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The most dynamic and repetitive regions of great ape genomes have traditionally 
been excluded from comparative studies1–3. Consequently, our understanding of the 
evolution of our species is incomplete. Here we present haplotype-resolved reference 
genomes and comparative analyses of six ape species: chimpanzee, bonobo, gorilla, 
Bornean orangutan, Sumatran orangutan and siamang. We achieve chromosome-level 
contiguity with substantial sequence accuracy (<1 error in 2.7 megabases) and completely 
sequence 215 gapless chromosomes telomere-to-telomere. We resolve challenging 
regions, such as the major histocompatibility complex and immunoglobulin loci, to 
provide in-depth evolutionary insights. Comparative analyses enabled investigations 
of the evolution and diversity of regions previously uncharacterized or incompletely 
studied without bias from mapping to the human reference genome. Such regions 
include newly minted gene families in lineage-specific segmental duplications, 
centromeric DNA, acrocentric chromosomes and subterminal heterochromatin.  
This resource serves as a comprehensive baseline for future evolutionary studies of 
humans and our closest living ape relatives.

High-quality sequencing of ape genomes has been a high priority of the 
human genetics and genomics community since the initial sequencing 
of the human genome in 2001 (refs. 1,2). Sequencing of these genomes is 
crucial for reconstructing the evolutionary history of every base pair of 
the human genome. Moreover, such an undertaking is one of the grand 
challenges put forward to the genomics community after the release 
of the first draft of the Human Genome Project3. As a result, there have 
been numerous publications ranging from initial draft genomes to 

notable updates over the past two decades4–8. However, owing to the 
repetitive nature of ape genomes, complete assemblies have not been 
achieved. Current references lack sequence resolution of some of the 
most dynamic genomic regions, including regions corresponding to 
lineage-specific gene families.

Advances in long-read sequencing and new assembly algorithms 
were needed to overcome the challenge of repeats and to achieve the 
first complete, telomere-to-telomere (T2T) assembly of the human 
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genome9,10. Using these same methods, we recently published six addi-
tional pairs of complete sex chromosomes from distinct branches of 
the ape phylogeny11. Although these initial projects targeted haploid 
chromosomes and required substantial manual curation, improved 
assembly methods now enable the complete assembly of diploid chro-
mosomes12,13. Using these methods, we present here complete, phased, 
diploid genomes of six ape species and make all data and curated assem-
blies freely available to the scientific community. We organize the article 
into three main sections, with a focus on the following topics: (1) the gen-
eration of the assemblies; (2) the added value for standard evolutionary 
analyses; and (3) new evolutionary insights into previously unassembled 
regions. Although the interior of rDNA arrays and some small portions 
of the largest centromeres remain unresolved, these genomes represent 
an improvement in quality over previous ape reference genomes and 
are of equivalent quality to the T2T-CHM13 human reference genome.

Ape genome assembly
Unlike previous reference genomes that selected female individuals 
to improve representation of the X chromosome4–7, we focused on 
male samples (Table 1) to also sequence the Y chromosome and to 
provide a complete chromosomal complement for each species. Both 
sex chromosomes from these samples were analysed by us in a separate 
article11. Samples from two of the species we analysed, bonobo and 
gorilla, originated from parent–child trios (Supplementary Note I), 
which facilitated the phasing of parental haplotypes. For samples for 
which parental data were not available, deep Hi-C datasets were used 
(Table 1) to achieve chromosome-scale haplotype phasing. For all sam-
ples, we prepared high-molecular-weight DNA and generated deep 
PacBio high-fidelity (HiFi; mean = 90-fold sequence coverage) and 
Oxford Nanopore Technologies (ONT; mean = 136.4-fold sequence 
coverage) sequence data (Supplementary Table II.3). For the latter, we 
specifically focused on producing at least 30-fold ultra-long (UL > 100 
kilobases (kb)) ONT sequence data to scaffold assemblies across larger 
repetitive regions, including centromeres and segmental duplications 
(SDs). To generate the backbone of the assembly, we used Verkko12 
(v1.4.1), which is a hybrid assembler that leverages the accuracy of 
HiFi data (Supplementary Note II). UL-ONT sequencing was used for 
repeat resolution, local phasing and scaffolding, and Hi-C or trio data 
were used to convert chromosome-scale phasing of haplotypes into a 
fully diploid assembly. For each chromosome, the most accurate and 
complete haplotype was selected as the primary assembly for each 

chromosome pair. When rDNA was present in only one haplotype, it 
was chosen as the primary haplotype regardless of the completeness 
status. Both sex chromosomes and the mitochondrial genome were 
included in the primary assembly.

When considering the diploid genomes of each species, 74% (215 out 
of 290) of all chromosomes were T2T assembled (gapless with a tel-
omere on both ends), and at least 80.8% of chromosomes were T2T in at 
least one haplotype (Table 1, Fig. 1, Extended Data Fig. 1 and Supplemen-
tary Table II.4 for siamang). Overall, there was an average of six gaps or 
breaks in assembly contiguity per haplotype (range = 1–12), which were 
typically localized to the rDNA array. The number was reduced to an 
average of 1.6 gaps if those regions were excluded. All assemblies were 
curated to extend partially into each rDNA array from both sides, which 
ensured that no non-rDNA sequence was missed. In addition to gaps, we 
specifically searched for collapsed and misassembled sequences using 
dedicated methods (Supplementary Note II (‘Assessment of the genome 
assembly’) and Supplementary Table II.5). We estimated on average  
0.2–1.6 megabases (Mb) of non-rDNA-related issues per haplotype 
assembly (Supplementary Table II.5). Comparisons with Illumina data14 
from the same samples provided a lower-bound base QV accuracy 
of 49.3 (about 1 error every 100,000 bp), which was limited by Illu-
mina coverage loss in high-GC regions. By contrast, comparisons that 
included HiFi data suggested even higher accuracy (QV = 61.7, about 
1 error every 1 million base pairs; Supplementary Table II.3). Overall, we 
estimated that 99.2–99.9% of each genome (99.98–99.99% for non-rDNA 
bases) was completely and accurately assembled, including heterochro-
matin. These values are consistent with the T2T-CHM13v1.1 assembly, 
for which potential issues remain for 0.3% of the genome14. In summary, 
these ape diploid-genome assemblies represent an advancement in 
terms of sequence accuracy and contiguity with respect to all previous 
ape genome assemblies4–8. Each genome assembly was annotated by 
the National Center for Biotechnology Information (NCBI) and has 
been adopted as the main reference in RefSeq. That is, the previous 
short-read-based or long-read-based and less complete versions of 
the genomes have been replaced, and the sex chromosomes have been 
updated with the newly assembled and polished versions.

This new genomics resource provides two important advantages to 
the evolutionary community. First, it enhances the ability to perform 
more refined and complete standard evolutionary comparative analyses 
than previously possible. Second, it provides access to the complete 
sequence of previously inaccessible regions, including regular cen-
tromeric and acrocentric regions, large blocks of SDs and subterminal 

Table 1 | Summary of ape genome assemblies

Sample information Assembly stats (v.2.0)
Haplotype 1 (haplotype 2) or maternal (paternal)

Common name 
(abbreviation)

Scientific name Tissue Sex Accession Total no. of 
bases (Gb)

Contig N50 
(Mb)

No. of T2T 
contigs

No. of 
non-rDNA 
gaps or 
missing 
telomeres

QV

Chimpanzee (PTR) Pan troglodytes Lymphoblastoid Male PRJNA916736 3.14 (3.03) 146.29 (140.84) 19 (17) 0 (2) 66.0

Bonobo (PPA)a Pan paniscus Fibroblast or 
lymphoblastoid

Male PRJNA942951 3.21 (3.07) 147.03 (147.48) 20 (19) 0 (0) 62.7

Gorilla (GGO)a Gorilla gorilla Fibroblast Male PRJNA942267 3.55 (3.35) 151.43 (150.80) 19 (22) 4 (0) 61.7

Bornean orangutan 
(PPY)

Pongo pygmaeus Fibroblast Male PRJNA916742 3.16 (3.05) 140.59 (137.91) 15 (13) 1 (2) 65.8

Sumatran 
orangutan (PAB)

Pongo abelii Fibroblast Male PRJNA916743 3.17 (3.08) 146.20 (140.60) 14 (13) 2 (3) 63.3

Siamang (SSY) Symphalangus syndactylus Lymphoblastoid Male PRJNA916729 3.24 (3.12) 146.71 (144.67) 24 (20) 0 (5) 66.4

Average – 3.24 (3.12) 146.38 (143.72) 18.5 (17.3) 1.2 (2) 64.3
aSample with parental sequence data. Contig N50 is the shortest contiguous assembled fragment length that contains 50% of the genome (values approximate the length of chromosomes). 
QV represents the accuracy score from the Illumina–HiFi hybrid-based approach. Numbers in parentheses denote the values for haplotype 2 or the paternal haplotype.

