogies.

Theapproachusedwithin GEVAis outlinedin Fig1.A copyof the pieceof theancestral
chromosomeon which the mutation occurredis still presentodayin the individualscarrying
thederivedallele(Fig 1A). Overtime, additionalmutationshaveaccumulatedlongtheinher-
ited sequencéhaplotype) andits lengthhasbeenbrokendown by recombinationduring mei-
osisin eachgenerationWe locatethis ancestrabegmentoftenreferredto asanidentity-by-
descenfIBD] region)relativeto the positionof agiventargetvariantusinga hiddenMarkov
model(HMM) constructedempiricallyfrom sequencinglatato providerobustnesso realistic
ratesof sequencing@ndgenotypingerror (Fig 1B).By measuringheimpactof mutationand
recombinationon the segmentsharedetweerpairsof haplotypesweinfer the TMRCA
usingprobabilisticmodelsto accommodatéhe stochastimatureof mutation andrecombina-
tion processeg-ig 1C).Moreover,wemakefull useof theinformation availablen whole-
genomesequencinglatato perform comparisondetweerpairsof chromosomeshat both
carrythemutation (concordantpairs)andpairsin which onecarriesthe mutationandthe
othercarriesthe ancestrahllele(discordantpairs),therebyconsideringgenealogicatklation-
shipsthat areboth youngerandolder,respectivelythanthe time of mutation. Information
from hundredsor thousandof haplotypepairsis then combinedwithin acomposite-likeli-
hoodframeworkto obtainan approximateposteriordistribution on the ageof the derived
allele(Fig 1D). Onebenefitof our methodis that we canincreasehe numberof pairwise
TMRCA inferencesncrementallyto updateageestimate®r to combineinformation across
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Fig 1. Overview of the GEVA method. (A) At thechromosomalocationof avariant,thereexistsanunderlying(andunknown) genealogial treedescribinghe
relationshipbetweerthe sampleswWe assumehatthe derivedallele(inferred by comparisorto outgroupsequencesiroseoncein thetree.For concordantpairsof
carrierchromosanes(yellowterminalnodes) their MRCAs(bluenodes)occurmorerecentlythanthe focalmutation event.For discordantpairsof chromasomes,
betweertheancestrahllele(greenterminalnodes)andthe derivedallele the MRCAs(red nodes)areolderthanthe focalmutation. (B) For eachpair of chromosome
(concordant anddiscordart), weuseasimpleHMM with anempiricallycalibratederror modelto estimatethe regionoverwhichthe MRCA doesnot changethatis,
thedistanceto thefirst detectableecombinaion eventeithersideof thefocalpositionalongthe sequencezromtheinferredancestrasegmentweobtainthe genetic
distanceandthe numberof mutationsthat haveoccurred on the branchedeadingfrom the MRCA to the samplechromosome. (C) For eachpair of chromaosomesye
useprobabilistc models(seeS1Text)to estimatehe posteriordistribution of the TMRCA, represente ascumulgive distributionsof havingcoalescefbr concordant
pairs(blue)andof havingnot coalesceébr discordantpairs(red). (D) An estimateof the compodte posteriordistribution for thetime of origin of themutationis
obtainedby combiningthe cumulativedistributionsfor concordantanddiscordar pairs.Informally, the mutationis expectedo beolderthanconcordantandyounger
thandiscordan pairs.In practice this composte-likelihoodtbasedpproachresultsin approximae posteriorghat areoverconfidet; hencetheyaresummarizecdy
themodeof thedistribution. Additionalfiltering stepsarecarriedout to removeinconsstentpairsof samplegseeS1Text). GEVA, Genealogicatstimationof Variant
Age;HMM, hiddenMarkovmodel;MRCA, mostrecentcommonancestorTMRCA, time to themostrecentcommonancestor.

https://da.org/10.137 1§urnal.pbic3000586.9001

manydatasourcego improvethe genealogicalesolutionfrom awider distribution of inde-
pendentlysampledgenomesWe additionallyusea heuristicmethodfor rejectingoutlier pairs
to improverobustnesso low ratesof dataerror andrecurrentmutation. Full detailsaregiven
in S1Text.

Results
Simulation study

To validateGEVA, weperformedcoalescersimulationsunder differentdemographianodels;
seeFig 2. Usingastandardcoalescenmodelwith constantmutation and recombinationrates,
wefound low bias(relativeerror, e = 0.268seeS2Text) for alleleageestimatesndhigh corre-
lation betweertrue andinferredage(Spearman'g = 0.953§ig 2A). We comparedour
approachfor estimatingthe TMRCA to the computationallymore demandingpairwise
sequentialiMarkoviancoalescenfPSMC)methodology[13], which formsthe basisof many
applicationsn ancestrainference[14, 26]. PSMCestimatesmodelof the demographidis-
tory betweerpairsof chromosomegoveradiscretizedyrid of time intervals)andcan,for
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Fig 2. Validation of GEVA through coalescent simulations. (A) Densityscatterplotshowingtherelationship
betweertrue alleleage(geoméric meanof lowerandupperageof the branchon whichamutationoccurred;x axis)
andestimaedalleleage(y axis),usingGEVAwith thein-built HMM methodoloy (left) and PSMC(right) for the
samesetof 5,000variants Dataweresimulatel underaneutralcoalescermodelwith samplesizeN = 1,000effective
populatbn sizeN, = 10,000andwith constantandequalratesof mutation (4 = 1 x 10°®) andreconbination

(r=1x 10°®) persiteper generéion. Variantsweresampleduniformly from a100-Mbchromosane,with allelecount
1< x < N. Colorsindicaterelativedensity(scaledy the maximum perpanel).Upperinsertsindicatethe fraction of
siteswherethe point estimatgmodeof the compogte posteriordistribution) of alleleageliesabovethe upperageof
thebranchon whichit occurred ("), belowthe lowerage(*), or within the agerangeof the branch(o). Lowerinserts
indicatethe Spearmamank correlationstatisticp, squaredPearsorcorrelation coefficient(on log scale)?, interval-
adjustedbiasmetric (seeS2Text) e, andRMSLE Alsoshownis an LOESSit (second-degrepolynomials,
neighbortood proportion « = 0.25dashedine). (B) Therelationsip betweertrue andinferredagedor 5,000variants
sampleduniformly from asimulationunderacomplexdemographienodelwith N = 1,000N, = 7,3004 =

2.35x 1078, andvariablerecombiration ratesfrom humanchromesome20(63Mb). Alleleagewasestimaedon
haplotypedataassimulatedandwithout error (top), with error generged from empiricalestimate®f sequencing
errors(middle),andwith additionalerror arisingfrom in silicohaplotypephasingseeS2Text.Alleleagewas
estimatedusingscalingparameterssspecifiedor eachsimulation. A further breakdownof resultsusingmutationand
recombiration clocksalone aswell astheinferred pairwiseTMRCAs, is availabéfor A (S1Fig)andB (S2Fig, S3Fig,
S4Fig). GEVA, Genealogicatstimationof Variant Age;HMM, hiddenMarkov model;,LOESSlocallyestimaed
scatterplosmoothirg; PSMC pairwisesequentlly Markovian coalescetnRMSLE yoot mean-gjuarelog, g error;
TMRCA, time to themostrecentcommonancestor.

https://i.org/10.1371durnal.pbic3000586.9002

everypositionin thegenomereturn theinferred posteriordistribution on the TMRCA, thus
enablingacomposite-likelihoodestimatorof alleleageasin GEVA.

