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​Abstract​
​Tandem​​repeats​​(TRs)​​are​​highly​​mutable​​DNA​​elements​​that​​influence​​gene​​regulation​​1​​,​​protein​
​structure​​2​​,​ ​and​ ​disease​​3​​.​ ​Until​ ​recently,​ ​their​ ​repetitive​ ​nature​ ​has​ ​hindered​ ​accurate​ ​TR​
​sequencing​​and​​genotyping,​​resulting​​in​​sparse​​comparative​​data​​across​​species.​​In​​addition,​​we​
​lack​ ​population-aware​ ​approaches​ ​to​ ​analyze​ ​TR​ ​conservation,​ ​divergence,​ ​and​ ​mutational​
​dynamics.​ ​Here,​ ​leveraging​ ​telomere-to-telomere​ ​primate​ ​genomes​ ​and​ ​long-read​​data​​from​​46​
​humans​​and​​23​​chimpanzees,​​we​​constructed​​a​​catalog​​of​​homologous​​TR​​loci,​​and​​developed​​an​
​analytical​ ​framework​ ​to​ ​jointly​ ​analyze​ ​TR​ ​variation​ ​within-​ ​and​ ​between-species.​ ​Across​
​primates,​​TR​​diversity​​and​​conservation​​vary​​strongly​​with​​genomic​​context,​​with​​coding​​and​​5’​
​UTR​ ​TRs​ ​exhibiting​ ​reduced​ ​polymorphism​ ​and​ ​constraint​ ​across​ ​species,​ ​consistent​ ​with​
​stabilizing​ ​selection.​ ​Yet,​ ​while​ ​TRs​ ​are​ ​depleted​ ​in​ ​coding​ ​sequence,​ ​they​ ​are​ ​enriched​ ​in​ ​5’​
​UTRs,​ ​suggesting​ ​functional​ ​roles​ ​that​ ​outweighs​ ​mutational​ ​risks.​ ​TR​ ​heterozygosity​ ​varies​
​across​ ​motif​ ​lengths​ ​and​ ​is​ ​concordant​ ​with​ ​both​ ​evolutionary​ ​and​ ​trio-based​ ​mutation​ ​rate​
​estimates​​4​​.​ ​Introducing​ ​an​ ​HKA-like​ ​approach​ ​to​ ​control​ ​for​ ​locus-specific​ ​mutation​ ​rates,​ ​we​
​identified​ ​TRs​ ​with​ ​signatures​ ​of​ ​directional​ ​and​ ​balancing​ ​selection.​ ​These​ ​candidates​ ​are​
​significantly​ ​enriched​ ​in​ ​genes​ ​involved​ ​in​​nervous​​system​​development​​and​​synaptic​​function,​
​highlighting​​TRs​​as​​potential​​contributors​​to​​neural​​evolution.​​Further,​​TR​​divergence​​correlates​
​with​ ​gene​ ​expression​ ​divergence,​ ​particularly​ ​for​ ​promoter-related​ ​TRs​ ​and​ ​expression​ ​in​
​organoids​​related​​to​​neurodevelopment,​​implicating​​a​​subset​​of​​regulatory​​TRs​​as​​candidates​​for​
​adaptive​ ​expression​ ​evolution.​ ​Finally,​ ​trait-associated​ ​TRs​ ​display​ ​longer​ ​alleles​ ​and​ ​higher​
​diversity​ ​in​ ​humans​ ​compared​ ​to​ ​chimpanzees,​ ​consistent​ ​with​ ​lineage-specific​ ​runaway​
​mutations​​and/or​​directional​​selection​​5​​.​​Together,​​our​​results​​establish​​a​​comparative​​framework​
​for​ ​TR​ ​evolutionary​ ​analyses,​ ​revealing​ ​how​ ​mutational​ ​processes​ ​and​ ​selection​ ​jointly​ ​shape​
​repeat​ ​variation,​ ​and​ ​supporting​ ​their​​role​​as​​both​​conserved​​functional​​elements​​and​​as​​drivers​
​of evolutionary innovation.​
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​Main​
​Tandem​​repeats​​(TRs)​​are​​ubiquitous​​across​​metazoans​​and​​account​​for​​nearly​​8%​​of​​the​

​human​ ​genome​​6​​.​ ​Their​​repetitive​​structure​​makes​​them​​prone​​to​​replication​​slippage,​​leading​​to​
​mutation​​rates​​that​​are​​orders​​of​​magnitude​​higher​​than​​single-nucleotide​​variants​​(SNVs)​​7​​.​​On​​a​
​per-locus​ ​basis,​ ​TR​ ​variants​ ​are​​more​​likely​​than​​SNVs​​to​​impact​​functional​​traits​​8​​,​​and​​human​
​genetics​ ​has​ ​repeatedly​ ​demonstrated​ ​their​ ​impact​ ​on​ ​development​ ​and​ ​disease,​ ​from​
​neurological​ ​disorders​​to​​cancer​​9–11​​.​​These​​properties​​suggest​​that​​TRs​​may​​act​​as​​fuel​​for​​rapid​
​adaptation​​12,13​​.​

​Despite​​multiple​​lines​​of​​evidence​​supporting​​the​​role​​of​​TRs​​in​​adaptation​​13–16​​,​​technical​
​limitations​ ​in​ ​sequencing​ ​and​ ​genotyping​ ​long​ ​repetitive​ ​DNA​ ​have​ ​hindered​ ​systematic​ ​TR​
​analyses​​across​​species.​​Now,​​advances​​in​​long-read​​sequencing​​and​​telomere-to-telomere​​(T2T)​
​assemblies​ ​have​ ​resolved​ ​previously​ ​inaccessible​ ​repeat​ ​regions​​6​​,​ ​fundamentally​ ​reshaping​ ​our​
​understanding​ ​of​ ​genome​​architecture​​and​​structural​​variation​​17​​.​​As​​a​​result,​​recent​​comparative​
​studies​ ​have​ ​uncovered​ ​lineage-specific​ ​TRs​ ​associated​ ​with​ ​evolutionary​ ​divergence​ ​among​
​primates,​​particularly​​in​​neuron-specific​​regulatory​​mechanisms​​18–20​​.​​Characterizing​​TR​​variation​
​between​ ​species​ ​can​ ​provide​ ​insight​ ​into​ ​how​ ​TRs​ ​impact​ ​molecular​ ​processes​ ​by​ ​revealing​
​conserved​ ​sites​ ​under​ ​stabilizing​ ​selection,​ ​as​ ​well​ ​as​ ​sites​ ​under​ ​directional​ ​selection​ ​that​
​underlie​​adaptive​​lineage-specific​​traits.​​Still,​​we​​lack​​a​​framework​​that​​enables​​comparisons​​of​
​long-read​ ​TR​ ​genotypes​ ​both​ ​between​ ​and​ ​within​ ​species,​ ​an​ ​approach​ ​that​ ​has​ ​proven​
​transformative in SNV-based evolutionary studies​​21,22​​.​

​Here,​ ​we​ ​leveraged​ ​T2T​ ​reference​​genomes​​to​​identify​​millions​​of​​homologous​​TR​​loci​
​between​ ​humans​ ​and​ ​non-human​ ​primates​ ​(NHPs),​ ​revealing​ ​broad​ ​patterns​ ​of​ ​TR​ ​constraint​
​over​ ​evolutionary​ ​time.​ ​We​ ​integrated​ ​long-read,​ ​assembly-level​ ​data​ ​from​ ​46​​humans,​​and​​23​
​newly​ ​sequenced​ ​chimpanzees,​ ​described​ ​in​ ​a​ ​companion​ ​paper​​23​​,​ ​providing​​a​​unique​​resource​
​for​ ​joint​ ​analysis​ ​of​ ​within-​ ​and​ ​between-species​ ​variation​ ​to​ ​investigate​ ​the​ ​mutational​ ​and​
​selective​ ​processes​ ​shaping​ ​TR​ ​evolution.​ ​Further,​ ​we​ ​propose​ ​an​ ​analytical​ ​HKA-like​
​framework​​for​​comparative​​TR​​analyses,​​enabling​​the​​identification​​of​​locus-specific​​deviations​
​in​ ​divergence-diversity​ ​ratios​ ​and​ ​candidate​ ​loci​ ​under​ ​distinct​ ​selective​ ​regimes.​ ​Finally,​ ​we​
​examine​ ​the​ ​contribution​ ​of​ ​TR​ ​variation​ ​to​ ​expression​ ​divergence​ ​and​ ​trait​ ​variation,​
​highlighting​ ​how​ ​extreme​ ​patterns​ ​of​ ​divergence​ ​and​ ​diversity​ ​may​ ​help​ ​prioritize​ ​putatively​
​functional loci.​

​Results​
​Species-specific TR catalogs, homology to humans, and genomic distribution​

​We​ ​developed​ ​the​ ​TRACK​ ​pipeline​ ​to​​create​​species-specific​​TR​​catalogs​​and​​identify​
​homology​​between​​human​​and​​each​​NHP​​reference​​genome.​​TRs​​are​​subdivided​​based​​on​​their​
​motif​ ​length,​ ​where​ ​short​ ​tandem​ ​repeats​ ​(STRs)​ ​exhibit​ ​motifs​ ​≤​ ​6​ ​bp,​ ​and​ ​variable​ ​number​
​tandem​ ​repeats​ ​(VNTRs)​ ​display​ ​motifs​ ​≥​ ​7bp.​ ​Their​ ​distributions​ ​across​ ​motif​ ​lengths​ ​and​
​catalog​​sizes​​were​​comparable​​across​​species​​(​​Fig.​​1a-c​​).​​Among​​STRs,​​abundance​​across​​motif​
​lengths​ ​was​ ​highly​ ​concordant​ ​with​ ​other​ ​studies​ ​(​​Fig.​ ​1c​​)​​24–26​​.​​Discordances,​​such​​as​​hexamer​
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​abundance​​24,25​ ​where​ ​we​ ​observed​ ​a​ ​mild​ ​depletion,​ ​likely​ ​stem​ ​from​ ​differences​ ​in​ ​TR​
​identification​ ​and​ ​filtering.​ ​For​ ​instance,​ ​while​ ​some​ ​studies​ ​consider​ ​only​ ​TRs​ ​with​ ​high​ ​or​
​complete​ ​sequence​ ​constancy​​24–26​​,​ ​our​ ​analysis​ ​allowed​ ​a​ ​lower​ ​threshold​ ​(>60%),​ ​capturing​
​more​ ​variable​ ​repeats.​ ​Motifs​ ​larger​ ​than​ ​20​ ​bp​ ​were​ ​considerably​ ​less​ ​common​ ​and​ ​have​ ​not​
​been​ ​systematically​ ​explored​ ​in​ ​prior​ ​studies.​ ​When​ ​queried​ ​in​ ​the​ ​Dfam​ ​database,​ ​several​
​common​ ​long​ ​motifs​ ​matched​ ​known​ ​repetitive​ ​elements,​​including​​Alu​​elements,​​and​​VNTRs​
​embedded​​within​​composite​​retrotransposons​​(​​Fig.​​1a​​).​​Young​​Alu​​elements​​have​​been​​reported​
​to​​insert​​adjacent​​to​​older​​Alus,​​potentially​​through​​reuse​​of​​nearby​​LINE-1​​cleavage​​sites​​27​​.​​The​
​GC​​content​​of​​TR​​motifs​​also​​varied​​with​​motif​​lengths,​​but​​showed​​broadly​​consistent​​patterns​
​across species (Supplementary Fig. 2).​