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA916736
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA942951
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA942267
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA916742
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA916743
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA916729
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heterochromatin. Below, we divide our analyses into two sections: the 
first focused on highlighting improvements in the resource and the sec-
ond focused on evolutionary analyses of previously inaccessible regions.

Highlights of improvements in the resource
Ape pangenome
Most previous genome-wide comparative studies of apes have been 
limited by the mapping of inferior assemblies to a higher quality human 
genome. Consequently, human reference biases were introduced. 
Because the assemblies here were of comparable quality and contiguity, 
we sought to mitigate this bias by creating an ape pangenome as an unbi-
ased framework to understand evolution. First, we used Progressive 
Cactus15 to construct several pangenomes using different parameters, 
which included human and ape haplotypes (Supplementary Note III 
and Data availability). Predictably, the resulting interspecies graphs 
were more complex than the recently released human pangenome 
for 47 individuals16. For example, one ape pangenome was 3.38 Gb, 
with three times the number of edges and nodes as compared to previ-
ous human-only pangenomes. The resulting alignments enabled us to 
annotate genes and repeats and the ancestral state of more base pairs 
of the human GRCh38 reference. After applying the parsimony-like 
method used by the 1000 Genomes Project and Ensembl17, we observed 
a genome-wide increase of 6.25% in the total ancestrally annotated base 
pairs compared with the existing Ensembl annotation (release 112), 
with the greatest increase in autosomes observed for chromosome 19 
(21.5%; Supplementary Fig. III.13). As a second approach, we applied 
pangenome graph builder18 to construct all-to-all pairwise alignments 
for all 12 nonhuman primate (NHP) haplotypes (of 6 species) along 
with 3 T2T human haplotypes (T2T-CHM13v2.0 and 2 haplotypes of 
T2T-HG002v1.0). We used these pairwise alignment data to construct 
an implicit graph (Supplementary Note III, ‘Implicit pangenome graph’) 
of all six species and computed a conservation score using phastCons 
v1_5 for every base pair in the genome (Supplementary Note III (‘Con-
servation analyses’) and Supplementary Fig. III.9). The approach was 

transitive without a reference bias and considered both assembled 
haplotypes for each genome and unique and repetitive regions. As a 
result, we identified the most rapidly evolving regions in each primate 
lineage, including the major histocompatibility complex (MHC) and 
the chromosome 8p23.1 inversion (Supplementary Fig. III.9).

Divergence and selection
Overall, sequence comparisons among the complete ape genomes 
revealed greater divergence than previously estimated (Supplementary 
Notes III–IV). Indeed, 12.5–27.3% of an ape genome failed to align or was 
inconsistent with a simple one-to-one alignment, thereby introducing 
gaps. Gap divergence showed a 5-fold to 15-fold difference in the num-
ber of affected megabases when compared to single-nucleotide vari-
ants, which was due to rapidly evolving and structurally variant regions 
of the genome as well as technical limitations of alignment in repetitive 
regions (Supplementary Figs. III.11 and III.12). We catalogued all struc-
turally divergent regions (SDRs) among the ape genomes and found an 
average of 327 Mb of sequence (10%) per ape lineage (Fig. 2a and Supple-
mentary Note V). Predictably, these included centromeres, acrocentric 
short arms and subterminal heterochromatic caps, but also numer-
ous gene-rich SD regions enriched at the breakpoints of large-scale 
rearrangements (Supplementary Fig. V.15). We focused on segments 
that could be reliably aligned and then we estimated speciation times 
and modelled incomplete lineage sorting (ILS) across the ape species 
tree19 (Fig. 2b and Supplementary Table VI.26). Our analyses dated the 
human–chimpanzee split between 5.5 and 6.3 million years ago (Ma; 
minimum to maximum estimate of divergence), the African ape split 
at 10.6–10.9 Ma and the orangutan split at 18.2–19.6 Ma (Fig. 2a). We 
inferred ILS for an average of 39.5% of the autosomal genome and 24% 
of the X chromosome. Compared with recent reports20, these values 
represent a 7.5% increase in autosomal ILS, results that are in part due 
to the inclusion of more repetitive DNA (Supplementary Fig. VI.16). 
Consequently, we estimated that the human–chimpanzee–bonobo 
ancestral population size (average Ne = 198,000) is larger than that 
of the human–chimpanzee–gorilla ancestor (Ne = 132,000), a result 
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Fig. 1 | Chromosomal-level assembly of complete genomes for great apes. 
a,b, A comparative alignment of HSA7 (a) and HSA16 (b) compared with syntenic 
chromosomes from chimpanzee, bonobo, gorilla, Bornean orangutan and 
Sumatran orangutan. Each chromosome is compared with the chromosome 
below in this stacked representation using the tool SVbyEye (https://github.
com/daewoooo/SVbyEye)116. Regions of collinearity and synteny (positive in 

blue) are contrasted with inverted regions (negative in yellow) and with regions 
beyond the sensitivity of minimap2 (homology gaps), including centromeres, 
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expansion. A single transposition (green in b) relocates about 4.8 Mb of gene- 
rich sequence in gorilla from HSA16p13.11 to HSA16p11.2 (see Fig. 3 for more 
detail).
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consistent with an increase in the ancestral population 6–10 Ma (Sup-
plementary Note VI). We next searched for signatures of adaptation 
in each ape species by identifying regions of hard21 and soft (partial)22 
selective sweeps based on the mapping of short-read whole-genome 
sequencing data generated from the great ape genetic diversity pro-
ject23–26 (Supplementary Note VII) back to the T2T genomes. Among the 
ape species, we identified 143 and 86 candidate regions for hard and 
partial selective sweeps, respectively (Supplementary Table VII.31). 
We also identified seven duplication-overlapping genes that showed 
signatures of selection on both of the unique flanking sequences of 
the duplications. Approximately half of the hard selective sweeps (74 
out of 143) and more than 80% of the partial selective sweeps (70 out 
of 86) were previously unknown, and a total of 43 regions overlapped 
with sweeps previously found in humans27.

Gene annotation
We applied two gene-annotation pipelines (comparative annotation 
toolkit (CAT) and NCBI) to identify both protein-coding and noncoding 
RNA (ncRNA) genes for primary assembly for each NHP. We comple-
mented the annotation pipelines by directly mapping the PacBio Iso-Seq 
transcriptome long reads (50 Gb of full-length non-chimeric (FLNC) 
cDNA) generated from each sample and searching for transcriptional 
support for genes with multiple exons. The number of protein-coding 
genes was comparable among different apes (n = 22,114–23,735),  

with slightly more than 1,000 genes predicted to be gained or dupli-
cated or lost when compared to humans (Supplementary Table VIII.34). 
Using the University of California, Santa Cruz (UCSC) gene set, based 
on GENCODE28, we estimated that 99.0–99.6% of corresponding human 
genes were now represented, and >90% of genes were full-length. We 
identified a fraction (3.3–6.4%) of protein-coding genes present in the 
NHP T2T genomes that contained new transcript models relative to the 
annotation for the human genome. This included 770–1,482 previously 
unknown gene models corresponding to 315–528 gene families in the 
NHPs, with about 68.6% corresponding to lineage-specific SDs, all 
supported by Iso-Seq transcripts (Supplementary Tables VIII.34 and 
VIII.35). In this list, we also found biomedical genes such as LRPAP1, for 
which paralogues show tissue-specific expression across fibroblast and 
testes (Supplementary Note VIII). We also identified human-specific 
genes associated with human evolution of the frontal cortex, includ-
ing SRGAP2C29,30, ARHGAP11 (ref. 31) (Supplementary Table VIII.40) 
and NOTCH2NL32,33 (implicated in neuronal intranuclear inclusion dis-
ease). The non-SD overlapping gene copies consisted of 73% of tran-
script models that were changed in their sequence by >50%, with the 
remaining 27% no longer translated. Moreover, 2.1–5.2% of transcripts 
showed previously unknown NHP splice forms, which were again sup-
ported by Iso-Seq data (Supplementary Table VIII.34). We provide a 
valuable resource in the form of a curated consensus protein-coding 
gene annotation set by integrating both the NCBI and CAT pipelines 
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(Supplementary Note VIII). We also analysed FLNC reads obtained 
from testis from a second individual11 to quantify the potential impact 
genome-wide on gene annotation, and we observed improvements in 
mappability, completeness and accuracy (Supplementary Note VIII 
and Supplementary Fig. VIII.29). In gorilla, for example, we mapped 
28,925 (0.7%) additional reads to the T2T assembly in contrast to only 
171 additional reads to the previous long-read assembly5. Similarly, we 
observed 33,032 (0.7%) soft-clipped reads (>200 bp) in the gorilla T2T 
assembly in contrast to 89,498 (2%) soft-clipped reads when mapping 
to the previous assembly5. These improvements in mappability were 
nonuniformly distributed with loci at centromeric, telomeric and SD 
regions, which led to increased copy number counts when compared 
with previous genome assemblies (Supplementary Fig. VIII.29e–g).