We foundthat PSMC-basedgeestimationgerformedsimilarlywellto GEVA (p = 0.952),
thoughthetime discretizationincreasedias(e = 0.530)and,in particular,ledto overestima-
tion of the agefor the youngestwariants We note that PSMCwasnot designedstrictly for this
purposeandhences not optimizedfor estimatingalleleage Converselypairwiseestimate®f
the TMRCA betweerconcordanthaplotypesverehighly correlatedwith true TMRCA in both
GEVA (p = 0.922)and PSMC(p = 0.919) but the correlationfor discordantpairswaslowerin
GEVA (p = 0.586)comparedo PSMC(p = 0.766)seeS1Fig. Suchdifferencesn relationto
estimatingalleleagewith high accuracyaretoleratedbecausg¢hetime of mutationis estimated
from the compositedistribution of TMRCA posteriorsfrom many pairwisecomparisongper-
formedatasinglelocus.Eventghat occurreddistantin time (relativeto thetime of mutation)
will havelittle influenceon the estimate.

Underacomplexdemographianodelthat recapitulateshe humanexpansiorout of Africa
andwith empiricalandvariablerecombinationrates.ageestimationin GEVA maintaineda
similarly high levelof accuracye = 0.198p = 0.937Fig 2B).In this situation,althoughPSMC
modeledthe more dynamicdemographidistoriesbetweerhaplotypesvith higheraccuracy
(correlationof true andinferred TMRCA for discordantpairs:p = 0.915)comparedo GEVA
(p = 0.775) thetime discretizatiorresultedn artifactsat morerecenttimes(TMRCA for con-
cordantpairs:p = 0.892)thatwerenot presenin GEVA (p = 0.932)Jeadingto worseperfor-
mancewhenestimatingthe age(e = 0.409p = 0.900;S52Fig), with the addition of substantial
computationalcost.We nextintroducedrealisticdatacomplicationsby reproducingempiri-
callyestimatedyenotypeerrorsin simulateddata(seeS2Text),aswell aserrorsarising
throughin silicohaplotypephasing(Fig 2B).We found ageestimationin GEVAto remain
largelyunbiasedandstronglycorrelatedwith true ageaftertheinclusionof dataerror (e =
0.346p = 0.925;53Fig) andafterphasing(e = 0.430p = 0.92154Fig). ThePSMC-based
approachcontinuedto showhigherbiasandreducedcorrelationat the samesetof variants,
both aftererror (¢ = 1.042p = 0.882)andafterphasing(e = 1.009p = 0.880) Reducediata
qualityresultingfrom sequencingrrorsmayintroducefalsesignalsof pairwisedifferences
seerbetweerhaplotypesand phasingerrorsmayleadto anunderestimatiorof haplotype
lengthsat variantsthat arerelativelyyoung,for whichweoverestimat&f MRCA andhence
alleleage(particularlyfor allelesyoungerthanapproximatelylOOgenerations).
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Age of selected variants

To evaluatehe performanceof GEVA on empiricaldata,wefirst consideredrariantsaffecting
thewell-studiedactasepersistenc€LP) trait, for whichnumerousapproachesdncluding the
useof archaeologicalata,geneticdata,andabiologicalunderstandingof the functionaland
evolutionaryimpactof previouslyassociategtariants haveresultedn consensusxpectations
for theage The LCT geneencodeshelactasenzymebut is regulatedoy variantsin anintron
of the neighboringMCM6 gene(MinichromosomeMaintenanceComplexComponent6). We
estimatedhe ageof thederivedT alleleof thers18254%ariant(G/A-22018) whichis atafre-
quencyof approximately50%in Europearpopulationsandforms part of ahaplotypeassoci-
atedwith LP[33]. Underamodelthatjointly considergnutationalandrecombinational
information, we estimatedhe alleleto be688generation®ld (Fig 3A), originating approxi-
mately14,00Qo0 21,000/earsago,dependingon assumptionsaboutgeneratiortime in
humang[34, 35]. Our estimatds basedn datafrom two differentsourcesthe 1000Genomes
Project(TGP)[2] andthe SimonsGenomeDiversity Project(SGDP)[36], which,whenesti-
matedseparatelygiveverysimilarageg692and 687generationstespectively)Thefull result
datasetfor this variantis availableonline: https://human.genomelating/snp/rs18254%We
obtainedasimilar ageestimateof 693generationgor the derivedA alleleof thers498823%C/
T-13910)variant(seehttps://human.genome.dating/pifirs4988235)whichis alsostrongly
associatewvith LP andin nearperfectassociationwith rs182549%thoughwenotethatthereis
evidencdor multiple origins of the variant[37]. Previousestimate®f the ageof thesevariants
rangebetweerR,200and21,000/earq38], putting our estimate®n the higherend of this
range Multiple source®f information suggesthat thesevariantsonly achievecdighfre-
quencyin Europearpopulationswithin thelast10,000yeargapproximately400generations)
[39] andthat LP alleleswvererareuntil the adventof dairy farmingin Europe[40]. Our results
thereforesuggesthat the mutation conferringthe stronglyselecteghhenotypgestimatedo
haveaselectiorcoefficientof up to 15%in Europearandup to 19%in Scandinaviamopula-
tions[39]) waspresentfor hundredsof generationdeforeits rapid sweeghroughthe
population.

We nextconsideredhe protein-codingmissenseariantrs382776m the Ectodysplasim
Recepto(EDAR) genewherethe derivedG allele(Val370Alasubstitution)is found at high
frequencyin EastAsianpopulations(87%in the TGP,82%in the SGDP)and Americanpopu-
lations(39%and 80% respectivelyandis associatetiith sweatfacialandbodymorphology,
andhair phenotype$41,42]. We estimatedhe variantto be 1,456generation®ld, approxi-
mately29,00Q0 44,000/earqFig 3B;https://human.genome.dating/girs3827760)again
with strongconcordancéetweerthe TGP (1,513generationspndthe SGDP(1,346genera-
tions).Our estimatds consistentith previousestimatesndlimited evidencdrom ancient
DNA studieq7, 44]. Our resultsfurther showthat mostindividualscarryingthe allelesharea
commonancestorloseto thetime the allelearosethrough mutation. This maysuggesthat
thevariantrapidly rosein frequencyfollowingits origin, whichis consistentvith previous
findingsof strongpositiveselectiorof this variantin EastAsia[41]. We comparedhis result
to variantsof similarage(1,450+ 100generations)n the Atlasof Variant Age(segfurther
below):wefound 1,043,37&ariantsdatedin the TGP,of which 2,073havereachechfre-
quencyhigherthan 30%globallyandonly 130above80%in EastAsianpopulationsdemon-
stratinghow unusualsucharapid risein frequencyis.