​Total​ ​STR​ ​length​ ​varies​ ​significantly​ ​across​ ​motif​ ​sizes​ ​and​ ​between​ ​species​ ​(​​Fig.​ ​1d​​;​
​Supplementary​ ​Table​ ​S1).​ ​The​ ​largest​ ​differences​ ​were​ ​observed​ ​for​ ​dimers,​ ​which​ ​were​
​consistently​ ​longer​ ​in​ ​humans​ ​than​ ​in​ ​all​ ​NHP​ ​species,​ ​consistent​ ​with​ ​earlier​
​human-chimpanzee​​results​​28​​.​​The​​persistence​​of​​this​​pattern​​across​​a​​broader​​primate​​phylogeny​
​is consistent with a shift on the human lineage for an increased rate of dinucleotide expansions.​

​STRs​ ​were​ ​generally​ ​uniformly​ ​distributed​ ​along​ ​chromosome​ ​lengths​ ​(Extended​ ​Data​
​Fig.​ ​1).​​In​​humans,​​chromosomes​​19​​and​​17​​showed​​the​​highest​​relative​​TR​​densities​​(​​Fig.​​1e​​),​
​consistent​ ​with​ ​earlier​ ​studies​​29,30​​.​ ​Chromosome​ ​Y​ ​displayed​ ​the​ ​lowest​ ​density​ ​of​​non-CenSat​
​TRs​​after​​filtering​​(see​​Methods),​​reflecting​​the​​exclusion​​of​​its​​extensive​​satellite-rich​​regions​​31​​.​
​In​ ​contrast​ ​to​ ​STRs,​ ​human​ ​VNTRs​ ​are​ ​concentrated​ ​in​ ​subtelomeric​ ​regions​ ​(Extended​ ​Data​
​Fig.​ ​1a),​ ​in​ ​line​ ​with​ ​previous​ ​observations​ ​that​ ​subtelomeric​ ​structural​ ​variation​ ​in​​humans​​is​
​largely​ ​composed​ ​of​ ​VNTRs​ ​with​ ​motifs​ ​>15​ ​bp​​32​​.​ ​In​ ​several​ ​NHP,​ ​however,​ ​telomeric​ ​and​
​subtelomeric​​regions​​are​​depleted​​of​​TRs​​after​​filtering​​(Extended​​Data​​Fig.​​1b-h).​​This​​reflects​
​the​​presence​​of​​lineage-specific​​satellite-like​​repeat​​structures​​at​​chromosome​​ends,​​including​​the​
​StSats​​arrays​​described​​in​​non-human​​great​​apes​​33​ ​and​​the​​large​​SiaRep​​repeats​​found​​in​​siamang​
​gibbons​​34​​,​​which​​were​​masked​​during​​filtering.​​The​​density​​of​​TRs​​across​​homologous​​genomic​
​regions​ ​shows​ ​decreasing​ ​correlation​ ​with​ ​increasing​ ​time​ ​since​ ​the​ ​most​ ​recent​ ​common​
​ancestor​ ​(TMRCA),​ ​indicating​ ​progressive​ ​divergence​ ​of​ ​repeat​ ​landscapes​ ​over​ ​evolutionary​
​time (Extended Data Fig. 2).​

​In​ ​humans,​ ​TRs​ ​are​ ​depleted​ ​in​ ​coding​ ​(CDS)​ ​regions,​​3’​​untranslated​​regions​​(UTRs),​
​and​ ​introns,​ ​while​ ​they​ ​are​ ​enriched​ ​in​ ​5’​ ​UTRs,​ ​intergenic​ ​regions,​ ​and​ ​promoters​ ​(​​Fig.​ ​1f​​).​
​When​ ​stratified​ ​by​ ​motif​ ​length,​ ​distinct​ ​distributions​ ​emerged:​ ​(Supplementary​ ​Fig.​ ​3,​
​Supplementary​ ​Table​ ​S2),​ ​in​ ​agreement​ ​with​ ​a​ ​large​ ​STR​ ​population​ ​panel​​12​​.​ ​Monomers​ ​and​
​dimers​​were​​strongly​​depleted​​in​​coding​​regions​​(0.01​​and​​0.05-fold,​​respectively),​​while​​repeats​
​with​ ​motif​ ​lengths​ ​in​ ​multiples​ ​of​ ​three​ ​were​ ​overrepresented​ ​(Supplementary​ ​Fig.​ ​3,​
​Supplementary​ ​Table​ ​S2),​ ​reflecting​ ​the​ ​coding-frame​ ​constraint​​25,30​​.​ ​A​ ​similar​ ​trend​ ​was​
​observed​ ​in​ ​the​ ​5’​ ​UTRs.​ ​The​ ​GC​ ​content​ ​of​ ​TR​ ​motifs​ ​also​ ​varied​ ​across​ ​genomic​ ​features,​
​being enriched in coding and 5’ UTRs (Supplementary Fig. 4).​
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​Fig.​ ​1.​ ​Tandem​ ​repeats​ ​across​ ​T2T​ ​primate​ ​genomes.​ ​a​​,​ ​Distributions​ ​of​ ​TR​ ​motif​ ​lengths​ ​across​ ​primate​
​genomes.​ ​Labeled​ ​peaks​ ​indicate​ ​TRs​​with​​motif​​lengths​​>20​​bp​​that​​show​​strong​​matches​​to​​entries​​in​​the​​Dfam​
​database.​ ​b​​,​​TR​​count​​per​​species.​ ​c​​,​​Proportional​​distributions​​of​​STR​​motif​​lengths​​across​​primates.​​d​​,​​Difference​
​in​ ​total​ ​STR​ ​lengths​ ​between​ ​human​ ​and​ ​each​ ​NHP​ ​species​ ​across​ ​motif​ ​lengths.​ ​e​​,​ ​Proportion​ ​of​ ​each​ ​human​
​chromosome​​contained​​in​​TRs.​​f​​,​​Fold​​enrichment​​of​​total​​TR​​length​​(bp)​​overlapping​​annotated​​genomic​​features​
​per​​chromosome.​​Diamonds​​indicate​​mean​​enrichment​​across​​the​​genome.​​g​​,​​Divergence​​time​​(in​​millions​​of​​years)​
​and​​the​​coefficient​​of​​determination​​(R²)​​for​​reference​​TR​​length​​comparisons​​between​​humans​​and​​each​​non-human​
​primate species. The inset table shows the slope of the linear regression line for each genomic feature.​

​The​ ​varying​ ​abundance​ ​of​ ​homologous​ ​TRs​ ​between​ ​human​ ​and​ ​NHPs​ ​reflects​
​phylogenetic​ ​distances,​ ​with​ ​chimpanzees​ ​retaining​ ​the​ ​largest​​overlap​​(Supplementary​​Fig.​​5).​
​TR​ ​length​ ​comparison​ ​between​ ​species​ ​reveals​ ​conservation​ ​following​ ​the​ ​phylogeny,​ ​with​
​correlations​ ​weakening​ ​as​ ​TMRCA​ ​increases,​ ​with​ ​higher​ ​conservation​ ​for​ ​TRs​ ​within​ ​CDS​
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​(Fig.​​1g,​​Extended​​Data​​Fig.​​3).​​In​​coding​​regions,​​the​​maintenance​​of​​TR​​length​​has​​been​​shown​
​to​ ​be​ ​crucial​ ​in​ ​several​ ​cases​ ​to​ ​preserve​ ​functional​ ​protein​ ​structure​​35,36​​,​ ​leading​ ​to​ ​deep​
​conservation​​of​​coding​​TRs​​across​​mammals​​37​​.​​We​​also​​observe​​notable​​length​​conservation​​for​
​TRs​ ​in​ ​5’​ ​UTRs​ ​(Fig.​ ​1g,​ ​Extended​ ​Data​ ​Fig.​ ​3).​ ​In​ ​5’​ ​UTRs,​ ​extreme​ ​conservation​ ​has​​been​
​linked​​to​​RNA-mediated​​translational​​control​​in​​essential​​developmental​​genes​​38​​.​​In​​accordance,​
​genes​ ​with​ ​TRs​ ​in​ ​their​ ​5’UTRs​ ​are​ ​gene​ ​ontology​ ​(GO)​ ​enriched​ ​with​ ​biological​ ​processes​
​spanning​ ​broad​ ​terms​ ​such​ ​as​ ​developmental​ ​growth,​ ​to​ ​more​ ​specialized​ ​terms​ ​such​ ​as​
​axonogenesis,​ ​with​ ​overall​ ​enrichment​ ​for​ ​core​ ​neurodevelopmental​ ​processes​ ​(Supplementary​
​Fig.​​6).​​Additionally,​​variants​​in​​UTRs​​are​​known​​to​​disrupt​​transcription​​initiation​​and,​​in​​some​
​cases, contribute to disease​​39​​.​

​TR genotypes, comparative length variation, and mutation process​
​After​ ​quality​ ​control​ ​and​ ​filtering​ ​(see​ ​Methods),​ ​we​ ​identified​ ​1,905,929​ ​homologous​

​TRs​ ​between​ ​humans​ ​and​ ​chimpanzees.​ ​Of​ ​these,​ ​1,033,666​ ​(54.2%)​ ​are​ ​invariant,​ ​i.e.,​
​monoallelic​ ​across​ ​samples,​ ​and​ ​872,237​ ​(45.7%)​ ​exhibit​ ​at​​least​​two​​different​​alleles​​in​​either​
​species,​ ​here​ ​denoted​ ​TR​ ​variants,​ ​or​ ​TRVs.​ ​Invariant​ ​TRs​ ​display​ ​longer​ ​motifs​ ​and​ ​have​ ​an​
​overrepresentation of coding and 5’ UTR repeats (Supplementary Fig. 7).​

​Homologous​​TRs​​are​​generally​​short​​(mean​​allele​​length​​≤​​22​​bp​​for​​62.1%​​of​​TRs)​​and​
​highly​​correlated​​between​​species​​(​​Fig.​​2a-c​​;​​Supplementary​​Fig.​​8).​​In​​coding​​and​​UTR​​regions,​
​concordance​ ​is​ ​exceptionally​ ​high​ ​and​ ​mirrors​ ​previous​ ​assembly-level​ ​comparisons​ ​of​
​orthologous​ ​human-chimpanzee​ ​STRs​​40​​,​ ​suggesting​ ​stronger​ ​stabilizing​ ​selection​ ​on​​functional​
​TR​ ​variation.​ ​Highly​ ​divergent​ ​TRs​ ​also​ ​tend​ ​to​ ​exhibit​ ​greater​ ​allelic​ ​diversity​ ​within​ ​the​
​species​ ​harboring​ ​the​ ​longer​ ​alleles​ ​(​​Fig.​ ​2d​​;​ ​Supplementary​ ​Fig.​ ​9).​ ​This​ ​pattern​​is​​consistent​
​with​ ​longer​ ​alleles​ ​being​ ​subject​ ​to​ ​higher​ ​mutation​ ​rates​​and​​the​​potential​​for​​lineage-specific​
​runaway repeat expansions​​5,41​​.​