Repeat annotation
We generated a near-complete census of all high-copy repeats and 
their distribution across the ape genomes (Extended Data Table 1, Sup-
plementary Note IX and Supplementary Table IX.41). With this new 
information, we estimated that the autosomes of the ape genomes 
contain 53.2–58.0% of detectable repeats, which include transposable 
elements, various classes of satellite DNA and variable number tan-
dem repeats (VNTRs), among others (Supplementary Fig. IX.30). This 
autosomal content was significantly lower than the sex chromosomes  
(X, 61.8–66.3%; Y, 71.1–85.9%)11. Compared with previous genome assem-
blies, repeat content was increased from 286 to 706 Mb depending on 
the species (Supplementary Table IX.42). Gorilla, chimpanzee, bonobo 
and siamang genomes showed substantially higher satellite content, 
which was driven in large part by the accumulation of subterminal 
heterochromatin through lineage-specific satellite and VNTR expan-
sions (Fig. 1, Extended Data Table 1 and Supplementary Fig. IX.30). 
Satellites accounted for the largest repeat variation (Extended Data 
Table 1), ranging from 4.9% satellite content in Bornean orangutans 
(159.2 Mb in total) to 13.0% in gorillas (462.5 Mb in total). An analy-
sis of gaps in exon and repeat annotations led to the identification  
of 159 previously unknown satellite monomers (Supplementary 
Tables IX.41–IX.50), ranging from 0.5 to 7.1 Mb in additional base pairs 
classified per genome (Supplementary Fig. IX.30). Of note, 3.8 Mb of 
the sequence in the gorilla genome consisted of an approximately 36 bp 
repeat, herein named VNTR_148, which accounted for only 841.9 kb and 
55.9 kb in bonobos and chimpanzees, respectively (Supplementary 
Table IX.43). This repeat displayed a pattern of expansion similar to 
that of the unrelated repeat pCht subterminal satellite11, which suggests 
that it may have undergone expansion through a similar mechanism.

Multiple sequence alignments enabled us to define a comprehensive 
set of both truncated and full-length LINE, Alu, ERV and SVA retrotrans-
poson insertions (Supplementary Tables IX.53–IX.55). Orangutans 
seemed to have the highest LINE-1 (L1) mobilization rate based on both 
the absolute number of insertions and the number of full-length ele-
ments with intact open-reading frames (ORFs). By contrast, the African 
apes (gorilla, chimpanzee, bonobo and human) showed a higher accu-
mulation of Alu insertions (Fig. 2c). The number of L1 retrotransposons 
with intact ORFs varied by a factor of 5.8, with chimpanzees having the 
lowest (95) and orangutans having the highest, with at least 2.5 times 
more L1 retrotransposons with intact ORFs (more than 500 in both oran-
gutan species compared with 203 in gorillas). Humans fell in between 
this range. The overall number and high percentage of full-length L1 
elements with intact ORFs in orangutans implies recent high L1 activ-
ity. Alu activity was quiescent in orangutans, a result consistent with 
previous reports34, and indicates a genome environment in which L1 
retrotransposons out-compete Alu retrotransposons. When consider-
ing only full-length ERV elements with both target-site duplications as 
well as Gag (capsid) and Pol (reverse transcriptase and integrase) coding 
domains, a marked difference was observed. In detail, higher full-length, 
species-specific ERV content was observed in gorillas (57), followed 
by humans (12) and chimpanzees (4). PtERV and HERV-K accounted 

for the ERV elements with both target-site duplications and protein 
domains, along with more degraded ERV elements in gorillas, humans, 
chimpanzees and bonobos (Fig. 2d and Supplementary Table IX.56).

Immunoglobulin and T cell receptor loci
The complete ape genomes made it possible to investigate structurally 
complex regions of high biomedical relevance in more detail, especially 
with respect to human disease. Moreover, four of the primate genomes 
generated here (bonobo, gorilla and the two orangutan species) were 
derived from fibroblast instead of lymphoblastoid cell lines. The lat-
ter, in particular, has been the most common source of most previous 
ape genome assemblies, which has limited the characterization of loci 
affected by somatic rearrangements (for example, immunoglobulin 
genes)35. Thus, we specifically focused on nine regions associated with 
the immune response or antigen presentation that are subjected to 
complex mutational processes or selective forces.

Immunoglobulins and T cell receptors (TCRs) mediate interactions 
with both foreign and self-antigens and are encoded by large, expanded 
gene families that undergo rapid diversification both within and 
between species36,37. We conducted a comparative analyses of the immu-
noglobulin heavy chain (IGH), light chain kappa (IGK) and light chain 
lambda (IGL) as well as T cell receptor alpha (TRA), beta (TRB), gamma 
(TRG) and delta (TRD) loci in four ape species (Supplementary Note X) 
for which two complete intact haplotypes were constructed (Extended 
Data Fig. 2a and Supplementary Fig. X.32a). We identified an average 
of 60 (IGHV), 36 (IGKV), 33 (IGLV), 46 (TRAV and TRDV), 54 (TRBV) and 
8 (TRGV) putatively functional immunoglobulin and TCR genes per 
parental haplotype per species across the seven loci (Extended Data 
Fig. 2a and Supplementary Data 1). As previously noted for human 
haplotypes, the ape immunoglobulin and TCR gene loci were char-
acterized by large structural differences within and between species, 
accounting for as much as 33% of inter-haplotype length differences in 
immunoglobulin loci and up to 10% in the TCR loci. This result suggests 
that immunoglobulin loci underwent more rapid divergence than the 
TCR loci, which may be due to evolutionary and functional constraints 
placed on TCR loci by required interactions with MHC (Extended Data 
Fig. 2b,c). Moreover, immunoglobulin loci showed the most substantial 
structural variation, including gene-spanning expansions of tandem 
duplications across all IGH haplotypes, long-range rearrangements 
in both gorilla IGK haplotypes and a notable 1.4 Mb inversion distin-
guishing the two IGL haplotypes of bonobos (Extended Data Fig. 2a 
and Supplementary Fig. X.32a,b). These large-scale differences fre-
quently corresponded to species-specific sets of genes (those that 
constitute phylogenetic clades of genes specific to bonobos, gorillas 
or both orangutan species; Extended Data Fig. 2a and Supplementary 
Fig. X.32c). We observed the greatest number of species-specific genes 
in IGH (Supplementary Fig. X.32d), for which we also noted a greater 
density of SDs longer than 10 kb relative to the other six loci (Extended 
Data Fig. 2d). This finding indicates that the genomic structure for 
immunoglobulins is probably a key driver of intra-species evolution.