Finally,weconsideredhe variantrs80194531n which the derivedallelecausesn
Asn78Thrsubstitutionin the Zinc finger E-boxxbindinghomeoboxl (ZEB1) geneThevari-
antis reportedaspathogenidor cornealdystrophy[43] butis preseniat 6%in African ances-
try samplesvithin the TGP or the SGDP We estimatedhe ageof the variantto be5,866
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Fig 3. Application of GEVA to 3 variants of phenotypic and selective importance. (A) Estimatel TMRCAsfor
concordanf(left) anddiscordant(right) pairsof chromosomsfor thederivedT alleleatrs182549whichlieswithin an
intron of MCM6 andaffectsegulationof LCT [33], which encodesactaseEachbarreflectshe approximate95%
credibleinterval (ETPI)for apair, orderedby posteriormean(blackdots).Datafrom the TGP (green)[2] andthe
SGDP(orange) [36] wereused Thefrequeng of thevariantin the SGDP the TGP,andthe differentpopulaton
groupsin the TGPis shown(top left). Theinferredalleleagein generationgrom eachdatasourceandthe combined
estimateareshown(bottom right) and convertel to anapproximateagein yearsassuming?0+30yearsper
generationSeénttps://human.genome.ding/snp/rs1@549for additional results (B) Asfor panelA for the derivedG
alleleof rs3827760which encodeshe Val370Alavariantin EDAR andis associatedith sweatndfacialandbody
morphology[41,42];alsoseenttps://human.genome.diéng/snp/rs3&77600ur filtering approachis to removethe
smalleshumberof concordantanddiscordantpairsnecessargshownin pink) to obtainconcordantanddiscordant
setswith nonoverlapping meanposteriorTMRCAS.(C) Asfor panelA for the derivedC alleleof rs8019481,which
encodeshe Asn78Thr substitutbn in ZEBI, reportedaspathogent for cornealdystrophy[43]; alsoseenttps://human.
genomedating/snp/rs®194531Abbrevigionsreferto ancestrygroups AFR,African; AMR, American;EAS East
Asian;EDAR, EctodyspasinA Receptogene ETPI,equal-taied probabilty interval,EUR,EuropeanGEVA,
Genealogal Estimaton of Variant Age;LCT, Lactas gene MCM6, MinichromosomeMaintenanceComplex
Componer 6 geneSAS SouthAsian;SGDP SimonsGenomeDiversity Project;TGP,1000GenomeProject;
TMRCA, time to themostrecentcommonancestorZEB1, Zinc finger E-box+bindng homeoboxl gene.

https://abi.org/10.1371djurnal.pbic8000586.9003

generation®ld (120,0000 180,000/ears) againwith consistencypetweerthe TGPandthe
SGDP(5,87%nd5,854generationstespectivelyi-ig 3C; https://human.genome.dating/sh
rs80194531Buchanancientageseemsnconsistentvith the reporteddominant pathogenic
effect[43]. Moreover,of the 1.2million variantsfound at comparabldrequencie$5%+7%)n
African ancestryindividualswithin the TGP,wefound that 46%wereestimatedo beyounger
thanthers8019453allele suggestinghatthis variantis in no wayunusual.

Distribution of allele age in the human genome

We nextsoughtto characterizeéhe agedistribution of geneticvariationacrosghe human
genomefor whichweappliedGEVAto morethan45million variantsidentifiedin the TGP
or the SGDP More than 32billion haplotypepairswereanalyzedo estimatesharedhaplotype
segmentand TMRCAs.For variantspresentin both datasourceg13.7million), weaddition-
ally estimatedhe ageby combiningpairwiseTMRCA distributionsthat wereinferredinde-
pendentlyin eachsampleafterconfirming that separatelpbtainedageestimatesgreed
(Spearman's = 0.862seeS5Fig). We makethis information, referredto asthe Atlasof Vari-
ant Agefor the humangenomepublicly availableasan online databasé¢https://human.
genome.dating)A breakdownby chromosomeof the numberof variantsdatedandhaplotype
pairsanalyzeds givenin S1Table.Furtherdetailsaregivenin S3Text.

Wefind substantialzariationin therelationshipbetweerestimatecageandallelefre-
quencydependingon the populationin which frequencyis measurecindthe geographical
distribution of the variant(Fig 4A). Variantsin African ancestrygroupsaretypicallyolder
thanin othergroupsandalsohavethe greatesvariancen agefor agivenfrequencyFor
exampleyariantsbelow0.5%(within agivenpopulation)haveamedianageof 670genera-
tionsin African ancestngroups,377generationsn EastAsianancestrygroups,and488gen-
erationsin EuropeangseeS2Table).Theagedistribution of variantsrestrictedto a particular
ancestngroup (or sharedbetweerthem)indicateshe degreef connectionbetweerpopula-
tions. For exampletherearemanyvariantsup to 5,000generation®ld (100,00Q0 150,000
years}that arerestrictedto African ancestngroupsyetareobservedtfrequenciesip to 10%,
but variantsin this frequencyrangethat arerestrictedto EastAsianor SouthAsianancestry
groupsaretypicallyunder 1,000generation20,00¢0 30,000/ears)or 1,300generationsld
(26,000 39,000years)respectivelyConverselycosmopolitarvariantsthat areshared
amongeveryancestngrouparetypicallyolderthan 2,000generation§40,00@0 60,000/ears)
despitebeingobservedt globalfrequenciebelow0.5%(S6Fig). Variantsrestrictedto
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Fig 4. Age distribution of variants among different human populations. (A) Therelationshipbetweerestimatedilleleageandfrequencyasobservedvithin agiven
populationgroupin the TGP sampleOf the 45.4million variantsavailabéin the Atlasof Variant Age,43.2million weredatedusingTGP dataaloneweexcluded
variantswith low estimationquality andinconsstentancestraalleleinformation (seeS3Text),retaining34.4million variants Eachline showshe cumulativeage
distribution of variantswithin agivenfrequeng bin (sedegend)within apopulationgroup;circlesindicatemedianandinterquatile range Paneln theleft showthe
frequencystratifiedcumulativedistribution of estimatedagefor variantsatnonzerofrequengesasobservedvithin agivenancestrygroup. Thenumberof variants
availablepergroupis shown(top left). Paneln theright showthe distributionsof geographially restrictedvariantsthat only segregatevithin agroup (numberof
availablesariantsshownon bottomright). A summay of variantssharedbetweertifferentancestrygroupsin the TGPis providedin S6Fig.(B) Differeneesin alleleage
distributionsfor approximately70,000variantsin the TGPthat areannotatedasimpactingproteinfunction by PolyPha-2 (left) and SIFT(right), comparedo a
referencesetof variants(thoseannotatedasbenignby PolyPhen-ar toleratedby SIFT),matchedor allelefrequencywithin agivenancesty group.Theseesultsare
presentedn moredetailin S7Fig.AFR,African; AMR, American;EAS EastAsian;EUR,Europea; PolyPh@&-2, Polymorphism Phenotypings2 software SAS South
Asian;SIFT,SortingIntolerantFrom Tolerantsoftware;TGP,1000GenomesProject.

https://da.org/10.1371¢urnal.pbicB000586.9g004

Americanancestngroupsaretypicallyyoungerthan 750generationg15,00Qo 22,500/ears),
consistenwith existingknowledgeaboutthe settlemenbf the Americasviathe Beringland
bridgethat connectedAsiaandNorth Americaduring the lastglacialmaximumaround
15,0000 23,000/earsago[45, 46]. We note,howeverthat recentadmixtureandthe sampling
strategie®f the differentdatasetd47, 48] canhavea strongimpacton agedistributions.For
exampleyariantsat high frequencywithin Americanpopulationsbut thatarenevertheless
restrictedto just Americanand African populationsare,on averageyoungerthanlower-fre-
guencyvariants(within Americanpopulations)with the samegeographicalestriction(S6
Fig). Thesevariantslikely aroserecentlywithin AfricaandenteredAmericanpopulations
throughadmixture rising to high frequencythrough populationbottleneckg49]. Similarly,
variantsfound only within Europearand African populationsbut that haveafrequencybelow
0.5%in Europeansre,on averageolderthanvariantsobservedt higherfrequenciesn
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Europeansndolderthanvariantsrestrictedto only Europeansn the samerequencyrange,
suggestingecentgeneflow from Africainto Europe.