​Overall,​ ​chimpanzees​ ​show​ ​higher​ ​TR​ ​heterozygosity​​(​​Fig.​​2e​​),​​reflecting​​lower​​human​
​genetic​ ​diversity​ ​found​ ​across​ ​diverse​ ​markers​​22,42,43​​.​ ​Consistent​ ​with​ ​other​ ​studies​​12,44​​,​ ​TR​
​genetic​ ​diversity​ ​is​ ​reduced​ ​in​ ​5’​ ​UTRs​ ​and​ ​coding​ ​regions​ ​in​ ​both​ ​species,​ ​suggesting​ ​that​
​strong​ ​purifying​ ​selection​ ​limits​ ​functional​ ​TR​ ​variation​ ​across​ ​lineages.​ ​Heterozygosity​ ​also​
​varied​​across​​motif​​lengths,​​highest​​for​​monomers​​and​​dimers,​​decreasing​​with​​motif​​lengths​​up​
​to​ ​20​ ​bp,​ ​and​ ​increasing​ ​for​​longer​​motifs​​(​​Fig.​​2f​​).​​This​​pattern​​holds​​for​​TRs​​across​​genomic​
​features,​ ​except​ ​for​ ​coding​ ​and,​ ​to​ ​some​ ​extent,​ ​5’​ ​UTR​ ​regions,​ ​which​ ​have​ ​lower​
​heterozygosity​ ​even​ ​for​ ​monomers​ ​and​ ​dimers​ ​(Supplementary​ ​Fig.​ ​10).​ ​Thus,​ ​even​ ​when​
​harboring​​short​​motifs​​known​​to​​have​​elevated​​mutation​​rates​​due​​to​​frequent​​slippage​​7​​,​​variation​
​in​ ​coding,​ ​and​ ​to​ ​a​ ​lesser​ ​degree​ ​5’​ ​UTR,​ ​TRs​ ​are​ ​likely​ ​constrained​ ​by​ ​strong​ ​purifying​
​selection.​ ​In​ ​5’​ ​UTRs,​ ​TRs​ ​exhibit​ ​remarkably​​low​​heterozygosity,​​reflecting​​the​​abundance​​of​
​3-6bp​ ​motifs,​ ​which​ ​display​ ​lower​ ​genetic​ ​diversity​ ​compared​ ​to​ ​monomers​ ​or​ ​dimers​
​(Supplementary​​Figs.​​3,​​10).​​Nonetheless,​​TRs​​are​​overrepresented​​in​​5’​​UTRs​​compared​​to​​the​
​genome-wide​​distribution​​(​​Fig.​​2c​​;​​Odds​​ratio​​=​​1.37,​​p​​<​​2.2​​x​​10​​-16​​),​​and​​display​​even​​stronger​
​enrichment​​in​​hyperconserved​​5’​​UTRs​​38​ ​(Odds​​ratio​​=​​3.54,​​p​​<​​2.2​​x​​10​​-16​​),​​suggesting​​that​​they​
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​serve functional roles that offset the risk of mutations.​

​Fig.​​2.​​Comparative​​analyses​​of​​homologous​​tandem​​repeats​​between​​humans​​and​​chimpanzees.​​a​​,​​Mean​​TR​
​allele​ ​lengths​ ​between​ ​humans​ ​(x-axis)​​and​​chimpanzees​​(y-axis)​​for​​TRs​​shared​​between​​species,​​including​​iTRs​
​and​​TRVs.​​Each​​point​​represents​​a​​single​​TR​​locus,​​color-coded​​by​​its​​genomic​​annotation​​in​​the​​CHM13​​genome.​
​Whiskers​ ​represent​ ​the​ ​5th-95th​ ​quantiles​ ​of​ ​allele​​lengths​​in​​humans​​(horizontal​​bars)​​and​​chimpanzees​​(vertical​
​bars).​​b​​,​​Heatmap​​of​​the​​same​​TR​​loci​​showing​​the​​joint​​distribution​​of​​human​​and​​chimpanzee​​mean​​allele​​lengths.​
​Color​​intensity​​reflects​​the​​density​​of​​TRs​​within​​each​​bin​​(50​​bins).​​c​​,​​Correlation​​between​​human​​and​​chimpanzee​
​TR​ ​length​ ​grouped​ ​by​ ​genomic​ ​feature.​ ​d​​,​ ​Heatmap​ ​of​ ​mean​ ​allele​ ​length​ ​divergence​ ​between​​chimpanzees​​and​
​humans​ ​(x-axis)​​and​​the​​90%​​interpercentile​​range​​of​​human​​allele​​lengths​​per​​locus.​ ​e,f​​,​​Expected​​heterozygosity​
​across​ ​different​ ​(​​e​​)​​genomic​​features​​and​​(​​f​​)​​across​​motif​​lengths.​​*​​p​​≤​​0.05,​​**​​p​​≤​​0.01​​and​​***​​p​​≤​​0.001​​denote​
​statistically​ ​significant​ ​differences​ ​given​ ​by​ ​Wilcoxon​ ​rank-sum​ ​tests.​ ​g​​,​ ​Estimates​ ​of​ ​de​ ​novo​ ​(light​ ​green)​ ​and​
​genetic distance-based (dark purple) mutation rates averaged across motif lengths.​

​Comparative​ ​TR​ ​variation​ ​data​ ​also​ ​facilitates​ ​model-based​ ​estimates​ ​of​ ​locus-specific​
​mutation​​rates.​​We​​estimated​​per​​locus​​mutation​​rates​​under​​the​​stepwise​​mutation​​model​​(​​SMM)​
​and​ ​selective​ ​neutrality​​45​ ​based​ ​on​ ​observed​​genetic​​distances​​between​​species.​​When​​stratified​
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​by​​TR​​motif​​length,​​our​​estimates​​are​​highly​​concordant​​with​​de​​novo​​mutation​​rates​​observed​​in​
​human​ ​pedigree​ ​data​​4​ ​(​​Fig.​ ​2g​​).​ ​This​​concordance​​is​​particularly​​remarkable​​since​​SMM-based​
​estimates​​overestimate​​mutation​​rates​​for​​loci​​which​​undergo​​multi-step​​mutations,​​and​​for​​the​​de​
​novo​​observations​​we​​consider​​only​​mutation​​occurrence,​​not​​magnitude​​of​​change​​46,47​​.​​For​​short​
​motifs​​where​​we​​have​​the​​most​​data,​​our​​SMM-based​​mutation​​rate​​estimates​​are​​higher​​than​​de​
​novo​ ​observations.​ ​This​ ​may​ ​reflect​ ​frequent​ ​multistep​ ​mutations,​ ​as​ ​have​ ​been​ ​observed​
​particularly​ ​for​ ​monomers​ ​and​ ​dimers​​46,48​​,​ ​or​ ​a​ ​TR​ ​mutation​ ​rate​ ​slow-down​ ​on​ ​the​ ​human​
​lineage.​ ​Both​ ​mutation​ ​rate​ ​estimates​ ​generally​ ​decrease​ ​with​ ​motif​ ​length​ ​until​ ​about​ ​20bp,​
​when​​they​​increase.​​This​​pattern​​suggests​​a​​shift​​in​​the​​dominant​​mutational​​process,​​potentially​
​from​​replication​​slippage​​in​​short​​motifs​​to​​recombination​​or​​gene​​conversion​​in​​longer​​motifs​​49​​.​
​However,​​when​​considering​​only​​coding​​and​​regulatory​​TRs,​​model-based​​estimates​​drop​​below​
​de​ ​novo​ ​mutation​ ​estimates,​ ​with​ ​concordance​ ​decreasing​ ​by​ ​an​​order​​of​​magnitude​​(Extended​
​Data​ ​Fig.​ ​4;​ ​MSE​ ​=​ ​2.5​ ​x​ ​10​​-8​ ​for​ ​intergenic​ ​TRs​ ​versus​ ​1.4​ ​x​ ​10​​-7​ ​for​​CDS​​TRs).​​This​​likely​
​reflects​ ​violation​ ​of​ ​the​​assumption​​of​​selective​​neutrality​​at​​TRs​​subject​​to​​stronger​​stabilizing​
​selection​ ​over​ ​evolutionary​ ​time.​ ​Further,​ ​we​​observe​​concordance​​between​​heterozygosity​​and​
​mutation​ ​rate​ ​estimates​ ​over​ ​motif​ ​lengths,​ ​underscoring​ ​the​ ​role​ ​of​ ​mutational​ ​dynamics​ ​in​
​shaping TR variation.​

​TRs with exceptional divergence or diversity​
​Since​ ​TR​ ​mutation​ ​rate​ ​varies​ ​so​ ​widely​ ​across​ ​loci,​ ​allele​ ​length​ ​divergence​ ​between​

​species​ ​of​ ​any​ ​given​ ​TR​​can​​arise​​from​​either​​species-specific​​selection​​or​​high​​mutation​​rates.​
​We​ ​sought​ ​to​ ​account​ ​for​ ​this​ ​using​ ​an​ ​HKA-like​ ​approach​ ​by​ ​computing​ ​a​ ​species-specific​
​divergence-diversity​ ​ratio​​(​​D​​)​​for​​each​​TR​​(See​​Methods),​​defined​​as​​the​​variance​​in​​TR​​length​
​between​ ​species​ ​divided​ ​by​ ​the​ ​variance​ ​within​ ​the​ ​focal​ ​species.​ ​This​ ​approach​ ​controls​ ​for​
​per-locus​ ​mutation​ ​rate​ ​variation​ ​by​ ​identifying​ ​loci​ ​with​ ​extreme​ ​divergence​ ​between​ ​species​
​relative​​to​​within-species​​diversity.​​D​​values​​were​​broadly​​concordant​​between​​species​​(​​Fig.​​3a​​;​
​Pearson’s​ ​r​ ​=​ ​0.15,​ ​p​ ​<​ ​2.2​ ​x​ ​10​​-16​​;​ ​Spearman’s​ ​⍴​ ​=​ ​0.84;​ ​p​ ​<​ ​2.2​ ​x​ ​10​​-16​​),​ ​consistent​ ​with​ ​a​
​general​​pattern​​of​​similar​​TRV​​mutational​​dynamics​​and​​selective​​pressures​​between​​humans​​and​
​chimpanzees.​​To​​explore​​outlier​​TRVs​​as​​candidates​​for​​selection,​​we​​considered​​the​​1,000​​most​
​extreme​ ​genic​ ​TRVs​ ​in​ ​each​ ​of​ ​three​ ​groups:​ ​1)​ ​those​ ​with​ ​high​ ​D​ ​in​ ​both​ ​species,​ ​reflecting​
​elevated​ ​divergence​ ​between​ ​species​ ​relative​ ​to​ ​within-species​ ​variation,​ ​consistent​ ​with​
​species-specific​ ​directional​ ​selection;​ ​2)​ ​those​ ​with​ ​low​ ​D​ ​in​ ​both​ ​species,​ ​characterized​ ​by​
​relatively​​reduced​​divergence​​compared​​to​​within-species​​diversity,​​which​​may​​reflect​​balancing​
​selection​​or​​strong​​stabilizing​​selection​​with​​a​​high​​mutation​​rate;​​and​​3)​​those​​with​​asymmetric​
​D​ ​patterns,​ ​where​ ​between-species​ ​divergence​ ​is​ ​coupled​ ​with​ ​higher​ ​diversity​ ​in​ ​either​
​chimpanzees​ ​(chimp-biased​ ​D​​)​ ​or​ ​humans​ ​(human-biased​ ​D​​),​ ​which​ ​may​ ​be​ ​a​ ​product​ ​of​
​directional​ ​selection​​50,51​ ​or​ ​species-specific​ ​runaway​ ​mutations​​36,52​ ​(Supplementary​ ​Table​ ​S3).​
​Across​ ​groups,​ ​highly​ ​divergent​ ​genic​ ​TRVs​ ​were​ ​longer​ ​and​ ​with​ ​larger​ ​motifs​ ​(Wilcoxon​
​rank-sum​​test,​​FDR-adjusted​​p​​<​​0.0001;​​Supplementary​​Fig.​​11a-d).​​They​​also​​displayed​​greater​
​GC​ ​content​ ​when​ ​compared​ ​to​ ​a​ ​set​ ​of​ ​background​ ​TRVs​ ​with​ ​the​ ​same​ ​TR​ ​length​​and​​motif​
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​length​​distribution​​(Wilcoxon​​rank-sum​​test,​​FDR-adjusted​​p​​<​​0.0001;​​Supplementary​​Fig.​​11c)​
​and​​were​​highly​​enriched​​in​​coding​​regions​​compared​​to​​the​​distribution​​of​​all​​genic​​TRVs​​(Odds​
​ratio = 6.6,​​p​​< 2.2 x 10​​-16​​; Supplementary Fig. 11e).​