MHC loci
We also completely assembled and annotated 12 ape haplotypes  
corresponding to the 4–5 Mb MHC region (Supplementary Note XI). 
MHC loci encode diverse cell surface proteins crucial for antigen pres-
entation and adaptive immunity38, are highly polymorphic among mam-
mals39 and are strongly implicated in human disease40. Comparative 
sequence analyses confirmed marked sequence divergence and struc-
tural variation (an average of 328 kb deletions and 422 kb insertions 
in NHPs compared to humans), including duplications ranging from 
99.3 kb in siamang to 701 kb in the Sumatran orangutan H-2 (Supplemen-
tary Tables XI.57 and XI.58), as well as contractions and expansions asso-
ciated with specific MHC genes (Extended Data Fig. 3a,b). Overall, MHC 
class I genes showed greater structural variation within and among the 
NHPs than MHC class II genes (Extended Data Fig. 3a,b), with threefold 
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greater average duplication sequences per haplotype (171 kb versus 
62 kb). Particularly high divergence in this region was seen in siamangs, 
which lacked a functional MHC-C locus and instead carries an appar-
ently functional MHC-J-like locus that is only found as a pseudogene in 
humans (Extended Data Fig. 3a and Supplementary Figs. XI.33–XI.40). 
Although MHC I gene content and organization were nearly identical 
in humans, bonobos and chimpanzees, other apes showed more varia-
tion, including additional genes such as Gogo-OKO, related but distinct 
from Gogo-A, and the orangutan-specific pseudogene MHC-Ap, which 
is related to HLA-H39 (Extended Data Fig. 2a). We observed expansion 
of MHC-A and MHC-B genes in both orangutan species (Extended Data 
Fig. 3a and Supplementary Figs. XI.38 and XI.39), with MHC-A exhibiting 
copy number variation with one or two copies and MHC-B duplicated 
in both haplotypes of each species. Similarly, both orangutan species 
showed loss of MHC-C on one haplotype but retained it on the other 
(Extended Data Fig. 3a, Supplementary Table XI.57 and Supplementary 
Figs. XI.38 and XI.39). All NHPs had a nearly identical set of MHC II loci, 
with the exception of the DRB locus, which is known to exhibit copy 
number variation in humans41, and here showed the same pattern among 
the apes (Extended Data Fig. 3b, Supplementary Table XI.58 and Sup-
plementary Figs. XI.33–XI.40). We also observed two cases in which a 
MHC II locus was present as a functional gene on one haplotype and 
as a pseudogene on the other haplotype (for example, the Gogo-DQA2 
locus in gorillas and the Poab-DPB1 locus in Sumatran orangutans). 
Annotation of additional MHC haplotypes from previously published 
genomes of chimpanzees, bonobos, gorillas and Sumatran orangutans42 
revealed comparable structural variation among the MHC genes (Sup-
plementary Tables XI.62–XI.65). Overall, this observed variation in MHC 
gene organization is consistent with long-term balancing selection41.

Given the deep coalescence of the MHC locus43, we performed a phy-
logenetic analysis with the complete ape sequences. We successfully 
constructed 1,906 gene trees encompassing 76% of the MHC region 
from the six ape species (Extended Data Fig. 3c). We identified 19 dis-
tinct topologies (Supplementary Note XI), with 3 representing 96% 
(1,830 out of 1,906) of the region and generally consistent with the 
species tree and predominant ILS patterns. The remaining 4% were 
discordant topologies that clustered within 200–500 kb regions (Sup-
plementary Table XI.59) and corresponded to MHC I and II genes. We 
estimated coalescence times of these regions to range from 10 to 24 Ma 
between species and <1–14 Ma within species (Extended Data Fig. 3c 
and Supplementary Fig. XI.42). We next performed genome-wide tests 
of selection as described above. Selection signatures and nucleotide 
diversity in the MHC region were among the top 0.1% genome-wide. 
These signatures confirmed long-term balancing selection on MHC in 
multiple great ape lineages, including central and eastern chimpanzees, 
as well as at least two regions in MHC consistent with positive selection 
in bonobos and western chimpanzees43.

Structural variation and chromosomal rearrangements
We identified at the sequence level all 26 large-scale chromosomal 
rearrangements originally described decades ago44 that karyotypically 
distinguish humans from other great apes (Supplementary Note XII, 
Supplementary Table XII.66 and Supplementary Fig. XII.43). However, 
during our breakpoint characterization of known inversions, we identi-
fied several events that seemed to be more complex and seemed to be the 
result of serial inversion events (Fig. 3 and Supplementary Fig. XII.43). 
As an example, we identified a 4.8 Mb fixed inverted transposition on 
chromosome 18 in gorillas (Fig. 3a–c) that was incorrectly classified as 
a simple inversion but more likely to be explained by three consecutive 
inversions specific to the gorilla lineage transposing this gene-rich seg-
ment to 12.5 Mb downstream (Fig. 3a–c). Similarly, the complex organiza-
tion of orangutan chromosome 2 (human chromosome 3 (HSA3)) can 
be explained through a model of serial inversions that required three 
inversions and one centromere repositioning event (evolutionary neo-
centromere (ENC)) to create Bornean orangutan chromosome 2, and four 

inversions and one ENC for Sumatran orangutan (Fig. 3d,e). In addition to 
known events, complete sequencing of SDs in the ape genomes revealed 
hundreds of previously undescribed inversions. Focusing on events 
larger than 10 kb, we curated 1,140 interspecific inversions, of which 
522 are newly discovered7,44–66 (Supplementary Table XII.67). For a fairer 
comparison with previous inversion calls, we also computed recall rates 
(<1 Mb) and found that 69.3% (79 out of 114) of the previously reported 
inversions were confirmed here. Among the 35 cases we missed, 24 cor-
responded to changes in inversion breakpoints, which were actually 
recalled and better resolved in this study, nine represented individual 
differences or previous error, and for the remaining two, our inversion 
call missed smaller nested inversions. An assessment of the genotypes 
of the inversion calls revealed that 632 were homozygous (in both assem-
bled ape haplotypes), with the remainder present in only one out of the 
two ape haplotypes and were therefore probably polymorphisms. In 
total, 416 inversions had an annotated gene mapping to at least 1 of the 
breakpoints, with 724 apparently devoid of protein-coding genes (Sup-
plementary Table XII.67). Of these inversions, 63.5% (724 out of 1,140) 
had annotated human SDs at one or both ends of the inversion, a result 
that represents a significant 4.1-fold enrichment (one-sided, simulation 
empirical P < 0.001). The strongest signal was for inverted SDs mapping 
to the breakpoints (6.2-fold; one-sided, simulation empirical P < 0.001), 
which suggested that non-allelic homologous recombination is driv-
ing many of these events. We also observed significant enrichment of 
previously unknown transcripts (Supplementary Table VIII.35) at the 
breakpoints of the inversions of African great apes (one-sided, simulation 
empirical P < 0.036). We parsimoniously assigned >64% of homozygous 
inversions to the ape phylogeny (Supplementary Fig. XII.45), with the 
remaining inversions predicted to be recurrent. The number of inversions 
assigned to each branch, based on maximum parsimony, correlated with 
the length of the branch (linear regression, R2 = 0.77), with the greatest 
number assigned to the siamang lineage (n = 44). However, the human lin-
eage showed fivefold less than the expected number of inversions based 
on the branch length, and the trend still held when using the Bornean 
orangutan as a reference instead of human.

Regions of rapid divergence
Because rapidly evolving regions can help pinpoint genes under positive 
selection42 or cis-regulatory elements undergoing functional changes67, 
we applied a mutation-counting approach to identify ancestor quickly 
evolved regions (AQERs) that diverged during ape evolution67 (Supple-
mentary Note XIII). These AQERs are the most divergent regions of the 
genome and do not consider mutation rate differences (for example, 
tandem repeats or GC bias). Therefore, AQERs are essentially agnostic 
to the underlying force, or forces, of divergence. We identified 13,128 
AQERs (Supplementary Tables XIII.68–XIII.74) across 4 primate lin-
eages, including 3,268 on the human branch (that is, HAQERs). Our 
analysis more than doubles the number of HAQERs identified from pre-
vious gapped primate assemblies (n = 1,581; Fig. 4a and Supplementary 
Fig. XIII.46). Such elements were highly enriched in repetitive DNA (for 
example, 5-fold for SDs P < 1 × 10–30, 2-fold for simple repeats P < 1 × 10–30 
one-sided binomial test). HAQERs also exhibited a significant enrich-
ment for bivalent chromatin states (repressing and activating epige-
netic marks) across diverse tissues, and the strongest enrichment was 
observed for the bivalent promoter state (3-fold enrichment, P < 1 × 10–30 
one-sided binomial test; Fig. 4a and Supplementary Table XIII.68). This 
signal was present to a lesser degree on the chimpanzee, bonobo and 
gorilla lineages (1.3-fold, 1.5-fold and 1.4-fold, respectively; P < 1 × 10–19, 
P < 1 × 10–30 and P < 1 × 10–12, respectively, one-sided binomial test). This 
reduced enrichment may be due to the chromatin-state differences 
between human cell lines and tissues (Supplementary Note XIII). An 
example of a human-specific HAQER change included an exon and a 
potential cis-regulatory element in ADCYAP1 (which encodes adeny
late cyclase activating polypeptide 1), which is expressed in layer 5 
extratelencephalic projecting neurons of the primary motor cortex. 
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This gene shows convergent downregulation in the speech-related 
motor cortex in humans and the analogous vocal-learning extratelen-
cephalic projection neurons necessary for speech and song production 
in songbirds68,69. Here we found downregulation in layer 5 neurons of 
humans relative to macaques (single-cell RNA sequencing (scRNA-seq)) 
and an associated distinct human epigenetic signature (hypermethyla-
tion and decreased ATAC–seq) in the middle HAQER of the gene that 
was not observed in the same type of neurons of macaques, marmosets 
or mice (Fig. 4b and Supplementary Figs. XIII.47 and XIII.48).