Suchheterogeneityn therelationshipbetweerelleleageandfrequencycoupledwith het-
erogeneouandunknown samplingstrategieszomplicateshe useof frequencyasa meansof
assessingariantsfor potentialpathogenicityduring the interpretationof individual genomes.
The Atlasof Variant Agepotentiallyoffersamore directapproachor screeningrariants,
giventhe high probability of elimination of nonrecessivdeleterioussariantswithin afewgen-
erations[50]. To assesthe valueof alleleagein theinterpretationof potentiallypathogenic
variants weestimatedhe agef variantsthat had effectgredictedasdamagindoy Polymor-
phismPhenotypingv2 softwarg(PolyPhen-2]51] or deleteriousy SortingIntolerant From
Tolerantsoftwarg(SIFT)[52] in the TGP (Fig 4B).Of the approximately70,000variantsana-
lyzed,50%0f damagingand 49%0f deleteriousvariantswereestimatedo havearisenwithin
thelast500generationg10,00Qto 15,000/ears)comparedo 41%of benign(PolyPhen-2)
and42%of tolerated(SIFT)variants(S7Fig). Comparedwith control setsof variants(those
annotatedasbenignor toleratedand matchedfor allelefrequencywithin thefocalancestry
group),variantsannotatedasdamagingor deleterioushada notabledearthof oldervariants
(>1,000generationsjor agivenfrequencyconsisteniith theoreticakexpectationsindprevi-
ousfindings[19,53,54]. Our resultssuggesthat old allelesanlargelybeexcludedrom con-
siderationof pathology(thoughrecentorigin is not evidencen favorof pathogenicity).

Shared ancestry

Finally,weinvestigatedhe extentto which patternsof sharingof variantsof differentages
couldpowerapproachefor learningaboutgenealogicdiistory.Previousnvork hashighlighted
thedescriptivevalueof geneticvariantsin identifying individualswho sharerecentcommon
ancestryand patternsof demographidsolationand migration[10,55,56], thoughit hasalso
highlightedthe challengesf interpretingthe output of approachesuchasprincipal compo-
nentanalysifPCA)[57,58]. Converselynumerousmodel-base@pproachebavebeendevel-
opedthat usepatternsof variantand haplotypesharingto infer underlyingdemographic
parameter$l14,59+61]thoughtheseypicallymakestrongsimplifying assumptiongboutthe
spaceof possiblenistories.

Here,wepresentanonparametricapproachfor combiningdescriptiveandinferential
approacheso learnaboutancestratonnectiondetweerindividual genomegand groupsof
individuals)basedn variantageinformation. Unlike existingmethodsthat assigrtime-
invariantancestryproportionsto individual genomedy referencdo contemporarypopula-
tions[9, 62], wecanestimatehe fraction agivengenomesharedvecausef commonancestry
with anyothergenomeatdifferentpointsin time, referredto asthe cumulativecoalescent
function (CCF).We useafastdynamic-programnmng approacho estimateamaximumlikeli-
hood CCFbetweeranypair or groupof individuals(Fig 5A; seeS4Text). Usingsimulated
data,wefound thatinferenceof ancestratelationshipsetweerindividuals(CCFsinferred
from estimatedhlleleagesyorrectlyreflecteddifference®f relatednesamongindividuals
within andbetweerdifferentancestrygroupsandrevealegatternsqualitativelyconsistent
with pastdemographieventyseeS5Text),thoughwenotethat uncertaintyin variantage
estimatesnaycauseversmoothingof coalescenprofiles,in particularin the distantpast
(>20,000enerationggo).

To illustratethe valueof this nonparametricapproachn describingthe history of individu-
alsandgroups wefirst consideredhe coalescentistory betweerasingleindividual of Ameri-
can(PuertoRican)ancestryfrom the TGP (ID: HG00733)andall othersin the TGP sample,
usingGEVA ageestimategor variantson chromosomes (Fig 5B).As apositivecontrol, we
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paternalgenomesvereusedfor phasinghencetheinferredparentalgenomesrethe transmited (and untransmited) genomesThe CCFsinferredwith genomedrom
theentire TGP samples shownin S1Movie. Thefull resultdatasetfor HG00733s availableat https://human.genme.dating/anestry/HG®733(C) Inferredgenome-
wide CCFs(averagdperdiploid individual acrossautosones)for a SiberianEskimofrom the SGDP(ID: S_Eskimo_$eniki-1) to all othersampledndividuals(top
panel).Colorsindicateancestryby geogrghic region(sedegend).The CCFcanalsobeexpresedasa CIF (middle panel)to reflecttheincreasen sharedancestry
within agiventime period.Eachrow representsinindividual from the SGDP prderedby the AUC of the CCFandscaledsuchthatthe maximumper columnis equal
to one.Thecolor bar (right) indicateshe ancestrygroup of sortedindividuals. The CIF within anytime epochcanbeexpresadasan effectivepopulationsize(N,
equivalentfrom the maximum overreferene samplesprovidingasummaryof therateat whichcomma ancestoeventoccurred(bottom panel).Thefull resultdata
setfor thisindividualis availableat https://humangenomedating/anestry/S_Eskim_Sireniki-1 AFR,African; AMR, American;AUC, areaunderthe curve;CCF,
cumulativecoalescerfunction; CIF, coalescenintensityfunction; EUR,EuropeanSGDP SimonsGenomeDiversity Project;TGP,1000GenomesProject.

https://da.org/10.1371¢urnal.pbic3000586.9005

includedthe parentsof HG0O0733(HG00732andHG00731)whoreacha CCFof nearlin the
mostrecentepoch(thoughnotethatthe parentswereusedfor haplotypephasingwhichesti-
mategransmittedhaplotypeshencethe CCFreachingl ratherthanthe expectedne-half).
We showthe ancestryof HG00733sharedwith everyindividual in the TGPsamplen S1
Movie;alsoseenttps://human.genome.datingiaestry/HG00733Within thefirst 100genera-
tions,weseeadditionalcoalescenceith the untransmittedparentalchromosomesindother
individualsfrom the PuertoRicansampleThe earliestommonancestryoutsidePuertoRico
is seerwith aEuropearindividual in Spain(paternalside;approximately60generationsgo)
andaMexicanancestryindividual (maternalside;approximately80generationsago).Coales-
cencewith individualssampledrom outsidethe Americasoccursfurther backin time (>100
generationsgo),initially with Europearindividuals(predominantlyaround300to 600gener-
ationsago),thenuniformly with non-Africanindividualsaround1,500to 4,000generations
ago,morestronglywith African individualsaround5,000to 15,00@yenerationggo,anduni-
formly with allindividualsaround20,000generationsgo.Becausef theimpactof dataerrors
on ageestimationof recentvariants(highlightedabove)the absolutdimings of the early
eventsarelikely substantiallyoverestimateddowever weexpectherelativeordering of
eventgo berobustand consistenamongsamplecomparisongseeS5Text).

The CCFsto all othermember=f areferencepanel(average@crossall chromosomedn
both haploidgenomesprovidean overviewof the genealogicaklationshipgor atargetindi-
vidual. Asan exampleweinferredthe CCFprofilesof a SiberianEskimoto all otherindividu-
alsin the SGDP(Fig 5C,top), showingcommonancestrito other CentralAsianand Siberian
individualswithin afewhundredgenerationssubstantiatommonancestrywith American
individualsbeforel,000generationsandtypicallymorerecentcommonancestrywith East
Asiansthan WestEurasian®r Africans;seehttps://human.genome.datg/ancestry/S
Eskimo_Sireniki-1Notably,relativelylittle additionalcoalescencie seerduring aperiod
around2,000t0 10,000Qyenerationsgo,whichis apatternsharedamongnon-African individ-
uals(alsoseeS1Movie) andagreesvith previousfindings of aperiod of reducedcoalescence,
peakingl100,00Q0 200,00¢/earsago[14].