​To​​investigate​​the​​biological​​processes​​associated​​with​​TRVs​​with​​extreme​​divergence​​or​
​diversity,​​we​​performed​​GO​​enrichment​​analysis​​on​​the​​genes​​intersecting​​TRVs​​from​​each​​ratio​
​group.​​While​​all​​TR-containing​​genes​​are​​modestly​​enriched​​for​​broad​​developmental​​processes​
​(~1.2-fold;​​Supplementary​​Fig.​​12),​​genes​​containing​​both​​high​​and​​low​​D​​TRs​​showed​​>2-fold​
​enrichment​ ​for​ ​terms​ ​underlying​ ​nervous​ ​system​ ​development,​ ​synaptic​ ​organization​ ​and​ ​cell​
​signaling​​(​​Fig.​​3b​​and​​c​​),​​despite​​their​​contrasting​​evolutionary​​patterns.​​For​​comparison,​​random​
​sets of TR-containing genes showed no GO enrichment (see Supplementary Methods).​

​Fig.​ ​3.​ ​Divergence–diversity​ ​landscapes​ ​of​ ​TRs​ ​in​ ​humans​ ​and​ ​chimpanzees.​ ​a​​,​ ​Heatmap​ ​showing​ ​the​ ​joint​
​distribution​ ​of​ ​TR​ ​Divergence-Diversity​ ​Ratios​ ​(​​D​​)​​in​​humans​​and​​chimpanzees.​​Marginal​​histograms​​display​​the​
​distribution​​of​​D​​for​​each​​species.​​Black​​dashed​​line​​shows​​the​​boundaries​​of​​high​​D​​in​​both​​species.​​Stars​​indicate​

​8​

​228​

​229​

​230​

​231​

​232​

​233​

​234​

​235​

​236​

​237​

​238​

​239​

​240​

​241​

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 15, 2026. ; https://doi.org/10.64898/2026.01.20.700717doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.20.700717
http://creativecommons.org/licenses/by/4.0/


​example​ ​TRs​ ​belonging​ ​to​ ​extreme​ ​ratio​ ​categories​ ​in​ ​both​ ​species.​ ​b,c​​,​ ​Gene​ ​Ontology​ ​enrichment​​analysis​​for​
​biological​ ​processes​ ​terms​ ​associated​ ​with​ ​genes​ ​intersecting​ ​the​ ​top​ ​1,000​ ​genic​ ​TRs​ ​with​ ​(​​b​​)​ ​high​ ​D​ ​in​ ​both​
​species​ ​and​ ​low​ ​D​ ​in​ ​both​ ​species​​.​ ​The​ ​set​ ​of​ ​all​ ​TR-containing​ ​genes​ ​was​ ​used​ ​as​ ​background.​ ​d,e​​,​ ​Genomic​
​location​​and​​allele​​length​​distribution​​for​​two​​example​​TRs​​classified​​as​​(​​d​​)​​high​​D​​in​​both​​species​​and​​(​​e​​)​​low​​D​​in​
​both​ ​species.​ ​Grey​ ​vertical​ ​bars​ ​represent​ ​TR​ ​location.​ ​Candidate​ ​cis-regulatory​ ​elements​ ​(cCREs)​ ​indicate​
​promoter-like​​signature​​(red),​​proximal​​(orange),​​and​​distal​​(yellow)​​enhancer-like​​signature,​​and​​DNase-H3K4me3​
​elements (pink).​

​Of​​the​​32​​genes​​containing​​coding​​TRVs​​in​​the​​high​​D​​group,​​13​​are​​zinc-fingers​​(ZNF)​
​genes,​​a​​functionally​​diverse​​family​​involved​​in​​processes​​such​​as​​transcriptional​​regulation​​and​
​DNA​​repair​​53​​.​​Several​​ZNFs​​are​​known​​to​​undergo​​rapid​​lineage-specific​​divergence​​and​​positive​
​selection​ ​on​ ​DNA-binding​ ​domains​ ​between​ ​humans​ ​and​ ​chimpanzees​​54,55​​.​ ​The​ ​strongest​
​divergence​​signals​​from​​genic​​TRVs​​occur​​in​​introns​​of​​genes​​associated​​with​​neural​​and​​sensory​
​systems,​​epithelial​​integrity,​​and​​signal​​transduction​​(Supplementary​​Table​​S4).​​One​​compelling​
​candidate​​overlaps​​the​​5’​​UTR​​of​​PROX1​​(​​Fig.​​3d​​),​​a​​homeobox​​transcription​​factor​​essential​​for​
​embryonic and central nervous system development​​56​​.​

​At​ ​the​ ​opposite​ ​extreme,​ ​six​ ​of​ ​the​ ​ten​ ​genic​ ​TRVs​ ​with​ ​the​ ​lowest​ ​D​ ​ratios​ ​occur​ ​in​
​immune-related​ ​genes​ ​(Supplementary​ ​Table​ ​S4),​ ​including​ ​PRKCE,​ ​XRCC4,​ ​and​ ​CALCR,​
​which​​have​​been​​implicated​​in​​innate​​immunity,​​antibody​​diversification,​​and​​immune-associated​
​signaling,​​respectively​​57–60​​.​​One​​striking​​example​​exhibits​​nearly​​all​​unique​​alleles​​in​​the​​coding​
​regions​ ​of​ ​PCGF3​ ​(​​Fig.​ ​3e​​),​ ​which​ ​acts​ ​primarily​ ​as​ ​a​ ​transcriptional​ ​activator​ ​required​ ​for​
​mesodermal​ ​differentiation​​61​​,​ ​but​ ​also​ ​contributes​ ​to​ ​antiviral​ ​immunity​ ​by​ ​promoting​
​interferon-responsive​ ​gene​ ​transcription​​62​​.​ ​Although​ ​extreme​ ​diversity​ ​compared​ ​to​ ​divergence​
​alone​ ​could​ ​be​ ​caused​ ​by​ ​stabilizing​ ​selection​ ​coupled​ ​with​ ​high​ ​mutation​ ​rate​​63​​,​ ​the​
​overrepresentation of immune genes is consistent with long-term balancing selection​​64,65​​.​

​We​ ​also​ ​consider​ ​genic​ ​TRVs​ ​with​ ​asymmetric​ ​D​​values,​​which​​reflect​​diversity​​in​​one​
​species​ ​relative​ ​to​ ​the​​level​​of​​between-species​​divergence.​​Human-biased​​TRVs​​were​​enriched​
​for​ ​cell​ ​morphogenesis​ ​and​ ​nervous​ ​system​ ​development​ ​terms,​ ​particularly​ ​neurogenesis​
​(Extended​​Data​​Fig.​​5a),​​and​​were​​primarily​​located​​in​​introns​​of​​cell​​signaling​​and​​intracellular​
​trafficking​ ​genes,​ ​several​ ​with​ ​brain-specific​ ​activity​ ​(Supplementary​ ​Table​ ​S5).​ ​In​ ​contrast,​
​chimp-biased​​TRVs​​were​​enriched​​only​​for​​cell-cell​​adhesion​​(Extended​​Data​​Fig.​​5b),​​and​​occur​
​largely​ ​in​ ​introns​ ​of​ ​genes​ ​involved​ ​in​ ​RNA​ ​processing,​ ​cell​ ​signaling​ ​and​ ​cytoskeletal​
​organization​​(Supplementary​​Table​​S5).​​While​​such​​asymmetric​​D​​patterns​​can​​be​​explained​​by​
​species-specific​ ​elevated​​mutation​​rates​​rapidly​​introducing​​new​​alleles,​​the​​genomic​​context​​of​
​several​ ​of​ ​these​ ​TRVs​ ​suggests​ ​a​ ​contribution​ ​from​ ​directional​ ​selection,​ ​or​ ​a​ ​combination​ ​of​
​both processes.​

​Differential gene expression and TR variation​
​Given​ ​the​ ​predicted​ ​causal​ ​role​ ​of​ ​TRVs​ ​in​ ​gene​ ​expression​ ​variation​ ​in​ ​humans​​1,8​​,​​we​

​analyzed​ ​7,050​ ​orthologous​ ​genes​ ​expressed​ ​in​ ​humans​ ​and​ ​chimpanzees​ ​across​ ​six​ ​tissues​​66​​.​
​Genes​ ​harboring​ ​promoter​ ​TRVs​ ​did​ ​not​ ​exhibit​ ​greater​ ​expression​ ​divergence​ ​(Wilcoxon​
​rank-sum​ ​test,​ ​FDR-adjusted​ ​p​ ​>​ ​0.05​ ​across​​all​​tissues;​​Supplementary​​Fig.​​13).​​However,​​we​
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​identified​ ​a​ ​weak​ ​but​ ​significant​ ​positive​ ​correlation​ ​between​ ​absolute​ ​gene​ ​expression​
​divergence​ ​and​ ​the​ ​average​ ​absolute​ ​TRV​ ​allele​ ​length​ ​divergence​ ​(Pearson’s​ ​r​ ​=​ ​0.02,​
​FDR-adjusted​​p​​=​​0.006;​​Supplementary​​Fig.​​14).​​This​​is​​consistent​​with​​studies​​suggesting​​that​
​evolutionary​ ​changes​ ​in​ ​TR​ ​lengths​ ​can​ ​modulate​ ​expression​ ​levels​ ​of​ ​nearby​ ​genes​​1,16​​.​
​Furthermore,​ ​this​ ​result​​agrees​​with​​studies​​showing​​that​​regions​​of​​elevated​​expression​​tend​​to​
​exhibit​ ​an​ ​increase​ ​in​ ​the​​rate​​of​​mutations​​67,68​​,​​thus​​presumably​​harboring​​higher​​variation​​and​
​divergence.​​When​​stratified​​by​​tissue​​type​​and​​genomic​​feature,​​significant​​positive​​correlations​
​were​​observed​​in​​a​​subset​​of​​comparisons,​​including​​brain​​x​​intron​​TRs,​​kidney​​x​​5’​​UTR​​TRs,​
​liver​​x​​intron​​TRs,​​and​​testis​​x​​promoter​​TRs​​(Supplementary​​Fig.​​15).​​To​​further​​investigate​​this​
​relationship,​ ​we​ ​focused​ ​on​ ​4,125​ ​differentially​ ​expressed​ ​(DE)​ ​genes​ ​between​ ​humans​ ​and​
​chimpanzees​ ​in​ ​at​ ​least​ ​one​ ​of​ ​the​ ​six​ ​tissues,​ ​identified​ ​using​ ​limma​​66​ ​(see​ ​Methods).​ ​While​
​TRVs​ ​are​ ​generally​ ​not​​overrepresented​​in​​DE​​genes​​(Odds​​ratio​​=​​0.84,​​p​​=​​0.987),​​DE​​genes​
​are​ ​significantly​ ​enriched​ ​for​ ​TRs​ ​with​ ​strong​ ​evidence​ ​to​ ​impact​ ​gene​ ​expression​ ​(eTRs​​1,69​​)​
​(Odds​​ratio​​=​​1.45,​​p​​=​​0.012).​​Thus,​​while​​human-chimpanzee​​differential​​expression​​does​​not​
​appear​​to​​be​​primarily​​driven​​by​​genomic​​TR​​species​​length​​variation,​​limited​​context-dependent​
​associations may be due  to a subset of regulatory TR.​