We also applied a gene-based analysis (TOGA, a tool to infer ortho-
logues from genome alignments) that focused on the loss or gain 
of orthologous sequences in the human lineage70 (Supplementary 
Note XIV). TOGA identified 6 candidate genes from a set of 19,244 
primate genes as largely restricted to humans (absent in >80% of the 

other NHPs; Supplementary Table XIV.75). Among the candidates was 
a processed gene, FOXO3B, present in humans and gorillas and the 
paralogue of which, FOXO3A, has been implicated in human longe
vity71. Although FOXO3B is expressed, its study has been challenging to 
study because it is embedded in a large, highly identical SD that medi-
ates Smith–Magenis deletion syndrome (Supplementary Fig. XIV.50). 
Although extensive functional studies will be required to characterize 
the hundreds of candidates we identified, we release an integrated 
genomic (Supplementary Table V.24) and genic (Supplementary  
Table V.25) callset of accelerated regions for future investigation.

Genome browser and other annotation features
To facilitate downstream analyses with these genomes, we developed 
a UCSC Browser hub (https://github.com/marbl/T2T-Browser) that 
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includes the underlying genome-wide alignments, gene annotations, 
accelerated regions and repeats, among other parameters (Data avail-
ability). We augmented this browser with additional tracks to be used in 
future studies and follow-up papers. For example, we mapped Repli-seq, 
including previously collected NHP datasets72, to investigate evolution-
ary patterns of replication timing and identified 20 distinct states of 
replication timing that can now be correlated with different genomic 
features (Supplementary Figs. XVII.54 and XVII.55). Because they can 
interfere with mitochondrial DNA annotation, we created a curated 
set of integrated nuclear sequences of mitochondrial DNA origin 
(NUMTs) in ape genomes (Extended Data Table 1 and Supplementary 
Note IX). We observed a substantial gain in the number (3.7–10.5%) 
and total length of NUMTs (6.2–30%) (Supplementary Table IX.51) 
compared to non-T2T assemblies. We also identified and annotated 
a nearly complete catalogue of sequence motifs capable of forming 
non-canonical (non-B) DNA (G-quadruplexes, A-phased, direct, mir-
ror, inverted and short tandem repeats in particular), especially in 

previously inaccessible regions that have been historically difficult to 
sequence73 (Supplementary Note XV and Supplementary Table II.12). 
We overlaid these data with a multiscale epigenomic map of the apes, 
including DNA methylation and replication timing (Supplementary 
Notes XVI–XVII). Using the 5-methylcytosine DNA signature from 
long-read sequencing data, for example, we distinguished hypomethyl-
ated and hypermethylated promoters associated with gene expression 
and demonstrated that in each cell type, the majority (about 88%) of 
promoters were consistently methylated (8,174 orthologous ape genes 
assessed; Supplementary Tables XVI.76 and XVI.77 and Supplementary 
Fig. XVI.52). The analysis identified on average about 12% of promoters 
that were variably methylated among species (1,035 for fibroblast cell 
lines and 922 lymphoblast cell lines) as candidates for regulatory dif-
ferences among the species (Supplementary Tables XVI.76 and XVI.77). 
Consistently, methylated promoters were associated with more highly 
expressed genes and had a higher density of CpG sites compared with 
variably methylated promoters (P < 10−16 two-sided Mann–Whitney 
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Fig. 4 | AQERs. a, Left, HAQER sets identified in gapped (GRCh38) and T2T 
assemblies show enrichments for bivalent gene regulatory elements across 127 
cell types and tissues, with the strongest enrichment observed in the set of 
HAQERs shared between the two analyses. Right, the tendency for HAQERs to 
occur in bivalent regulatory elements (defined using human cells and tissues)  
is less strong in the sets of bonobo, chimpanzee and gorilla AQERs. n = 127 
biologically independent samples for each chromatin state. Boxes show the 
interquartile range and median, with whiskers showing data points within  
1.5 times the s.d. b, HAQERs in the vocal-learning-associated gene ADCYAP1, 

marked as containing alternative promoters near transcription start site (TSS) 
peaks of the FANTOM5 CAGE analysis, candidate cis-regulatory elements (cCREs) 
from ENCODE and enhancers (ATAC–seq peaks). For the latter, humans have a 
unique methylated region in layer 5 extratelencephalic projection neurons of 
the primary motor cortex. Tracks (blue for human, green for macaque) are 
modified from the UCSC Genome Browser118 above the HAQER annotations  
and the comparative epigenome browser119 below the HAQER annotations.  
For the NCBI RefSeq annotations, GCF_000001405.40-RS_2023_10 release  
(11 October 2024) was used. For CpG islands, islands <300 bp are in light green.
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U-test; Supplementary Fig. XVI.52), a result that highlights the asso-
ciation between the evolution of CpG sequences, methylomes and 
transcriptomes. These annotations will facilitate future investigations 
to understand genome evolution and epigenetic changes associated 
with gene-expression changes in ape genomes74,75.

Newly characterized regions
In addition to these improved insights into genes, repeats and diver-
sity, the contiguity afforded by the complete genomes enabled more 
systematic investigations of regions typically excluded from previous 
reference genomes and evolutionary analyses. Here we highlight four 
of the most notable regions: acrocentrics, centromeres, subterminal 
heterochromatic caps and lineage-specific SDs.

Acrocentric chromosomes and nucleolar organizer regions
The human acrocentric chromosomes (13, 14, 15, 21 and 22) contain 
nucleolar organizer regions (NORs) that encode the rRNA components 
of the 60S and 40S subunits. The precise sequences of human NORs and 
the surrounding heterochromatin of the short arms were only recently 
elucidated in the first T2T human genome9. Human acrocentric chromo-
somes typically contain a single NOR with a head-to-tail rDNA array that 
is uniformly transcribed in the direction of the centromere. Each NOR 
is preceded by a distal junction (DJ) region that extends approximately 
400 kb upstream of the rDNA array containing a 230 kb palindrome 
(Fig. 5a, Supplementary Note XVIII and Supplementary Fig. XVIII.58) 
that encodes a long ncRNA associated with nucleolar function76. The 
NOR is flanked by a variable patchwork of satellites and SDs. Hetero
logous recombination is thought to occur here, as well as within the 
rDNA array itself, to maintain NOR homology through the action of 
concerted evolution77.

One conspicuous observation confirmed by our assemblies is that 
the ape NORs exist on different chromosomes for each species (Fig. 5b 
and Supplementary Fig. XVIII.59). For example, HSA15 is NOR-bearing 
(NOR+) in humans but not in chimpanzees or bonobos (NOR–), whereas 
HSA18 is NOR+ in both chimpanzees and bonobos, but NOR– in humans78 
(Fig. 5b and Supplementary Fig. XVIII.59). Among great apes, we found 
that the total number of NORs per haploid genome varied from as few 
as two in gorilla to ten in both orangutan species, whereas the siamang 
maternal genome sequenced here harboured only a single NOR (Fig. 5b 
and Supplementary Fig. XVIII.59). NORs were also identified on both 
orangutan and siamang Y chromosomes11, and partial DJ fragments on 
the chimpanzee and bonobo Y chromosomes (Fig. 5b and Supplemen-
tary Fig. XVIII.59), which suggests that their ancestral Y chromosome 
may have been NOR+. With the exception of rRNA genes, all ape NOR+ 
chromosome short-arms were typically satellite-rich and gene-poor 
(Fig. 5c,d), with the NORs restricted to the end of an autosomal short-arm 
or the end of a Y chromosome long-arm. However, we identified multi
ple acrocentric chromosomes with heterochromatic sequences on 
their short arm, but without a NOR (for example, gorilla HSA2A, HSA9, 
HSA13, HSA15 and HSA18). Unlike the NOR+ acrocentrics, these NOR– 
acrocentrics carried multiple predicted protein-coding genes on their 
short arms. Thus, short-arm heterochromatin is strongly associated with 
ape NORs although not always predictive of their presence.