The CCFcanalsoberepresentesa coalescenintensityfunction (CIF; seeS4Text),
whichmeasuregherateof changeof commonancestryovertime (Fig 5C,middle). The CIF
revealsaadditionalstructure;for examplearound3,000to 20,00@enerationggo,thoseparts
of the SiberianEskimo'sgenomethat havenot yetcoalescedith othergenomesampled
from the sameancestrygroup haveaverylow CIF, while the CIF to the African ancestrysam-
ples(which havehadverylittle coalescencentil this point) is relativelyhigh (thoughnotethe
absoluteateremainsverylow overthis period).

We canfurther summarizethe coalescenprofilesfor the targetindividual by computing
themaximum CIF overthe sampleThis statisticcapturegpropertiesanalogouso the effective
populationsizeparameterN,, in populationgeneticsnodeling,in whichthe expecteatoales-
centintensityis inverselyrelatedto populationsize We referto the maximumCIF in thefol-
lowing asthe N, equivalen{Fig 5C, bottom),thoughwenotethat (in the casen whichthere
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aregenuinepopulations)it is likely to bedownwardbiasedcomparedo existingmethodsfor
examplewewould expectPSMC[13] to infer absolutevaluesof ancestrapopulationsize
moreaccuratelyWe thereforeuseN, equivalentdo providearelativesummaryof genealogi-
calhistoriesacrosgheentirecohort.

We estimatedall pairwiseCIFsin TGP (S2Movie),whichweaggregatedcrossautosomes
to generatecoalescenprofile betweereachpair of individuals(seeS6Text). Likewise we
estimatedhe ancestrysharetbetweereachindividual pairin SGDP(S3Movie); CIFswere
further aggregatedmongthe 130populationgroups(Fig 6). Thesereveahowtheratesand
structureof coalescenceavechangedvertime, with the mostrecentepoch(up to approxi-
mately200generationsago)dominatedby coalescenceithin populations put alsoidentify
recentconnectiondbetweergroupssuchasbetweersouthernSiberianandnorthern East
Asianpopulations(Fig 6A). Severapopulationssuchasthe Kusunda(Nepal),Saami{Fin-
land),andNegevBedouingIsrael)showstrongwithin-group coalescencep to this point,
thoughby 500generationsagotheyarecoalescingprimarily with otherpopulationsThe
epocharound800generationggois dominatedby structurebroadlycorrespondingo the
continentallevel(Fig 6B),thoughsomeAfrican populationsbfor examplethe Mbuti
(Congo),but more dramaticallythe Khomani San(SouthAfrica) and Ju’hoans{Namibia)b
remainisolatedup to approximatelyl,500generationggo(30,00Q0 45,000/ears)which
overlapswith previousfindings[63], andwe seethesetwo populationsto bestronglycon-
nectedfor anextendedperiodfurther backin time (S3Movie). Around 800generationsgo,
thereis verylittle remainingstructureamongWestEurasiarpopulations but manyadditional
intercontinentalconnectionsarenow identified. For examplewe seea north-to-southgradi-
entof decreasingoalescendeetweemmericanpopulationsand Siberianor EastAsianpopu-
lations.In particular,weidentify strongcoalescencef Americanancestryindividualswith
SiberianEskimos Aleutianislandersand Tlingit peoplein a periodbetweerb00and 1,000
generationsagoandverylittle structureamongAmerican,Siberianand EastAsianpopula-
tionsasawholefurther backthan 1,000generationsago(S3Movie), which agreesvith previ-
ousresultsregardingthe humanmigrationinto the Americasextendedsolation,and
subsequentlispersahcrosghe continent[46]. By 4,000generationggo,we seehigh levelsof
coalescendeetweemon-African and African populations(Fig 6C) andessentiallyo struc-
ture in the epocharound20,00@enerationgago(Fig 6D). We notethat the exacttimings of
demographieventgsignifiedby periodsof intenseor reducedcoalescencevhile showing
consistenpatternswithin andamongpopulationgroups,maycarryadditionalnoisedueto
uncertaintyin alleleageestimates.

ThemaximumCIF profiles(N, equivalentsi-ig 6E) highlight severafeaturesincluding dif-
ferencemmongmodernancestrygroupsin theintensity of coalescenceithin thelast1,000
generationgparticularlyintensefor Americanand Oceanigpopulations)amajor period of
intensecoalescencamongall non-African ancestryindividualsaround1,000to 2,000genera-
tionsago following the migration of modernhumansout of Africa [64]; aweakerput still
marked,increasen coalescenntensityfor African ancestrysamplesround2,000generations
ago;andanolderreductionin coalescernintensity,peakingaround5,000to 8,000generations
ago,potentiallydriven by ancientpopulationstructurewithin Africa and(for non-African
populations)possibleadmixturewith archaicdineage$65+67].We find minor quantitative,
but not qualitative differencesamongchromosome$S8Fig). We notethat the bottleneckand
steepchangén populationsizearound60,0000 80,00Qenerationggo,althoughconsistent
acrosancestryprofilesinferredfor all individualsin the samplejslikely to beanartifactpos-
siblycausedy decreasedccuracyf ageestimatesn the distantpast,alongwith abreakdown
of assumptionsegardingthe statisticaindependencef veryold mutations.
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Fig 6. Age-stratified connections between ancestry groups in the publicly available SGDP sample. The CCFwasinferredfor all 556haploidtargetgenomeswvith
all othercomparaor genomesn the SGDPsampleandthenaggregtedby ancestrygroup (meanof CCFsfrom individualswithin apopulation)andacross
chromasomeswith populatbnsasdefinedin the SGDP(sedegendon theright). (A+D) Theancestrysharedbetweerpopulationss indicatedby the CIF overa
giventime interval (epoch) shownasamatrix with populationssortedfrom north to southwithin continentalregionsIntensitieswerecomputedfrom aggregated
CCFsto summarizaelationshipsbetweerpopulatbns;colorsindicateintensityscaledertargetpopulation(rows) by the maximumovercomparatompopulations
Ancestraconnectimsareshownat different epochdackin time; around200generationsgo(A), 800generationgB), 4,000generationC), and 20,000
generdons (D). Theconversbn (top right) assumeg0+30yearsgergeneréion. A moredetailedsummary showingthe ancestrysharedetweerindividuals,overa
slidingtime window (epoch)is shownin S3Movie.(E) Themaximum CIF for individualsfrom differentancestrygroups(continentd regions)expressedseffective
populaton size(N,) equivalent®vertime, estimatedrom CCFsaggregategerdiploid individual andsummarizel by the medianandinterquartile rangepergroup.
Trianglesindicatethe epochshownin panelsA+D. A further breakdowrof N, equivalentgstimatedrom nonaggregattCCFsperchromosaneis shownin S8
Fig.CCF,cumulativecoalescetrfunction; CIF, coalescerintensityfunction; SGDP SimonsGenone Diversity Project.

https:/Hoi.org/10.13¥/journal.pbi3000586.9g006

Discussion

We havedemonstratedow alleleageestimatesanprovideinsightto arangeof problemsin
statisticabnd populationgeneticsHowever thereareseveralmportant assumptiongandlim-
itationsof the approachFirst,akeyassumptioris that of asingleorigin for eachallele Given
the sizeof the humanpopulationandthe mutationrate,it is likely that everyallelehasarisen
multiple timesoverevolutionaryhistory.Yet,unlesghe mutation rateis extremelyhigh, it is
still probablethat mostindividualscarryingthe alleledo sothroughcommonancestryMore-
over,multiple origins canpotentiallybeidentified throughthe presencef the alleleon multi-
ple haplotypebackgroundsashas for examplebeenseerfor thers498823%variantat LCT
[37] (thoughwe notethata previousstudy[68] concludedhatthe alleleof variantrs4988235
wasbroughtinto African populationsthrough historic geneflow, possiblythroughthe Roman
Empire),the O bloodgroup[69], or allelesn the Human LeukocyteAntigene(HLA) region
[70]. A variantlying in aregionwith high ratesof noncrossovefgeneconversionymaysimi-
larly befound on multiple haplotypebackgroundg71]. However for genomewith veryhigh
mutationrates suchasHIV-1 [72], recurrences sufficientlyhigh to makeestimate®f allele
agemeaninglesdn addition, while we haveshownGEVA to berobustto realisticlevelsof
sequencingndhaplotypephasingerror, the actualstructuresof error found in referencelata
sourcessuchasthe TGP, haveadditionalcomplexitywhoseeffectis unknown[73].