​Given​ ​longstanding​ ​evidence​ ​of​ ​the​ ​role​ ​of​ ​TRs​ ​in​ ​neuronal​ ​development​ ​and​ ​brain​
​function​​70,71​​,​​we​​focused​​on​​a​​set​​of​​738​​DE​​genes​​between​​human​​and​​chimpanzee​​in​​organoids​
​with​ ​telencephalon​ ​identity​​20​​.​ ​Again,​ ​we​ ​found​ ​a​ ​weak​ ​but​ ​significant​ ​positive​ ​correlation​
​between​ ​mean​ ​absolute​ ​TR​ ​allele​ ​length​ ​divergence​ ​averaged​ ​over​ ​genes​ ​and​ ​absolute​ ​gene​
​expression​​divergence​​(Supplementary​​Fig.​​16a;​​Pearson’s​​r​​=​​0.074,​​FDR-adjusted​​p​​=​​0.0009).​
​When​ ​stratified​ ​by​ ​cell​ ​type​ ​and​ ​genomic​ ​feature,​ ​positive​ ​correlations​ ​were​ ​significant​ ​for​
​intermediate​​progenitor​​cells​​and​​radial​​glia​​cells​​in​​UTR​​and​​promoter​​TRVs​​(​​Fig.​​4a​​;​​Extended​
​Data​ ​Fig.​ ​6).​ ​We​ ​also​ ​observe​ ​a​ ​modest​ ​but​ ​significant​ ​enrichment​ ​of​ ​TRs​ ​with​ ​larger​ ​mean​
​lengths​ ​in​ ​humans​ ​among​ ​genes​ ​upregulated​ ​in​ ​humans​ ​relative​ ​to​ ​those​ ​upregulated​ ​in​
​chimpanzees​​(Supplementary​​Fig.​​16b;​​Odds​​ratio​​=​​1.11,​​p​​=​​1.05​​x​​10​​-12​​).​​These​​results​​suggest​
​a​ ​connection​ ​between​ ​TR​ ​expansions​ ​and​ ​regulatory​ ​divergence​ ​in​ ​primates,​ ​in​ ​line​ ​with​
​previous findings that TR divergence causes expression changes​​19​​.​

​By​​incorporating​​human​​and​​macaque​​cells​​from​​primary​​telencephalon​​samples​​into​​the​
​DE​​analysis,​​Pollen​​et​​al.,​​(2019)​​identified​​261​​candidate​​genes​​with​​human-specific​​regulatory​
​changes​​during​​cortical​​development,​​which​​were​​significantly​​enriched​​for​​TRVs​​(Odds​​ratio​​=​
​2.15,​​p​​=​​4.25​​x​​10​​-6​​).​​The​​majority​​of​​these​​candidate​​genes​​are​​up-regulated​​in​​humans​​(n=207)​
​in​ ​one​ ​or​ ​more​ ​cell​ ​types,​ ​and​ ​several​​contain​​divergent​​TRVs​​(Supplementary​​Fig.​​17).​​These​
​patterns​ ​of​ ​gene​ ​expression​ ​divergence​ ​and​ ​allele​ ​length​​variation​​suggest​​that​​a​​subset​​of​​TRs​
​might​​affect​​the​​regulation​​of​​genes​​involved​​in​​cortical​​neurogenesis,​​potentially​​contributing​​to​
​human-specific​ ​aspects​ ​of​ ​neural​ ​development.​ ​Examples​ ​include​ ​VPS53​ ​and​ ​PTPRS,​ ​which​
​harbor​ ​highly​ ​divergent​ ​intronic​ ​VNTRs​ ​overlapping​ ​or​ ​near​ ​regulatory​ ​regions​ ​with​ ​high​
​chromatin​ ​accessibility​ ​(Supplementary​ ​Fig.​ ​18).​ ​Point​ ​mutations​ ​in​ ​VPS53​ ​are​ ​linked​ ​to​
​progressive​ ​cerebello-cerebral​ ​atrophy​​72​ ​and​ ​increased​ ​levels​ ​of​ ​PTPRS​ ​caused​ ​by​ ​a​ ​point​
​mutation are associated with decreased risk of Alzheimer’s disease​​73​​.​
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​Functional TR variation​
​Beyond​​their​​regulatory​​potential,​​TRs​​can​​directly​​affect​​protein​​structure​​and​​function.​

​For​ ​example,​ ​a​ ​large-scale​ ​analysis​ ​of​ ​UK​ ​Biobank​ ​data​ ​identified​ ​a​ ​set​ ​of​ ​25​ ​coding​​VNTRs​
​with​ ​significant​ ​trait​ ​association​​74​​.​ ​We​ ​found​ ​that​ ​of​ ​these​ ​25​ ​trait-associated​ ​TRs,​ ​19​ ​exhibit​
​significant​​differences​​in​​length​​distribution​​between​​humans​​and​​chimpanzees,​​with​​11​​showing​
​longer​ ​alleles​ ​in​ ​humans​ ​(Supplementary​ ​Fig.​ ​19;​ ​Wilcoxon​ ​rank-sum​ ​test,​ ​FDR-adjusted​ ​p​ ​<​
​0.0001).​​Notably,​​nine​​of​​these​​fall​​within​​the​​top​​2%​​of​​the​​~219,593​​genic​​TRs​​showing​​higher​
​mean lengths in humans, drawn from 837,612 homologous genic TRs.​

​Fig.​ ​4​ ​-​ ​Gene​ ​expression,​ ​divergence,​ ​and​ ​trait-associated​ ​TRs.​ ​a​​,​ ​Heatmaps​​showing​​the​​correlation​​between​
​absolute​ ​log​ ​fold​ ​change​ ​in​ ​mean​ ​TR​ ​allele​ ​length​ ​across​ ​TRs​ ​overlapping​ ​5’UTR,​ ​3’UTR​ ​and​ ​promoter,​ ​and​
​intronic​ ​regions​ ​(x-axis)​ ​and​ ​absolute​ ​log​ ​fold​ ​change​ ​in​ ​gene​ ​expression​ ​divergence​ ​between​ ​humans​ ​and​
​chimpanzee​​(y-axis)​​across​​intermediate​​progenitor​​cells​​and​​radial​​glia​​cells.​ ​b​​,​​TR​​mean​​allele​​length​​divergence​
​between​​chimpanzees​​and​​humans​​(x-axis)​​versus​​the​​90%​​interpercentile​​range​​of​​human​​allele​​lengths​​per​​locus.​
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​Red​ ​asterisks​ ​denote​ ​loci​ ​with​ ​evidence​ ​of​ ​genotype-phenotype​ ​association.​ ​The​ ​LPA​ ​locus​ ​is​ ​omitted.​ ​c​​,​
​Distribution​​of​​mean​​allele​​length​​difference​​between​​humans​​and​​chimpanzees​​for​​coding​​VNTRs,​​highlighting​​five​
​trait-causal VNTRs​​74​​.​​d​​,  Chimpanzee and human allele​​frequency distributions for the same five loci.​

​These​​trait-associated​​VNTRs​​display​​not​​only​​high​​divergence​​but​​also​​increased​​human​
​diversity​ ​(​​Fig.​ ​4b​​).​ ​In​ ​a​ ​companion​ ​paper​​23​​,​ ​we​​show​​a​​similar​​trend​​in​​pathogenic​​TRs,​​which​
​are​​consistently​​expanded​​and​​highly​​diverse​​in​​humans​​compared​​to​​chimpanzees.​​Notably,​​the​
​25​ ​trait-associated​ ​VNTRs​ ​from​ ​Mukamel​ ​et​ ​al​​74​ ​and​ ​61​ ​expansion-disorder​ ​TRs​ ​from​ ​the​
​STRipy​​database​​75​ ​are​​overrepresented​​among​​TRVs​​with​​exceptional​​relative​​length​​divergence​
​and​​diversity​​in​​humans​​(top​​10%​​in​​each)(Odds​​ratio​​=​​10.66,​​CI:​​5.13-20.51,​​p​​=​​1.12​​x​​10​​-8​​).​
​Focusing​ ​on​ ​five​ ​fine-mapped​ ​TR​ ​loci​ ​with​ ​strong​ ​evidence​ ​that​ ​length​ ​polymorphism,​ ​rather​
​than​ ​linked​ ​SNVs​ ​or​ ​indels,​ ​directly​​drives​​trait​​association​​(posterior​​probability​​>​​0.95​​74​​),​​we​
​show​ ​that​ ​mean​ ​allele​ ​length​ ​difference​ ​between​ ​humans​ ​and​ ​chimpanzees​ ​was​ ​significantly​
​greater​ ​than​ ​expected​ ​under​ ​the​ ​null​ ​distribution​ ​for​ ​all​ ​coding​ ​VNTRs​ ​(permutation​ ​test,​
​1,000,000​​runs,​​p​ ​≤​ ​1​​x​​10​​-6​​,​​and​​P​​=​​0.003​​when​​excluding​​the​​long​​and​​highly​​divergent​​VNTR​
​in​​LPA)​​(​​Fig.​​4c,​​d​​;​​Supplementary​​Fig.​​20).​​Repeat​​length​​variation​​in​​these​​loci​​directly​​affects​
​protein​ ​structure​ ​by​ ​altering​​the​​length​​of​​protein​​domains​​(see​​Fig.​​S1​​from​​Mukamel​​et​​al.​​74​​).​
​This​ ​pattern​ ​is​ ​expected​ ​for​ ​TRs​ ​with​ ​species-specific​ ​elevated​ ​mutability,​ ​particularly​ ​when​
​longer​ ​expanded​ ​alleles​ ​have​ ​higher​ ​mutation​ ​rates​​5,41​​.​ ​Selection​ ​may​ ​also​ ​play​ ​a​ ​role​ ​if​
​intermediate-length​​alleles​​are​​too​​weakly​​deleterious​​to​​overcome​​high​​mutation​​rates​​76,77​​,​​78​​,​​or​​if​
​they​ ​are​ ​beneficial​ ​in​ ​an​ ​ecological​ ​context​ ​until​ ​further​ ​expansion​ ​causes​​fitness​​reduction,​​in​
​the case of expansion disorders.​