The estimated rDNA copy number per array varied from 1 on Bornean 
orangutan chromosome Y to 287 on chimpanzee HSA21, and the total 
diploid rDNA copy number similarly varied from 343 in siamangs to 
1,142 in chimpanzees (Fig. 5b, Supplementary Note XVIII, Supplemen-
tary Table XVIII.78 and Supplementary Fig. XVIII.59). The total rDNA 
copy number varied widely between individual NOR+ haplotypes of 
the same species as expected, but within the range of human variation. 
For example, a recent analysis of 10 human genomes estimated that 
the total rDNA copy number ranged from 532 to 683, with individual 
chromosomes showing more than 10-fold variation (for example, 
22–260 rDNA copies on chromosome 14)79. Heterozygous NOR loss 

was observed in bonobo HSA21 and Sumatran orangutan HSA13, both 
of which were mediated by a truncation of the chromosome before the 
typical NOR location (Fig. 5b and Supplementary Fig. XVIII.59). The 
structure and composition of both satellites and SDs varied consider-
ably among the apes, as well as between chromosomes and haplotypes 
within individuals (Fig. 5a,c and Supplementary Fig. XVIII.60). The 
orangutan acrocentrics were dominated by human satellite 3 (HSat3) 
and α-satellites compared with the more balanced satellite composi-
tion of the other apes. Gorillas were notable for the presence of double 
NORs on both haplotypes of HSA22, with the additional NORs inverted 
relative to the first and including a complete DJ but only a single, inac-
tive rDNA unit (Supplementary Fig. XVIII.61).

At the chromosome level, the high level of synteny on the long arms 
of the NOR+ chromosomes rapidly degraded when transitioning to the 
short arm, with almost no sequence aligning uniquely between different 
ape species (Fig. 5d). Even the haplotypes of a single human genome 
aligned best to different reference chromosomes on their distal ends, a 
result that supports previous observations of extensive heterologous 
recombination77. Despite their widespread structural variation, the ape 
NOR+ chromosomes shared common features such as homogeneous 
rDNA arrays containing highly conserved rRNA genes. We extracted 
representative rDNA units from each assembly to serve as a reference 
for each species and confirmed a similar sequence structure, includ-
ing the presence of a central microsatellite region in the intergenic 
spacer sequence for all species (Supplementary Fig. XVIII.62), but with 
relatively high nucleotide substitution rates outside the >99% identical 
18S and 5.8S coding regions (Supplementary Fig. XVIII.63). Notably, 
certain species contained more variation in the rDNA units than oth-
ers, which is explained by the fact that units in the same array tended 
to seem more similar than units in different arrays, and species have 
different numbers of NORs (Fig. 5b and Supplementary Fig. XVIII.64). 
This result is likely to be due to the increased prevalence of unequal 
crossing over of homogenizing units in an array compared to gene 
conversions or crossover of homogenizing units between arrays80,81. 
Despite its conserved colinear structure, the nucleotide identity of the 
intergenic spacer varied from 95.2% for humans compared to bonobos 
to just 80.6% for humans compared to siamangs (considering only 
single-nucleotide variants; Supplementary Table XVIII.79). The DJ 
sequence was conserved across all great apes and present as a single 
copy per NOR, including the palindromic structure typical of the human 
DJ, with the exception of siamangs, which contained only one-half of 
the palindrome on each haplotype but in opposite orientations on 
both haplotypes of chromosome 21 (Supplementary Fig. XVIII.65). 
The transcriptional direction of all rDNA arrays was consistent in each 
species, with the chimpanzee and bonobo arrays inverted relative to 
human arrays (Fig. 5a). This inversion included the entire DJ sequence, a 
result that confirms previous fluorescence in situ hybridization (FISH) 
analyses showing that the chimpanzee DJ had been relocated to the 
centromeric side of the rDNA array76. Our comparative analysis sup-
ports the idea that the DJ is a functional component of ape NORs that 
is consistently positioned upstream of rRNA gene transcription rather 
than distally on the chromosome arm.

Centromere satellite evolution
The assembly of five NHP genomes enabled us to assess the sequence, 
structure and evolution of centromeric regions at base-pair resolution. 
Using these assemblies, we identified 227 contiguous centromeres out 
of a possible 230 centromeres across five NHPs, each of which were com-
posed of tandemly repeating α-satellite DNA organized into higher-order 
repeats (HORs) belonging to one or more α-satellite suprachromosomal 
families (SFs) (Fig. 6, Supplementary Note XIX and Supplementary 
Fig. XIX.66). In specific primate lineages, different SFs have risen to 
high frequency, such as SF5 in orangutans and SF3 in gorillas. We care-
fully assessed the assembly of each of these centromeres, checking for 
collapses, false duplications and misjoins (Supplementary Note XIX, 
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‘Validation of centromeric regions’), and found that approximately 85% 
of bonobo, 69% of chimpanzee, 54% of gorilla, 63% of Bornean orangu-
tan, but only 27% of Sumatran orangutan centromeres were complete 
and correctly assembled (Fig. 6a and Supplementary Fig. XIX.66). Most 
of the assembly errors were few (about two per centromere haplotype, 

on average) and typically involved a few 100 kb of centromere satellite 
sequence that still needs further work to resolve.

Focusing on the completely assembled centromeres, we identified 
several characteristics specific to each primate species. First, bonobo 
centromeric α-satellite HOR arrays were on average 0.65-fold the length 
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of human centromeric α-satellite HOR arrays and 0.74-fold the length 
of its sister species the chimpanzee (Fig. 6b). A closer examination of 
bonobo α-satellite HOR array lengths revealed that they were bimodally 
distributed, with approximately half of the bonobo centromeres (27 
out of 48) with an α-satellite HOR array with a mean length of 110 kb 
(range of 15–674 kb) and the rest (21 out of 48) with a mean length of 
3.6 Mb (range of 1.6–6.7 Mb; Fig. 6c and Supplementary Fig. XIX.67). 
The bimodal distribution persisted in both sets of bonobo haplotypes. 

This >450-fold variation in bonobo α-satellite HOR array length has not 
yet been observed in any other primate species and implies that there 
is a wide range of centromeric structures and sizes compatible with 
centromere function. Indeed, no ‘minicentromere’ arrays have been 
observed in chimpanzees, despite its recent speciation from bonobo 
(about 1.7 Ma; Fig. 6d).

As previously noted82, we confirmed that chimpanzee α-satellite HOR 
arrays were consistently smaller: 0.86-fold the length of their human 
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are for haplotype 1.
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counterparts (Fig. 6a). Moreover, chimpanzee centromeres were 
typically composed of a single α-satellite HOR array flanked by short 
stretches of divergent α-satellite HORs and monomeric sequences, 
which were interspersed with transposable elements before extending 
into the p arm and q arm (Fig. 6d). By contrast, gorilla α-satellite HOR 
arrays were on average 1.58-fold larger than human arrays (Fig. 6a,b), 
and unlike for bonobos and chimpanzees, they were composed of 
punctuated regions of α-satellite HORs or regions of α-satellite HORs 
that have high sequence identity in them but much lower sequence 
identity with neighbouring regions, flanked by larger transition zones 
to monomeric α-satellite sequences. Gorilla centromeres showed a high 
degree of haplotypic variation, with many paternal and maternal cen-
tromeres varying in size, sequence and structure. We found that 30.4% 
(7 out of 23) gorilla α-satellite HOR array pairs varied in size by >1.5-fold 
(especially HSA1, HSA2a, HSA4, HSA10, HSA15, HSA18 and HSA19), 
and 9 out of 23 pairs (around 39.1%) had α-satellite HOR arrays with 
>5% sequence divergence between homologues (HSA1, HSA4–HSA6, 
HSA10–HSA12, HSA15 and HSA19). Finally, the Bornean and Sumatran 
orangutan α-satellite HOR arrays were among the largest (1.52-fold and 
2.11-fold larger on average, respectively, than humans; Fig. 6b) and 
were characterized by multiple pockets of divergent α-satellite HORs. 
A typical Bornean or Sumatran orangutan centromere had three or 
four distinct pockets of α-satellite HORs, with up to nine distinct HOR 
arrays observed in a single centromere (Bornean chromosome 19).