Our approachalsoassumesa known andtime-invariantrateof recombination For most
speciespnly indirect estimate®f the per-generatiomecombinationrateareavailableandin
humang[74] andmice[75], thereis evidenceor evolutionin thefine-scaldocationof recom-
bination hotspotshroughchangedn thebinding preferencesf PRDM9 (PRdomainzincfin-
gerprotein 9). However becaus®road-scaleéecombinationratesevolveatamuchlowerrate
thanhotspotlocation[76] andbecauseur approachfor detectingrecombinationeventss
drivenlargelyby the presencef recombinanthaplotypesweexpectGEVAto berelatively
robustfor recentvariants.Older variantsmaybemore affectedput for suchvariantsmost
information comedrom the mutation clock,whichis likely to havebeenmore stableover
time.

We haveshownthatthe ageof variantsarehighly correlatedvhenestimatedseparatelyn
independensampleswhich agreesvith the assumptiorthat, for the majority of allelesmuta-
tionsoccurredonly oncein the history of the population,suchthat the true ageof anallele
refersto afixedpoint in time. In principle, the agecanbeestimatedrrespectiveof thefre-
quencydistribution observedn differentstudycohorts.Our resultsshowsubstantiaheteroge-
neityin therelationshipbetweerfrequencyandage revealingheimpactof oftenunknown
demographicrariableson the distribution of alleleswithin andacrosdifferentancestry
groupswhich mayfurther be confoundedby the modeand strengthof selectioron particular
allelesTheestimationprofilesof variantsshownin Fig 3 provideonly afewexample®f cases
in whichthe frequencymaynot bereliableasa proxy for the age Our methodandthe Atlasof
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Variant Agemaythereforeprovidemorerobustmeasure$or analyseshat otherwiserely on
populationor sample-specifiallelefrequencies.

The Atlasof Variant Agealsohasmultiple applicationdeyondstatisticand population
geneticsFor examplerecentvariantsprovideanaturalindexwhensearchingor relatedsam-
plesin population-scalelatasetsWe havedemonstratechow variantageinformation canbe
leveragedanore comprehensivelyusinganonparametricapproachto learnaboutgenealogical
history,relatednesbetweerindividuals,andancestratonnectionsetweemopulations Our
approachto infer coalescenprofiles(pairwiseCCFand sample-wideCIF) capturesancestry
proportionsand coalescencetevariationsasafunction of time, from which we candistin-
guishrecentfrom pastdemographiceffectsor estimatechange®f relativerelatednesever
time. Asillustratedfor whole-genomeequencinglatafrom the TGPand SGDP pur method-
ologyaccessestime dimensionto studyrelatednesbetweerindividual genomesandamong
entire samplecohorts.Applicationsto otherdatasetanayuseinformation from the Atlasof
Variant Agewithout the needto re-estimateagesthusdemonstratinghe valueof this
resourcdor exploratorydataanalysis.

Finally,aspresentedhere,it is possibleo combineinformation from multiple, potentially
evendistributeddatasetsby estimatingcoalescenime distributionsfor pairsof concordant
anddiscordanthaplotypesn eachdataresourceseparatelyr to updateageestimatedy the
inclusionof additionalsamplesEstimationof the ageof particularvariantsmaygainadditional
accuracyoy increasinghe numberof pairwisecomparisonsgependingon the history of the
alleleandthe genealogicaksolutionattainablefrom the diversityof ancestrabackgrounds
inherentto availablesampledata.Futurestudiesmayreveahnewvariants particularlywithin
under-representedncestrygroups that canalsobeaddedto the Atlasof Variant Age.The
methodsarealsoapplicabldo nonhumanspeciesslong asestimate®f mutation rate,recom-
binationrate,andgeneratiortime areavailableFutureextensiongo infer locationof origin or
theancestrahaplotypejntegratingthe growingwealthof genomedatafrom ancientsamples,
will beanimportant steptowardsreconstructinghe ancestrahistory of the entire species.

Materials and methods

Data sources

Estimationof alleleageand sharedancestrywasconductedon publicly availabledatasetsthe
TGP[2] andthe SGDP[36]. We usedphasedaplotypedataof chromosomed +22from the
final releas&@ GP panel(Phase; GRCh37)availabldor 2,504individualsfrom 26 populations
worldwide (5 continentalpopulationgroups).Additional datawereavailablérom the TGP for
31relatedindividuals,whichweincludedin our sharedancestrnyanalysisWe usedphased
haplotypedataof chromosomed+22from the publicly availableSGDPpanel(PS2GRCh37),
consistingof 278individualsfrom 130populationsworldwide (7 continentalpopulation
groups) Recombinatiorratesweredeterminedfor eachchromosomausingthe geneticmaps
availablgrom the InternationalHapMapProject(Phase; GRCh37)78]. Genotypedatafrom
thelllumina PlatinumGenomegProject(IPG) [79] (GRCh37thromosomed +22)wereused
asareferencego measuregenotypeerror in amatchedsubsamplérom the TGP.We used
information from the EnsembiatabaséGRCh37releas®2,version20180221)o determine
theancestrabndderivedallelicstatedor variantsin boththe TGPand SGDPpanelsaspre-
dictedthrough multispecieslignmentsn the EnsembEPOpipeline.

Availability of results

The Atlasof Variant Ageis publicly availableasan online databasenttps://human.genome
dating/.It containsthe ageestimationresultsfor morethan45million variantsin the human
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genomeijncludingthe resultsof all pairwiseanalysesonductedat eachfocalsiteto estimate
sharedhaplotypesegmentsindinfer TMRCA betweerhaplotypepairs(morethan 32billion).
WeusedanHMM to infer sharechaplotypesegmentsior which weconstructedanempirical
error model(throughcomparisorbetweergenotypes$rom the IPG and TGP)to generatdre-
quency-dependergmissionandinitial stateprobabilitiestheseareavailableonline: https://
github.com/pkalbers/geva/treeaster/nmm Furthermore weperformedsharedancestry
analysefor everypair of individual chromosome#n the TGP (including relatedindividuals)
andthe SGDPwhicharealsoavailableat hitps://human.genome.dating/.

Source code availability

Thesourcecodeof the GEVA methodis availableonline at https://github.com/pkallers/geva.
The sourcecodeof the CCFdynamicprogrammingalgorithmis availableat https://github.
com/pkalbers/cciWe modified the original sourcecodeof MSMC2to optimizethe perfor-
manceof the PSMCalgorithmin our simulationanalysisavailableat https://github.com/
pkalbers/msmc2.