​These​​observations​​support​​a​​hypothesis​​that​​highly​​expanded​​and​​diverse​​TRs​​are​​strong​
​candidates​ ​for​ ​functional​ ​variation.​ ​This​ ​may​ ​be​ ​because​ ​increased​ ​TR​ ​length​ ​and​ ​variability​
​provide​ ​a​ ​greater​ ​opportunity​ ​to​ ​alter​ ​genome​ ​structure​ ​and​ ​therefore​ ​function,​ ​potentially​
​leading​ ​to​ ​a​ ​larger​ ​phenotypic​ ​impact​​79,80​​.​ ​In​ ​addition,​ ​by​ ​having​ ​disproportionately​ ​large​ ​trait​
​effect​ ​sizes,​ ​the​ ​impact​ ​of​ ​these​ ​TRs​ ​may​ ​be​ ​more​ ​detectable,​ ​leading​ ​to​ ​ascertainment​ ​bias.​
​Regardless​​of​​the​​underlying​​mechanism,​​our​​results​​suggest​​that​​these​​TRs​​are​​important​​targets​
​for​ ​future​ ​large-scale​ ​comparative​ ​studies​ ​aimed​ ​at​ ​understanding​ ​the​ ​contribution​ ​of​ ​repeat​
​variation​ ​to​ ​genome​ ​function,​ ​phenotypic​ ​diversity,​ ​and​ ​adaptation​ ​across​ ​evolutionary​
​timescales.​

​Discussion​
​TRs​ ​have​ ​long​ ​been​ ​hypothesized​ ​to​ ​play​ ​a​ ​significant​​role​​in​​phenotypic​​variation​​and​

​evolutionary​​change.​​However,​​their​​evolutionary​​dynamics​​have​​remained​​underexplored​​due​​to​
​limitations​ ​in​ ​resolving​ ​repeat​ ​variation​ ​at​ ​scale​ ​across​ ​species.​ ​Here,​ ​using​ ​assembly-level​
​long-read​ ​data​ ​in​ ​a​ ​comparative​ ​framework,​ ​we​ ​present​ ​a​ ​comprehensive​ ​survey​ ​of​ ​the​
​heterogeneous​ ​landscape​ ​of​ ​TR​ ​variation​ ​in​ ​primates,​ ​with​​focus​​on​​humans​​and​​chimpanzees.​
​We​ ​recovered​ ​loci​ ​spanning​ ​a​ ​continuum​ ​of​ ​selective​ ​regimes,​ ​from​ ​pervasive​ ​length​
​conservation​ ​in​ ​functional​ ​regions,​ ​consistent​ ​with​ ​stabilizing​ ​selection,​ ​to​ ​high​ ​divergence​
​consistent​ ​with​ ​directional​ ​selection.​ ​We​ ​also​ ​observe​ ​loci​ ​with​ ​exceptional​​diversity,​​resulting​
​either​ ​from​ ​balancing​ ​selection​ ​or​ ​elevated​ ​mutation​ ​rates​ ​and​ ​strong​ ​stabilizing​ ​selection,​
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​particularly outside functional or regulatory contexts.​
​TRs​​in​​CDS,​​and​​to​​a​​lesser​​extent​​5’​​UTRs,​​exhibit​​reduced​​polymorphism​​and​​extreme​

​length​ ​conservation​ ​across​ ​evolutionary​ ​time​ ​(~28.5​ ​My;​ ​Fig.​ ​1g​​,​ ​Fig.​ ​2a-c​​),​ ​signatures​ ​of​
​negative​​selection.​​However,​​while​​TRs​​are​​depleted​​in​​CDS,​​they​​are​​enriched​​in​​5’​​UTRs​​(​​Fig.​
​1f​​).​​This​​suggests​​that​​in​​these​​regions​​the​​high​​cost​​of​​their​​mutational​​risk​​is​​outweighed​​by​​a​
​selected​ ​functional​ ​role,​ ​possibly​ ​in​ ​RNA​ ​folding​​81​​,​ ​translational​​regulation​​82​​,​​or​​modulation​​of​
​transcription​ ​factor​ ​binding​ ​affinity​​83​​.​ ​Hence,​ ​TRs​ ​in​ ​5’​ ​UTR​ ​repeats​ ​are​ ​strong​​candidates​​for​
​functional molecular impact.​

​We​ ​estimated​ ​TR-specific​ ​mutation​ ​rates​ ​based​ ​on​ ​TR​​divergence​​between​​humans​​and​
​chimpanzees​​under​​a​​simple​​single-step​​mutation​​model​​(SMM)​​and​​selective​​neutrality,​​yielding​
​results​​similar​​to​​those​​from​​trio-based​​average​​de​​novo​​mutation​​rate​​estimates​​4​​.​​This​​similarity​
​suggests​​that,​​in​​broad​​strokes,​​on​​average​​the​​neutral​​SMM​​reasonably​​describes​​TR​​evolution,​
​while​​groups​​of​​loci​​where​​the​​estimates​​depart​​suggest​​deviation​​from​​the​​SMM​​or​​neutrality.​​At​
​the​ ​same​ ​time,​ ​we​ ​observe​ ​that​ ​species-specific​ ​expansions​ ​are​ ​associated​ ​with​ ​elevated​
​within-species​ ​diversity,​ ​which​ ​could​ ​be​ ​caused​ ​by​ ​locus​ ​and​ ​species-specific​ ​increases​ ​in​
​expansion-biased mutational processes.​

​Leveraging​ ​TR​ ​divergence-diversity​ ​ratios,​ ​we​ ​identified​ ​putative​ ​candidates​ ​for​
​directional​ ​and​ ​balancing​ ​selection.​ ​TRs​ ​with​ ​both​ ​exceptional​ ​relative​ ​divergence​ ​and​
​exceptional​ ​relative​ ​diversity​ ​were​ ​enriched​ ​in​ ​genes​ ​involved​ ​in​ ​nervous​ ​system​​development​
​and​ ​synaptic​ ​processes,​ ​agreeing​ ​with​ ​prior​ ​associations​ ​between​ ​TR​ ​variation​ ​and​
​neurodevelopment​​8,71,84​​.​ ​Notably,​ ​most​ ​known​​pathogenic​​repeat​​expansions​​are​​associated​​with​
​neurological​ ​or​ ​neurodegenerative​ ​disorders,​ ​further​ ​supporting​ ​the​ ​particular​ ​sensitivity​ ​of​
​nervous​​system​​processes​​to​​TR​​variation.​​We​​also​​identified​​TRVs​​with​​high​​diversity​​compared​
​to​ ​divergence,​ ​including​ ​several​ ​extreme​ ​examples​ ​in​ ​immune-related​ ​genes.​ ​Although​ ​this​
​pattern​ ​of​ ​variation​ ​may​ ​be​ ​due​ ​to​ ​high​ ​mutation​ ​rates​ ​coupled​ ​with​ ​stabilizing​ ​selection,​ ​it​​is​
​also expected under long-term balancing selection, particularly at immune loci​​21,85​​.​

​We​ ​found​ ​associations​ ​between​​brain​​organoid​​expression​​divergence​​and​​divergence​​of​
​TRs​ ​located​ ​in​ ​promoters​ ​and​ ​UTRs,​ ​where​ ​repeat​ ​variation​ ​can​ ​directly​ ​alter​ ​chromatin​
​organization,​ ​nucleosome​ ​occupancy,​ ​and​ ​affect​ ​alternative​ ​splicing​​16,86​​.​ ​Further,​ ​genes​ ​with​
​human-specific​ ​regulatory​ ​changes​ ​during​ ​cortical​ ​development​ ​are​ ​enriched​ ​in​ ​TRs,​ ​some​ ​of​
​which​ ​are​ ​highly​ ​divergent.​ ​More​ ​broadly,​ ​trait​ ​and​ ​disease-causal​ ​TRs​ ​are​ ​associated​
​bidirectionally​ ​with​ ​longer​ ​human​ ​alleles​ ​and​ ​higher​ ​diversity.​ ​These​ ​patterns​ ​may​ ​reflect​
​elevated,​ ​lineage-specific​ ​mutational​ ​processes​ ​leading​ ​to​ ​runaway​ ​expansions​ ​with​ ​functional​
​consequences,​​or​​possibly​​the​​action​​of​​directional​​selection​​shaping​​repeat​​length​​distributions.​
​While​ ​the​ ​underlying​ ​mechanism​ ​remains​ ​unresolved,​ ​we​ ​hypothesize​ ​that​ ​exceptional​ ​length​
​divergence​ ​and​ ​species-specific​ ​diversity​ ​may​ ​serve​ ​as​ ​useful​ ​criteria​ ​for​ ​prioritizing​ ​TRs​ ​for​
​functional studies.​

​While​ ​we​ ​provide​ ​a​ ​comprehensive​ ​overview​ ​of​ ​TR​ ​variation​ ​in​ ​primates,​ ​several​
​limitations​ ​should​ ​be​​noted.​​First,​​estimates​​of​​within-species​​diversity​​are​​restricted​​to​​humans​
​and​ ​chimpanzees.​ ​Second,​​we​​focused​​on​​loci​​shared​​between​​species.​​Future​​studies​​including​
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​species-specific​ ​TRs​ ​may​ ​provide​ ​additional​ ​insight​ ​into​ ​forces​ ​impacting​ ​TR​ ​birth​ ​and​​death.​
​Third,​ ​current​ ​TR-phenotype​ ​association​ ​evidence​ ​is​ ​largely​ ​derived​ ​from​ ​human​ ​short-reads,​
​which​​have​​limited​​resolution​​for​​long​​TRs​​and​​do​​not​​capture​​trait​​associations​​in​​other​​species.​
​Comparable​ ​long-read​ ​studies​ ​across​ ​NHP​ ​are​ ​essential​ ​to​ ​assess​ ​whether​ ​similar​ ​patterns​ ​in​
​trait-causal​ ​loci​ ​extend​ ​beyond​ ​humans.​ ​Finally,​ ​our​ ​analyses​ ​are​ ​limited​ ​to​ ​TR​ ​allele​ ​length​
​polymorphism​​and​​do​​not​​capture​​other​​forms​​of​​variation​​capable​​of​​affecting​​phenotypes,​​such​
​as sequence interruptions and changes in motif composition​​87​​.​

​In​ ​summary,​ ​our​ ​results​ ​show​ ​that​ ​TR​ ​variation​ ​reflects​ ​the​ ​interplay​ ​of​ ​mutational​
​processes​ ​and​ ​selective​ ​pressures,​ ​acting​ ​both​ ​as​ ​conserved​​functional​​elements​​and​​as​​fuel​​for​
​evolutionary​ ​innovation.​ ​Ongoing​ ​advances​ ​in​ ​TR​ ​genotyping​ ​and​ ​mutation​ ​inference,​ ​along​
​with​ ​increasingly​ ​accessible​ ​population-scale​ ​cross-species​ ​variant​ ​catalogs,​ ​will​ ​enable​
​systematic​ ​characterization​ ​of​ ​TR​ ​mutational​ ​dynamics​ ​and​ ​their​ ​contribution​ ​to​ ​adaptation​
​across evolutionary timescales.​