Congeneric species of Pan (chimpanzee and bonobo) and Pongo 
(orangutans) present an opportunity to assess the evolution of cen-
tromeric α-satellites over relatively shorter evolutionary time periods. 
Comparisons of the centromeric α-satellite HOR arrays from orthol-
ogous chromosomes across the bonobo and chimpanzee genomes 
revealed, for example, that 56% of them (14 out of 25 centromeres, 
including both X and Y) shared a common identifiable ancestral 
sequence, such as that present in HSA17 (Fig. 6e). On this chromosome, 
the entire bonobo α-satellite HOR array was 92–99% identical to one 
domain of α-satellite HORs present in the chimpanzee centromere. 
However, the chimpanzee centromere contained a second domain 
of α-satellite HORs that spanned approximately half of the α-satellite 
HOR array. This domain was <70% identical to bonobo α-satellite 
HORs, which indicated that the formation of a new α-satellite HOR 
array subregion was acquired in the chimpanzee lineage. Thus, in the 
short evolutionary time since bonobo and chimpanzee divergence 
(1–2 Ma), a new α-satellite HOR had arisen and expanded to become 
the predominant HOR that distinguishes these two closely related spe-
cies (Fig. 6e). Given the shorter speciation time of orangutan (0.9 Ma), 
α-satellite HOR evolution was more tractable, with α-satellite HORs 
sharing >97% sequence identity, including domains with 1-to-1 cor-
respondence. However, in about one-fifth of orangutan centromeres, 
we identified stretches of α-satellite HORs present in Bornean but not 
Sumatran orangutans (or vice versa). The emergence of lineage-specific 
α-satellite HOR sequences occurring on five chromosomes (HSA4, 
HSA5, HSA10, HSA11 and HSA16; Fig. 6f) marked by extremely high 
sequence identity (>99%) between α-satellite HOR arrays indicates 
the rapid turnover and homogenization of newly formed orangutan 
α-satellite HORs.

We leveraged the more complete NHP assemblies to assess the loca-
tion and distribution of the putative centromere kinetochore. This is a 
large, proteinaceous structure that binds centromeric chromatin and 
mediates the segregation of chromosomes to daughter cells during 
mitosis and meiosis83,84. Previous studies of both humans9 and NHPs82,85 
have shown that centromeres typically contain one kinetochore site, 
marked by one or more stretches of hypomethylated CpG dinucleo-
tides termed the centromere dip region (CDR)86. We carefully assessed 
the CpG methylation status of all 237 primate centromeres and found 
that all contained at least one region of hypomethylation, consistent 
with a single kinetochore site. Focusing on the bonobo centromeres, we 
found a bimodal distribution in α-satellite HOR array length (Fig. 6b), in 

which the CDR length and centromere length correlated (linear regres-
sion, R2 = 0.41). In other words, the bonobo minicentromeres tended to 
associate with smaller CDRs compared with larger centromeres (Fig. 6c). 
Although more in-depth functional studies need to be performed, this 
finding indicates that the reduced α-satellite HOR arrays in bonobos 
are effectively limiting the distribution of the functional component 
of the centromere.

Subterminal heterochromatin
In addition to centromeres, we completely sequenced and assembled 
the subterminal heterochromatic caps of siamangs, chimpanzees, 
bonobos and gorillas (Fig. 7a and Extended Data Fig. 1). In total, the 
subterminal satellites accounted for 1.05 Gb (270.0, 261.6 and 522.9 Mb 
of chimpanzees, bonobos and gorillas, respectively, or 4–7%) of the 
genome (Supplementary Note XX). In the case of siamangs, 642 Mb 
(10.1%) of the genome was made up of subterminal satellites (Extended 
Data Fig. 1). These large structures (up to 26 Mb in length) are thought to 
be composed almost entirely of tandem repetitive DNA: a 32 bp AT-rich 
satellite sequence, termed pCht7 in Pan and gorilla, or a 171 bp α-satellite 
repeat present in a subset of gibbon species87–89. Although their function 
is unknown, these chromosomal regions have been associated with late 
replication90 and implicated in nonhomologous chromosome exchange 
and unique features of telomeric RNA metabolism91,92. Our analysis 
indicated that we successfully sequenced 79 gapless subterminal caps 
in gorillas (average length = 6.6 Mb) and 57 and 46 caps in chimpanzees 
and bonobos, including both haplotypes (average lengths of 4.8 and 
5.2 Mb, respectively) with less than 3.8% of pCht arrays flagged as poten-
tially misassembled (Fig. 7a). Siamangs possessed the largest (average 
length 6.7 Mb) and most abundant subterminal satellite blocks (96 
out of 100 chromosomal ends across the two haplotypes). Compared 
with the data reported for the sex chromosomes for gorillas and sia-
mangs (8.6 and 7.4 Mb, respectively), autosomal subterminal caps were 
more comparable in length (7.3 and 7.7 Mb, respectively). By contrast, 
for chimpanzees and bonobos, both the distribution and length of the 
heterochromatic caps significantly differed between autosomes and sex 
chromosomes. For example, we previously detected pCht subterminal 
arrays on the p arm of chimpanzees and the q arm of bonobo chromo-
some X, but in autosomes, the caps were much less prevalent in q arms. 
Moreover, in the Pan lineage, the average length of the subterminal 
repeat arrays were overall much longer on the autosomes for both 
chimpanzees and bonobos (5.3 and 6.6 Mb, respectively) compared with 
the sex chromosomes (0.66 and 2.2 Mb, respectively). Integration of 
replication-timing data confirmed that the subterminal caps in gorillas 
were late replicating, and there was a significant difference in terms of 
replication between gorilla chromosomes with and without subtermi-
nal heterochromatic caps (Supplementary Figs. XVII.56 and XVII.57).

In gorillas and the Pan lineage, the caps were organized into higher 
order structures, whereby pCht subterminal satellites formed tracts 
of average length of 335–536 kb interrupted by spacer SD sequences 
of a modal length of 32 kb (Pan) or 34 kb (gorilla; Supplementary 
Fig. XX.68). The spacer sequences were each specific to the Pan and 
gorilla lineages, but we confirmed that each began originally as a 
euchromatic sequence that became duplicated interstitially in the com-
mon ancestor of human and African apes. For example, the 34 kb spacer 
in gorillas mapped to a single copy sequence present in orangutans and 
HSA10, which began to be duplicated interstitially on chromosome 7 
in chimpanzee but only in gorilla did it become associated with pCht 
satellites, expanding to over 477 haploid copies as part of the formation 
of the heterochromatic cap. Similarly, the ancestral sequence of the 
Pan lineage spacer mapped syntenically to orangutan and HSA9. The 
ancestral sequence duplicated to multiple regions in gorilla (q arms 
of chromosomes 4, 5, 8 and X, and p arms of chromosomes 2A and 
2B), before being captured and hyperexpanded (>345 copies) to form 
the structure of subterminal satellites of chimpanzees and bonobos. 
Analyses of CpG methylation showed that each spacer demarcated a 
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pocket of hypomethylation flanked by hypermethylated pCht arrays 
within the cap (Fig. 7b–d). Of note, this characteristic hypomethyla-
tion pattern was not observed at the ancestral origin or interstitially 
duplicated locations (Fig. 7e), which suggested an epigenetic feature 
not determined solely by sequence but by its association with the sub-
terminal heterochromatic caps. Similar to the great apes, we found evi-
dence of a hypomethylated spacer sequence also present in the siamang 
subterminal cap; however, its modal length was much larger (57.2 kb 
in length) and its periodicity was less uniform, occurring every 750 kb 
(Supplementary Fig. XX.69). Nevertheless, the fact that these similar 
epigenetic features of the spacer evolved independently may suggest 
a functional role with respect to subterminal heterochromatic caps.

Lineage-specific SDs and gene families
Compared with previous read-depth-based approaches that simply 
estimated copy numbers of SDs93,94, T2T genomes increase the SD con-
tent and resolve sequence structures, which enabled us to distinguish 
SDs that are previously unknown by location and composition in each 
species (Supplementary Fig. XXI.70). Nonhuman great ape genomes 
generally contained more SDs (Fig. 8a) compared to humans (around 
192 versus an average of 215 Mb in the other great apes); however,  
they were comparable when normalized by the genome size. We also 

found that the assemblies of great apes on average had the highest SD 
content (208 Mb per haplotype) compared to non-ape lineages42,95: 
assemblies of mouse lemur, gelada, marmoset, owl monkey and maca
que (68.8–161 Mb; Fig. 8a, Supplementary Note XXI, Supplementary 
Table XXI.80 and Supplementary Fig. XXI.72). In contrast to our 
previous analysis96, orangutans showed the greatest number of SDs 
(225.3 Mb per haplotype) compared to African great apes (204.3 Mb 
per haplotype), which also exhibited larger interspersion of intrachro-
mosomal SDs (Fig. 8b and Supplementary Fig. XXI.73). The increased 
SD content in orangutans is due to a greater number of acrocentric 
chromosomes (ten versus five on average for other apes) and a pre-
ponderance of clustered duplications. Consistent with the expansion 
of Asian great ape SDs, we found the largest number of lineage-specific 
SDs in the Pongo lineage (100.1 Mb), followed by gorilla-specific and 
human-specific SDs (69.5 and 41.9 Mb, respectively; Supplementary 
Table XXI.81 and Supplementary Fig. XXI.74). Many SDs (79.3–95.6 Mb 
per haplotype) in orangutans constituted massive, megabase-scale 
SD clusters, including a mixture of tandem and inverted duplica-
tions up to 21.5 Mb in size; in other species, the total number of such 
clustered duplications accounted for only 30–40 Mb per haplotype 
(except bonobos). In general, the number of SDs assigned to different 
lineages correlated with branch length (linear regression, R2 = 0.927;  
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Fig. 7 | Subterminal heterochromatin analyses. a, Overall quantification of 
subterminal pCht and α-satellites in the African great ape and siamang genomes 
for haplotypes 1 and 2. The number of regions containing the satellite is indicated 
below the species acronym. The pCht arrays of diploid genomes are quantified 
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spacer SD sequences compared to the interstitial orthologue copy.
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Supplementary Fig. XXI.75), with the exception of siamangs and some 
ancestral nodes reflecting the great ape expansion of SDs96. We further 
assessed the variability of SDs within species by comparing two hap-
lotypes and found that 30–37% were variable or polymorphic, with 
the exception of gorillas, which showed reduced variability (26.5%).  