Supporting information

S1 Fig. Simple demographic model simulation. Alleleageestimationand TMRCA inference
in asimulationof a100-Mbregionwith samplesizeN = 1,000 effectivepopulationsizeN, =
10,000¢onstantmutation rate(u = 1 x 10°® persiteper generation) and constantrecombina-
tion rate(r = 1 x 1078 persitepergeneration)(A) Relationshifbetweerthetrue alleleage
(geometricmeanof lowerand upperageof the branchon which amutation occurred;x axis)
andestimatedalleleage(y axis),estimatedusingthe mutation clock,recombinationclock,and
joint clockmodels(left) and PSMC(right) for the samesetof 5,000variants randomlysam-
pledatallelecount1 < x < N. Colorsindicatethe densityscalecby the maximumper panel.
Upperinsertsindicatethe fraction of siteswherethe point estimatgmodeof the composite
posteriordistribution) of alleleageliesabovethe upperageof the branchon which the muta-
tion occurred(”), belowthelowerage(*), or within therangeof the branch(c). Lowerinserts
indicatethe Spearmamank correlationstatisticp, the squareof the Pearsorcorrelationcoeffi-
cient(on log scale)?, theinterval-adjustederror metric e, andthe RMSLE Alsoshownis an
LOESSit (second-degrepolynomialsneighborhoodoroportion a = 0.25;dashedine). (B)
Relationshibetweertrue TMRCA for ahaplotypepair atagivensiteand corresponding
inferred TMRCA (meanof posteriordistribution), shownseparatelyor concordantanddis-
cordantpairs.The samesetsof haplotypepairswereanalyzedindereachclockmodelin
GEVA (left) and PSMC(right). Colorsindicatethe densityscaledy the maximumper panel.
Lowerinsertsindicatethe Spearmamank correlationstatisticp, the squareof the Pearsorcor-
relation coefficient(on log scale)?, andthe RMSLE GEVA, GenealogicdEstimationof Vari-
antAge;LOESSIocallyestimatedscatterplosmoothing;PSMC pairwisesequentially
Markoviancoalescen®RMSLE oot mean-squaréog; o error; TMRCA, time to the most
recentcommonancestor.

(TIF)

S2 Fig. Complex demographic model simulation without error. Alleleageestimationand
TMRCA inferencein asimulationthatrecapitulateshe humanexpansiorout of Africa[77],
with N = 5,000N, = 7,300 constantmutation rateu = 2.35x 10°%, andvariablerecombination
ratesfrom HapMap(Phase, GRCh37)78] for chromosome20(63Mb). Allele agewasesti-
matedfor 5,000variantssampleduniformly from the intersectionof sitesavailableat allele
countl < x < N in datawithout error and afterdataweremodified with error; seeS3Figand
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S4Fig.Descriptionof plotsasin S1Fig. GRCh37GenomeReferenc&€onsortiumHuman
Build 37; TMRCA, time to the mostrecentcommonancestor.
(TIF)

$3 Fig. Complex demographic model simulation with error. Alleleageestimationand
TMRCA inferencefrom simulateddatain which haplotypedataweremodified with realistic
error ratescalibratedfrom empiricalestimate®f genotypeerrorsin TGP data[2], by compar-
isonto correspondinggenotypedatafrom the IPG[79]. Alleleagewasestimatedor the same
setof 5,000variantsasanalyzedn S2Figand S4Fig.Descriptionof plotsasin S1Fig.IPG,
lllumina PlatinumGenomedroject;TGP,1000GenomedProject;TMRCA, time to the most
recentcommonancestor.

(TIF)

$4 Fig. Complex demographic model simulation with error and after phasing. Alleleage
estimationfrom simulateddatain which haplotypedataweremodifiedwith realisticerror
ratescalibratedrom empiricalestimate®f genotypesrrorsin TGP data[2], by comparison
to datafrom the IPG[79]. HaplotypedatawereadditionallyphasedusingSHAPEITZ2[80]
aftertheintroduction of dataerror. Alleleagewasestimatedor the samesetof 5,000variants
asanalyzedn S2Figand S3Fig.Descriptionof plotsasin S1Fig.Notethattherelationship
betweertrue andinferred TMRCA perhaplotypepair cannotbeascertained¢onclusivelyafter
phasingof haplotypedata.lPG, lllumina PlatinumGenomedProject;TGP,1000Genomes
Project;TMRCA, time to the mostrecentcommonancestor.

(TIF)

S5 Fig. Correlation between allele age estimated separately in TGP and SGDP data. (A)
Therelationshipbetweernlleleageusingdatafrom the TGP (x axis)andthe SGDP(y axis),
estimatedrom the mutation clock(left), recombinationclock(center),andthejoint clock
model(right), for 13.7million variantsdatedin both datasourcesColorsindicatethe density
scaledby the maximumper panel.Lowerinsertsindicatethe Spearmamank correlationstatis-
tic p andthe squareof the Pearsorcorrelationcoefficient(calculatedn log-scaledilleleages)
r%. (B) Differencesn allelefrequencyof the variantscompared(left); the histogramg(right)
showthe frequenciessobservedn the TGP (top) andthe SGDP(bottom) for corresponding
setof variants SGDP SimonsGenomeDiversity Project;TGP,1000Genomesroject.

(TIF)

S6 Fig. Allele age and frequency for variants shared between different human populations.
Therelationshipbetweeralleleageandfrequencyfor variantsdatedin the TGP.Alleleagewas
estimatedunderthejoint clockmodelusing TGP data(wholesample) Of the 43.2million var-
iantsdatedin the TGP (chromosomed +22) we excludedhosewith low estimationquality
andinconsistentancestrahlleleinformation, which retained34.4million variants Allelefre-
quenciesverecalculatedvithin subsamplesf AFR,AMR, EAS ,EUR,and SASancestry
groupsasdefinedin TGP sampledata.Linesin eachpanelshowthe cumulativeagedistribu-
tion of variantswithin agivenfrequencybin (sedegend)with frequenciessobservedvithin
the populationgroupindicatedat the top (columns);circlesindicatemedianandinterquartile
range(25th,50th,and 75th percentiles)(A) Thesubsebf variantsobservedn only two popu-
lation groups referringto sitesthat havenonzerofrequenciesn eitherof the two populations
consideredand zerofrequencyin all othergroups(white backgroundcolor),andgeographi-
callyrestrictedvariantsthat areisolatedwithin only asinglepopulationgroup,referringto
sitesthat havenonzerofrequenciesn the populationconsideredandzerofrequencyin all
othergroups(diagonalpanelsgraybackgroundcolor). Panelghat arediagonalopposites
showresultsfor the samesetof variantsbut with frequenciesisobservedn the population
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consideredby column). The numberof variantsretainedis shownin eachpanel(bottom
right). (B) Theagedistribution of strictly cosmopolitarvariants(nonzerofrequenciesn every
group) by frequencyasseernwithin apopulationgroup. Thedistributionsshownin eachpanel
wereobtainedon samesetof 3,634,71&ariants AFR,African; AMR, American;EAS East
Asian;EUR,EuropeanSAS SouthAsian; TGP,1000GenomesProject.