​Methods​
​TR reference catalogs​

​Using​ ​the​ ​TRACK​ ​pipeline​​88​​,​ ​we​ ​generated​ ​TR​ ​catalogs​ ​for​ ​eight​ ​ape​ ​T2T​ ​reference​
​genomes​​6,89​ ​(​​Fig.​​1b​​).​​Briefly,​​TRs​​were​​identified​​with​​Tandem​​Repeat​​Finder​​v.4.09​​90​ ​using​​the​
​following​ ​parameters:​​matchscore​​2,​​mismatchscore​​5,​​indelscore​​7,​​pm​​80,​​pi​​10,​​minscore​​24,​
​maxperiod​​2000,​​-​​l​​6.​​Resulting​​annotations​​were​​filtered​​by​​total​​length​​(>11​​bp​​and​​<10​​Kbp),​
​copy​​number​​(>2.5),​​and​​constancy​​score,​​i.e.,​​sequence​​similarity​​between​​adjacent​​repeat​​units​
​(>60%).​ ​When​ ​TRs​ ​overlapped​ ​by​ ​5​ ​bp​ ​or​ ​less,​ ​we​ ​retained​ ​the​ ​repeat​​with​​the​​shortest​​motif​
​length.​ ​We​ ​then​ ​normalized​ ​motif​ ​sequences​ ​to​ ​their​ ​smallest​ ​periodic​ ​units.​ ​For​ ​example,​ ​the​
​motif​​“ATATAT”​​was​​reduced​​to​​“AT”,​​and​​the​​copy​​number​​was​​recalculated​​accordingly.​​This​
​normalization​ ​step​ ​was​ ​implemented​ ​because​ ​TRF​ ​reports​ ​consensus​ ​motifs​ ​that​ ​maximize​
​alignment​​scores,​​which​​do​​not​​always​​correspond​​to​​the​​minimal​​motifs.​​As​​a​​result,​​TRF​​output​
​may​​contain​​nested​​motifs​​composed​​of​​repeated​​instances​​of​​a​​shorter​​underlying​​unit.​​Finally,​
​we​ ​queried​ ​our​ ​catalog​ ​against​ ​the​ ​Dfam​ ​database​ ​to​ ​identify​ ​instances​ ​where​ ​TRs​ ​intersect​
​known​​repetitive​​element​​families​​91​​.​​After​​this​​initial​​characterization​​of​​the​​catalogs,​​we​​applied​
​additional​ ​filtering​ ​to​ ​exclude​ ​centromeric​ ​regions​ ​and​ ​regions​ ​containing​ ​alpha​ ​satellite​​DNA​
​(cenSat)​ ​and​ ​subterminal​ ​satellites​ ​(StSat).​ ​Annotations​ ​were​ ​obtained​ ​from​ ​the​ ​CHM13​ ​and​
​T2T-Primate​​Consortium​​to​​identify​​and​​remove​​complex,​​high-order​​repeat​​(HOR)-rich​​regions​
​before homology assessment.​

​Annotation of TR genomic features​
​To​ ​classify​​TRs​​by​​genomic​​feature,​​we​​used​​the​​GENCODE​​GFF2​​gene​​annotation​​for​

​CHM13.​ ​We​ ​retained​ ​only​ ​transcripts​ ​annotated​ ​as​ ​the​ ​APPRIS​ ​principal​ ​isoform​ ​to​ ​ensure​
​high-confidence​ ​gene​ ​models​​92​​.​ ​Exons,​ ​coding​ ​sequences​ ​(CDS),​ ​and​ ​introns​ ​were​ ​directly​
​extracted​​from​​the​​annotation.​​Transcription​​start​​sites​​(TSS)​​were​​defined​​as​​the​​5’​​end​​of​​each​
​transcript,​ ​and​ ​promoter​ ​regions​ ​were​​defined​​as​​the​​1​​Kb​​upstream​​of​​the​​TSS,​​accounting​​for​
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​strand​ ​orientation.​ ​Untranslated​ ​regions​ ​(UTRs)​ ​were​ ​inferred​ ​based​ ​on​ ​exon​ ​coordinates:​ ​5’​
​UTRs​ ​were​ ​inferred​ ​as​ ​the​ ​exon​ ​segments​ ​upstream​ ​of​ ​the​ ​start​ ​codon,​ ​and​ ​3’​ ​UTRs​ ​as​ ​those​
​downstream​ ​of​ ​the​ ​stop​ ​codon,​ ​considering​ ​strand​ ​orientation.​ ​To​ ​avoid​ ​overestimating​ ​UTRs,​
​we​​required​​inferred​​regions​​to​​not​​overlap​​CDS​​regions.​​The​​TR​​catalog​​was​​intersected​​to​​these​
​annotations​ ​and​ ​a​ ​hierarchical​ ​classification​ ​was​ ​applied​ ​to​ ​resolve​ ​edge​ ​cases​ ​where​ ​TRs​
​overlap more than one feature: CDS > 5’ UTR > 3’ UTR > promoter > intron > intergenic.​

​Homology assessment​
​To​ ​identify​ ​homologous​ ​TRs​ ​between​ ​reference​ ​genomes,​ ​we​ ​used​ ​a​ ​multi-step​

​alignment-based​​pipeline​​implemented​​in​​TRACK​​88​​.​​TR​​coordinates​​from​​a​​target​​genome​​were​
​lifted​ ​to​ ​a​ ​query​ ​genome​ ​using​ ​the​ ​UCSC​ ​LiftOver​ ​tool​​93​ ​with​​-minMatch​​0.1​​and​​-bedPlus=3​
​-tab​ ​to​ ​preserve​ ​metadata​ ​tracking​ ​of​ ​TRs​ ​across​ ​genome​ ​builds.​ ​Lifted​ ​TRs​ ​were​ ​intersected​
​with​ ​the​ ​native​​TR​​catalog​​of​​the​​query​​genome​​using​​bedtools​​intersect​​,​​requiring​​a​​reciprocal​
​overlap of at least 10%.​

​For​ ​each​ ​overlapping​ ​TR​ ​pair,​ ​we​ ​extracted​ ​and​ ​compared​ ​their​ ​motifs.​ ​To​ ​ensure​
​strand-invariant​ ​and​ ​phase-independent​ ​comparison,​ ​TRACK​ ​computes​ ​the​ ​lexicographically​
​smallest​​cyclic​​permutation​​of​​each​​motif​​and​​its​​reverse​​complement.​​This​​step​​allows​​the​​direct​
​comparison​ ​of​ ​motif​ ​sequences​ ​regardless​ ​of​ ​strand​ ​orientation​ ​or​ ​rotational​ ​phase.​ ​To​ ​assess​
​motif​ ​similarity,​ ​we​​performed​​global​​pairwise​​alignments​​between​​each​​candidate​​homologous​
​TR​ ​pair​ ​with​ ​EMBOSS​ ​Needle​​94​​,​ ​using​​the​​following​​parameters:​​-​​gapopen​​10​​and​​-gapextend​
​0.5​​.​ ​Each​ ​motif​ ​pair​ ​was​ ​aligned​ ​in​ ​both​ ​forward​ ​and​ ​reverse-complement​ ​orientation,​​and​​we​
​retained​ ​the​ ​alignment​ ​with​ ​the​ ​highest​ ​similarity​ ​score.​ ​TR​ ​pairs​ ​with​ ​the​ ​best​ ​alignment​
​similarity​ ​score​ ​>=95%​ ​were​ ​retained​ ​as​ ​confidently​ ​homologous.​ ​Homology​ ​detection​ ​was​
​performed​ ​bidirectionally,​ ​with​​both​​genomes​​in​​the​​pair​​used​​as​​target​​and​​query.​​The​​final​​set​
​of​​homologous​​TRs​​was​​defined​​as​​the​​intersection​​of​​high-similarity​​TR​​pairs​​identified​​in​​both​
​directions.​ ​This​ ​reciprocal​ ​filtering​ ​strategy​ ​ensures​ ​that​ ​homologs​ ​are​ ​robust​ ​to​ ​mapping​
​artifacts or asymmetric genome annotations.​

​To​ ​quantify​ ​the​ ​correlation​ ​of​ ​normalized​ ​TR​ ​density​ ​between​ ​species​ ​we​ ​computed​
​density​​in​​non-overlapping​​1​​Mb​​windows​​in​​the​​human​​genome,​​and​​windows​​were​​lifted​​over​
​to​ ​the​ ​corresponding​ ​NHP​ ​genomes.​ ​Lifted​ ​windows​ ​were​ ​filtered​ ​based​ ​on​ ​length,​ ​retaining​
​regions​ ​between​ ​0.8-2​ ​Mb​ ​for​ ​most​ ​species,​ ​and​ ​0.2-2​ ​Mb​ ​for​ ​the​ ​more​ ​divergent​ ​taxa,​ ​i.e.​
​siamang​ ​gibbon​ ​and​ ​macaque,​ ​where​ ​liftover​ ​performance​ ​is​ ​reduced.​ ​For​ ​each​ ​species,​ ​TR​
​density​ ​was​ ​calculated​ ​as​ ​the​ ​proportion​ ​of​ ​bps​ ​covered​ ​by​ ​TRs​ ​within​ ​each​ ​lifted​ ​genomic​
​window and normalized to sum to 1 prior to comparison.​

​Determining TR genotypes​
​TRs​​were​​genotyped​​using​​PacBio​​HiFi​​data​​from​​46​​humans​​in​​the​​Human​​Pangenome​

​Research​ ​Consortium​ ​(HPRC)​​95​ ​and​ ​23​ ​near-T2T​ ​chimpanzee​ ​genomes,​ ​described​ ​in​ ​a​
​companion​​paper​​23​​,​​with​​Tandem​​Repeat​​Genotyping​​Tool​​v.3.0​​(TRGT)​​96​​.​​Variants​​were​​filtered​
​for​ ​missing​ ​data​ ​(​​--max-missing​ ​1),​ ​minimum​ ​allele​ ​spanning​ ​depth​ ​(>3)​ ​and​ ​allele​ ​constancy​
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​score (>0.6).​

​Estimating TR mutation rates​
​Per-locus​ ​mutation​ ​rates​​were​​estimated​​under​​the​​stepwise​​mutation​​model​​(SMM)​​and​

​neutrality​ ​based​ ​on​ ​the​ ​observed​ ​genetic​ ​distance​ ​between​ ​humans​ ​and​ ​chimpanzees.​

​Specifically, we computed the TR genetic distance, originally termed​ ​, but we refer to as​​d​​45​​:​δµ​2​

​𝑑​​ ​ = ​ ​
​𝑖​

∑ ​𝑎​
​𝑖​
​𝑝​

​𝑖​
​ ​ − ​ ​

​𝑗​
∑ ​𝑎​

​𝑗​
​𝑝​

​𝑗​( )​2​

​where​ ​is​​allele​​copy​​number​​and​ ​is​​the​​allele​​frequency​​for​​allele​​i​​in​​humans,​​and​​j​​indexed​​𝑎​
​𝑖​