(TIF)

S7 Fig. Allele age of potentially pathogenic variants. Alleleagewasestimatedjoint clock)
usingsampledatafrom the TGPfor variantsannotatecby the EnsembVEP[81]. We
excludedvariantswith low ageestimationquality or inconsistentancestrabllelicstategdeter-
minedthroughmultispecieslignmentsjnformation availablehrough Ensembl)which
retained64,43of 70,220)ariantsannotatedby PolyPhen-251] and61,995of 67,539)ari-
antsannotatedby SIFT[52]; of those 61,615 0of 67,123)ariantshavebeenannotatedby both
methods(A) Therelationshipbetweeralleleageandvarianteffectpredictedby PolyPhen-2
(top), with effectcategoriegivenasbenign,possiblydamagingprobablydamagingand
unknown;variantnumbersper categonareindicatedin thelegend Eachline showsthe
cumulativeagedistribution by effectcategorygirclesindicatemedianandinterquartilerange.
Thefrequencyistribution of all variantsconsidereds shownfor the 5 major population
groupsdefinedin the TGP samplgmiddle), givenasthe numberof variantswithin allele
countbins(evenlyspacedn linearscalebut shownon log scale)with allelecountasper pop-
ulation groupin the TGP.Thenumberof variantsat nonzerofrequenciesn apopulation
groupisindicatedin thelegend.Therelativeproportion of variantsacrossffectcategorieper
allelecountbin for the 5 major populationgroupsin the TGP (bottom). (B) Asfor part (A),
plotsshowthe relationshipetweeralleleageand populationfrequencyfor variantspredicted
by SIFT,with effectcategoriegivenastoleratedand deleterious(C) QQ-plotsshowingdiffer-
encesn alleleagedistributionsfor variantsannotatedby PolyPhen-Zleft) and SIFT(right),
comparedo acontrol setof variants(thoseannotatedasbenignby PolyPhen-2or toleratedby
SIFT),matchedfor allelefrequencywithin agivenpopulationgroup.Matchingwasdoneby
retainingonly thosevariantsobservedat nonzerofrequencywithin apopulationgroupandif
variantsof everyeffectcategorywererepresentedtidenticalallelecounts.Theinsetin each
panel(bottom right) showsthe numberof variantsretainedper effectcategoryPolyPhen-2,
apolymorphismPhenotypingv2° software SIFT 2SortingIntolerant From Tolerant°software;
TGP,1000Genomedroject;VEP,Variant EffectPredictor.

(TIF)

S8 Fig. Effective population size (N, equivalent) over time for chromosomes 1-22 in the
SGDP. The CCFwasinferredfor eachhaploidtargetgenomewith all othercomparator
genomesn the SGDPsamplepasedn atotal of 11.7million variantsdated(joint clock)on
chromosomed +22 retainedafterexcludingvariantswith low ageestimationquality and
inconsistentancestralleleinformation. Coalescenintensitywascomputedpertarget
genomeandscaledy the maximumoverthe sampleatagiventime interval (epochevenly
distributedon log scale) Eachline showsthe medianandinterquartilerangeof N, equivalents
inferredfor individualsin the differentancestrygroups(continentalregions;sedegend).CCF,
cumulativecoalescenfunction; SGDP SimonsGenomeDiversity Project.

(TIF)

S1 Table. Summary of variants per chromosome in the Atlas of Variant Age. Thetable
showshetotal number(Ny)) of variantsavailablen the Atlasof Variant Ageon chromosomes
1+22 aswellasthe numberof variantsdatedusingdatafrom the TGP alone(N+gp) andthe
SGDPalone(Nsgpg- Additionally, variantspresentn both datasetsweredatedusing
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independenthjinferred pairwiseTMRCA resultsfrom the TGPand SGDPto obtainacom-
binedageestimatg Ncompbined- Thenumberof haplotypepairsatwhich sharechaplotypeseg-
mentsand TMRCA wereinferredis shownfor the two datasourcesnumbersareshownasthe
sumof concordantanddiscordantpairsanalyzegerchromosomeSeesS3Textfor details
aboutthe analysiof TGPand SGDPsampledata.Full resultdatasetsor eachvariant,includ-
ing theresultsof eachpairwiseanalysisand ageestimate®btainedundereachclockmodel
(mutation,recombinationandjoint clock;seeS1Text),arepublicly availableonline at https://
human.genome.datingBGDP SimonsGenomeDiversity Project;TGP,1000Genomes$roj-
ect;TMRCA, time to the mostrecentcommonancestor.

(PDF)

S2 Table. Age and frequency of variants within population groups in TGP data. We esti-
matedalleleagefor variantsidentifiedin the TGPto characterizeéhe agedistribution of
geneticvariationacrosghe humangenomeAllele agewasestimatedinderthe joint clock
model.Of the 43,232,520ariantsdatedin the TGP (chromosomed+22) weretainedonly
thoseat quality scoreQS > 0.5(seeS1Text)andatwhichtheancestrahlleleis known and
mappedo thereferencellele(seeS3Text),whichretained34,388,51 variants.Thetable
showghe numberof variants(N) andthe medianof alleleageestimate$Qsq), aswellasthe
25th(Q.s) and 75th (Q+s5) percentilesper continentalpopulationgroupandstratifiedby allele
frequencywithin thatgroup.Thisis shownfor (A) variantsat nonzerofrequenciesvithin a
givenancestngroup,(B) geographicallyestrictedvariantsthat segregatenly within agiven
group,and(C) strictly cosmopolitarvariantsthat aresharedamongindividualsfrom every
continentalgroup.AFR,African; AMR, American;EAS EastAsian;EUR,EuropeanSAS,
SouthAsian; TGP,1000GenomesProject.

(PDF)

S1 Movie. Ancestry of individual HG00733. Thechangédn coalescencete (intensity) over
time for thetwo haploidgenomegchromosomeb) of targetindividual HGO0733Puerto
Ricanin the Americanancestrygroup)with all othergenomesvailabléhroughthe TGPas
comparatorindividuals;5,070haploidgenomesn total,including relatedindividualsthathad
beenremovedin thefinal releasé®hased panel.Computationsof the CCFandcoalescent
intensitiesarebasedn 2.3million variantsdated(joint clockmodel)on chromosomes from
the TGP, retainedafterexcludingvariantsof low estimationqualityandinconsistentancestral
alleleinformation. Themovieshowshe intensityscaledoy the maximumoverthe TGP sam-
ple (top two panels)jn which chromosomesiredistinguishedoy maternalandpaternal
modesof inheritance(determinedfrom coalescenintensityinferredwith both parental
genomes)Thescalingfactor(maximum of coalescenintensityacrosghe samplejs shown
separatelybottom left). An estimateof the effectivepopulationsize(N, equivalentpottom
right) is obtainedfrom the scalingfactorandthe numberof generationsvithin agiventime
interval (epoch).Thetwo linesshowthe N, equivaleninferredfor the maternallyand pater-
nally inheritedchromosomes®f the targetindividual. Epochsareshownon asliding window,
movingbackin time, with epochsizeasindicated(bottom). Thefull resultdatasetfor
HGO00733s availablenline at https://human.genome.datingtaestry/HG00733CCF,cumu-
lativecoalescenfunction; TGP,1000Genomedroject.

(TXT)

S2 Movie. Ancestry shared back in time for all individuals from the TGP. The TGPsample
consistof 2,535ndividualsfrom 26 populationgroups,including relatedindividualsthathad
beenremovedin thefinal releasé’hase panel.We first computedthe CCFfor eachof the
5,070haploidgenomesn turn with everyothergenomeseparatelyor chromosomed +22.
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Thiswasbasedn ageestimate®f 34.4million variantsdatedusingTGP data(joint clock
model),retainedafterexcludingvariantsof low estimationquality andinconsistentancestral
alleleinformation; CCFswerethenaggregategerdiploid individual andacrosshromo-
somesWethencalculatedhe CIF from the aggregate@ CFof eachpair of individuals.
Ancestrakelationshipsareshownin amatrix (left), wherecolorsindicatethe coalesceninten-
sity betweereachpair of individuals,scaledoertargetindividual (rows) by the maximumover
thesamplepertime interval (epoch).Labelsndicatethe continentalpopulationasdefinedin
the TGP,which canbefurther subdividedinto smallerpopulationgroups(sedegendat end of
movie). The movieshowsancestrybackwardsn time, wherecoalescenintensityis calculated
in aslidingwindowwith epochsizeasindicated(top right). An estimateof the effectivepopu-
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