​𝑝​
​𝑖​

​quantities​ ​in​ ​chimpanzees.​ ​Under​ ​neutrality​ ​and​ ​the​ ​SMM,​ ​the​ ​expected​ ​value​ ​of​ ​d​ ​increases​
​linearly​ ​with​ ​the​ ​mutation​ ​rate​ ​(μ)​ ​and​ ​the​ ​divergence​ ​time​ ​(​​t​​)​​45​​.​ ​We​ ​therefore​ ​estimated​
​per-generation mutation rates as​

​ ​µ = ​ ​ ​𝑑​
​𝑡​

​𝑡𝑜𝑡𝑎𝑙​

​where​ ​is the sum of the human and chimpanzee​​branch lengths. We assumed branch lengths​​𝑡​
​𝑡𝑜𝑡𝑎𝑙​

​of 7.7 million years for each lineage and generation times of 29 years for humans and 25 years​

​for chimpanzees, yielding​ ​generations​​97​​.​​𝑡​
​𝑡𝑜𝑡𝑎𝑙​

= ​5​. ​8​ × ​10​​5​

​Divergence-diversity ratio (​​D​​)​
​TRV​ ​per​ ​locus​ ​divergence-diversity​ ​ratio​ ​(​​D​​)​ ​was​ ​computed​ ​as​ ​the​ ​ratio​ ​of​

​between-species​​to​​within-species​​variance​​in​​allele​​length,​​computed​​separately​​for​​each​​species​
​after removing 3 outlier alleles per species:​

​𝐷​
​𝑠​

=
​𝑉𝑎𝑟​

​𝑏𝑒𝑡𝑤𝑒𝑒𝑛​

​𝑉𝑎𝑟​
​𝑤𝑖𝑡ℎ𝑖𝑛​,​𝑠​

​ ​

​where​ ​between-species​ ​variance​ ​for​ ​each​ ​TR​ ​was​ ​defined​ ​as​ ​the​ ​weighted​ ​squared​ ​difference​
​between each species-specific mean length and the overall mean length across both species:​

​𝑉𝑎𝑟​
​𝑏𝑒𝑡𝑤𝑒𝑒𝑛​

=
​𝑠​=​1​

​2​

∑ ​𝑛​
​𝑠​
(​𝑥​

​𝑠​
− ​ ​​𝑥​)

​2​
​ ​, ​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​ ​​𝑥​=

Σ
​𝑠​=​1​
​2​ ​ ​​𝑛​

​𝑠​
​𝑥​

​𝑠​

Σ
​𝑠​=​1​
​2​ ​𝑛​

​𝑠​

​where​ ​is​ ​the​ ​number​ ​of​ ​alleles​ ​in​ ​species​ ​s,​ ​and​ ​is​ ​the​ ​overall​ ​mean​ ​length​ ​across​ ​both​​𝑛​
​𝑠​

​𝑥​

​species.​​One​​characteristic​​of​​D​​s​ ​is​​that​​elevated​​within-species​​diversity​​can​​also​​inflate​​between​
​species variance, reducing its power to detect loci with exceptionally high relative diversity.​

​TRs​​with​​high​​D​​s​ ​in​​both​​species​​were​​defined​​as​​the​​top​​1,000​​loci​​in​​both​​species,​​while​
​TRs​ ​with​ ​low​ ​D​​s​ ​in​ ​both​ ​species​ ​were​​defined​​as​​the​​bottom​​1,000​​loci​​after​​excluding​​repeats​
​with​ ​within-species​ ​variance​ ​below​ ​1.​ ​We​ ​implemented​ ​this​ ​threshold​ ​as​ ​a​ ​conservative​ ​noise​
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​floor​ ​in​ ​order​ ​to​ ​eliminate​ ​small​ ​TRs​ ​with​ ​low​ ​variance​ ​that​ ​produce​ ​small​ ​ratios​ ​likely​ ​not​
​biologically​ ​relevant​ ​(Supplementary​ ​Fig.​ ​1).​ ​Species-specific​ ​extremes​ ​were​​defined​​based​​on​
​deviation​ ​from​ ​the​ ​diagonal​ ​in​ ​the​ ​human-chimpanzee​ ​D​ ​comparison,​ ​representing​ ​loci​ ​with​
​pronounced divergence relative to diversity in a single lineage.​

​Gene ontology enrichment analysis​
​We​ ​first​ ​performed​ ​Gene​ ​Ontology​ ​(GO)​ ​enrichment​ ​analysis​ ​to​ ​test​ ​whether​ ​genes​

​containing​ ​TRs​ ​were​ ​associated​ ​with​ ​specific​ ​biological​ ​process​ ​terms,​ ​using​ ​the​ ​full​ ​set​ ​of​
​human​ ​genes​ ​as​ ​a​ ​background​ ​set.​ ​Next,​ ​we​ ​selected​ ​genes​ ​intersecting​ ​the​ ​top​ ​1,000​ ​TRVs​
​within​ ​each​ ​group​ ​of​ ​extreme​ ​D​ ​values,​ ​using​ ​the​ ​full​ ​set​ ​of​ ​genes​ ​intersecting​ ​TRs​ ​as​ ​the​
​background​​set.​​Analyses​​were​​conducted​​in​​ShinyGO​​v.0.82​​98​​with​​a​​minimum​​pathway​​size​​of​
​15​ ​and​ ​a​ ​maximum​ ​pathway​ ​size​ ​of​ ​1,000​ ​genes.​ ​Significance​ ​was​ ​assessed​ ​using​ ​the​ ​false​
​discovery​ ​rate​ ​(FDR),​ ​and​ ​only​ ​pathways​ ​with​ ​FDR-corrected​ ​p​ ​<​ ​0.01​ ​were​ ​considered​
​enriched.​ ​To​ ​increase​ ​confidence​ ​in​ ​the​ ​results,​ ​we​ ​performed​ ​enrichment​ ​analysis​ ​with​ ​10​
​random sets of 1,000 TR-containing genes, which showed no GO enrichment.​

​TR divergence and gene expression divergence​
​Gene​ ​expression​ ​data​ ​were​ ​obtained​ ​from​ ​Brawand​ ​et​ ​al.​​66​​,​ ​which​ ​provides​​normalized​

​RPKM​ ​(reads​ ​per​ ​kilobase​ ​of​ ​exon​ ​per​ ​million​ ​mapped​ ​reads)​ ​values​ ​for​ ​six​ ​tissues​ ​(brain,​
​cerebellum,​​heart,​​kidney,​​liver,​​and​​testis)​​from​​humans​​and​​chimpanzees.​​To​​reduce​​noise​​from​
​lowly​​expressed​​genes,​​we​​applied​​an​​RPKM​​threshold​​of​​>1​​in​​at​​least​​one​​individual​​for​​each​
​tissue​ ​and​ ​species.​ ​Differential​ ​expression​ ​(DE)​ ​between​ ​species​ ​was​ ​assessed​​per​​tissue​​using​
​limma​​99​ ​on​ ​log-transformed​ ​RPKM​ ​values,​ ​with​ ​empirical​ ​Bayes​ ​moderation​ ​of​ ​gene-wise​
​standard​ ​errors.​ ​Genes​ ​with​ ​FDR-adjusted​ ​p-values​ ​<​ ​0.05​ ​were​ ​considered​ ​DE.​ ​TR​ ​length​
​divergence​​was​​quantified​​as​​the​​log2​​fold​​change​​of​​mean​​allele​​length​​per​​locus​​and​​compared​
​to​ ​gene​ ​expression​ ​divergence​ ​using​ ​Pearson’s​ ​correlation.​ ​To​ ​focus​ ​on​ ​genes​ ​containing​ ​TRs​
​known​ ​to​ ​be​​associated​​with​​expression​​(eTRs),​​we​​retained​​those​​associated​​with​​fine-mapped​
​expression STR​​1​ ​and expression-associated VNTRs​​69​​.​

​Code Availability​
​All code used in the paper can be obtained at https://github.com/caroladam/tr_analyses.​

​Data availability​
​The​ ​HPRC​ ​data​ ​can​ ​be​ ​obtained​ ​at​​https://humanpangenome.org/data/​​.​​The​​chimpanzee​

​assemblies​​can​​be​​obtained​​at​​[pending].​​Chimpanzee-human​​homologous​​TR​​catalog​​and​​VCF​
​files​ ​for​ ​humans​ ​and​ ​chimpanzees​ ​can​ ​be​ ​obtained​ ​at​ ​10.5281/zenodo.20616249​ ​[pending​
​publication].​
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​Extended Data Fig. 1 -​​Genomic TR distributions in​​non-human primate genomes​​. Ideograms​
​showing the density of STRs in red and VNTRs in blue across non-overlapping 1 Mb windows. Masked​
​CenSat regions are marked in gray. TR densities are shown for​​a​​,​​Homo sapiens​​;​​b​​,​​Pan troglodytes​​;​​c​​,​
​Pan paniscus​​;​​d​​,​​Gorilla gorilla​​;​​e​​,​​Pongo pygmaeus​​;​​f​​,​​Pongo abelii​​;​​g​​,​​Symphalangus syndactylus​​; and​
​h​​,​​Macaca mulatta​​.​
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​Extended Data Fig. 2 -​​Correlation of TR density in​​homologous regions​​. Correlation between​
​normalized density of TRs between​​a​​, chimpanzee and​​bonobo; and between human and​​b​​, chimpanzee;​
​c​​, bonobo;​​d​​, gorilla;​​e​​, Sumatran orangutan;​​f​​, Borneo​​orangutan;​​g​​, siamang gibbon; and​​h​​, macaque.​
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​Extended Data Fig. 3 -​​Landscape of TR length variation​​across human and non-human primate​
​T2T reference genomes.​​Scatterplot of reference TR​​lengths between human (x-axis) and seven​
​non-human T2T reference primates (y-axis):​​a​​,​​Pan​​troglodytes​​;​​b​​,​​Pan paniscus​​;​​c​​,​​Gorilla gorilla​​;​​d​​,​
​Pongo pygmaeus​​;​​e​​,​​Pongo abelii​​;​​f​​,​​Symphalangus syndactylus;​​and​​g​​,​​Macaca mulatta​​. Each point​
​represents a single TR locus, color-coded according to CHM13 genomic annotation.​
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​Extended Data Fig. 4 - Estimates of​​de novo​​and genetic​​distance-based (​​d​​) TR mutation rates averaged​
​across motif lengths for different subsets of loci.​
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​Extended Data Fig. 5 -​​Biological processes associated​​with asymmetric divergence-diversity (​​D​​)​
​ratios.​​Gene Ontology enrichment analysis for biological​​processes terms associated with genes​
​intersecting the top 1,000 genic TRs with asymmetric​​D​​, and allele length distribution of one​
​representative genic TR with​​a​​, human-biased​​D​​, with​​an intronic TR at ADARB2;​​and​​b​​, chimp-biased​
​D​​, with an intronic TR at FCRL4.​
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​Extended Data Fig. 6 - Heatmaps showing the correlation between absolute log fold change in mean TR​
​allele length across genes in each genomic feature (x-axis) and absolute log fold change in gene​
​expression divergence between humans and chimpanzees (y-axis) across organoids with telencephalon​
​identity from Pollen et al. (2019).​
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