For Sumatran orangutans and siamangs, 42–50% were predicted to be 
variable based on the comparison of the two haplotypes (Supplemen-
tary Figs. XXI.76 and XXI.77). A much larger survey of individuals from 
each species, however, will need to be assessed to more accurately 
classify fixed versus polymorphic SDs in each species.
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Leveraging the increased sensitivity afforded by FLNC Iso-Seq, we 
annotated the transcriptional content of lineage-specific SDs and iden-
tified hundreds of potential new genes, including gene family expan-
sions often occurring in conjunction with chromosomal evolutionary 
rearrangements. We highlight here two examples in more detail. First, 
at two of the breakpoints of a 30 Mb double inversion of gorilla chromo-
some 1, we identified a gorilla-specific expansion of the genes MAPKBP1 
and SPTBN5 as well as PLA2G4B–JMJD7 (Fig. 8c–e) originating from an 
interchromosomal SD from ancestral loci mapping to HSA15 (dupli-
cated in other chromosomes in chimpanzees and bonobos; Supplemen-
tary Table VIII.38). We estimated that these duplications occurred early 
after gorilla speciation 6.1 Ma (Supplementary Fig. XXI.77a), followed 
by subsequent expansion that resulted in the addition of eight cop-
ies (one truncated) mapping to two of the breakpoints of the double 
inversion. Investigation of the Iso-Seq transcript model of this gene 
revealed that five of the new gorilla copies are supported by multi-exon 
transcripts. Two of these additional copies possessed valid start and 
stop codons spanning at least 70% of the homologous single-copy 
orthologue gene in humans (Fig. 8e and Supplementary Fig. XXI.77a). 
Notably, the ancestral copy of this gene in gorillas (HSA15q) is highly 
truncated (40% of original protein), which suggested that the new 
chromosome 1 copies may have assumed and refined the function.

Second, in orangutan, we found a restructured 20 Mb region cor-
responding to the Prader–Willi syndrome (PWS)63 region and the 
15q13 microdeletion syndrome97 region in humans (Supplementary 
Fig. XXI.78). This included a massive 6.8–10.8 Mb expansion of clustered 
tandem and inverted duplications mapping distally to breakpoint 1 of 
PWS as well as smaller 200–550 kb expansions of GOLGA6 and GOLGA8 
repeats distal to PWS breakpoints 3 and 4 (Fig. 8f). We estimated that 
the larger region alone is composed of 87–111 copies of fragments of 
GOLGA6, GOLGA8, HERC2 and MCTP2. We found Iso-Seq transcript sup-
port for 37–39 distinct orangutan copies. Using GOLGA8 as a marker, 
we confirmed that it had expanded to 10–12 copies (>70% of original 
length) in orangutan but exists as a single copy in gorillas and bonobos 
and in two copies (GOLGA8A and GOLGAB) in humans out of multiple 
GOLGA8 genes, retaining at least 70% of the sequence compared to 
orangutans (Fig. 8f,g and Supplementary Fig. XXI.77b). We estimated 
that the Pongo expansion of GOLGA8 occurred 7.3 Ma (Supplementary 
Fig. XXI.77b), long before the species diverged. After alignment of the 
translated peptide sequence, we observed 17.1–23.7% divergence from 
the human copy (GOLGA8A; Fig. 8g). Based on studies of the African 
great ape genomes and humans, GOLGA8 was among more than a dozen 
loci defined as ‘core duplicons’ that promoted the interspersion of SDs 
and genomic instability through palindromic repeat structures31,98. 
Our findings extend this recurrent genomic feature for the GOLGA8 
duplicons to the Asian ape genomes.

Discussion
The complete sequencing of the ape genomes analysed in this study 
significantly refines previous analyses and provides a valuable resource 
for all future evolutionary comparisons. These include an improved and 
more nuanced understanding of species divergence, human-specific 
ancestral alleles, incomplete lineage sorting, gene annotation, repeat 
content, divergent regulatory DNA and complex genic regions as well 
as species-specific epigenetic differences involving methylation. These 
preliminary analyses revealed hundreds of new candidate genes and 
regions to account for phenotypic differences among the apes. For 
example, we observed an excess of HAQERS corresponding to bivalent 
promoters thought to contain gene-regulatory elements that exhibit 
precise spatiotemporal activity patterns in the context of development 
and environmental response99. Bivalent chromatin-state enrichments 
have not yet been observed in fast-evolving regions from other great 
apes, which may reflect limited cross-species transferability of epig-
enomic annotations from humans. The finding of a HAQER-enriched 

gene, ADCYAP1, that is differentially regulated in speech circuits and 
methylated in the layer 5 projection neurons that make the more spe-
cialized direct projections to brainstem motor neurons in humans 
shows the promise of T2T genomes to identify hard to sequence regions 
important for complex traits. Perhaps most notably, we provide an 
evolutionary framework for understanding the about 10–15% of highly 
divergent, previously inaccessible regions of ape genomes. In this 
regard, we highlight a few noteworthy findings.

Orangutans show the greatest amount of recent SDs
Comparative analyses suggest that expansion of SDs occurred in the 
common ancestor of the great ape lineage as opposed to the Afri-
can great ape lineage as we originally proposed based on sequence 
read-depth analyses back to the human reference genome94,96. This 
discrepancy highlights the importance of ab initio genome assemblies 
of related lineages that are comparable in quality and contiguity. The 
assembly of the acrocentric chromosomes (of which orangutans have 
the maximum up to ten) and the resolution of massive (>10 Mb) tandem 
SDs in the orangutan species account for the increase in SD content 
among the Asian great apes. The African great ape lineage still stands 
out for having the largest fraction of interspersed SDs—a genomic archi-
tectural feature that promotes recurrent rearrangements that facilitate 
syndromic disease associated with autism and developmental delay in 
the human species100. A complete sequence resolution of NHP inter-
spersed SDs provides a framework for understanding disease-causing 
copy number variants in these other NHP lineages101.

Large-scale differences in acrocentric chromosomes
The short arms of NOR+ ape acrocentric chromosomes seemed spe-
cialized to encode rRNA genes. On the autosomes, ape NORs existed 
exclusively on the acrocentric chromosomes, embedded in a gene-poor 
and satellite-rich short arm. On the Y chromosome, NORs occurred 
occasionally towards the end of the chromosome and adjacent to satel-
lites shared with other acrocentric chromosomes. Previous analyses of 
the human pangenome suggested that heterologous recombination 
between chromosomes with NORs is a mechanism for concerted evolu-
tion of the rRNA genes77,102. Our comparative analysis of ape genomes 
provides further support for this hypothesis. For example, the uniform 
direction of all rDNA arrays in a species would permit crossover recom-
bination between heterologous chromosomes without substantial 
karyotypic consequence. However, rare translocations, mediated by 
the large SDs that commonly surround the NORs, have occurred during 
ape evolution, which has resulted in a different complement of NOR+ 
acrocentric chromosomes and possibly creating reproductive barriers 
associated with speciation103.

Lineage-specific gene family expansions, explosions and 
rearrangements
The number of lineage-specific duplications that encode transcripts 
and potential genes is now estimated at hundreds per ape lineage, often 
occurring at sites of evolutionary chromosomal rearrangements that 
have been historically difficult to resolve through sequencing (Supple-
mentary Table XXI.81). Our analysis uncovered hundreds of fixed inver-
sions frequently associated with the formation of these lineage-specific 
duplications. These findings challenge the predominant paradigm that 
subtle changes in regulatory DNA104 are the major mechanism underly-
ing ape species differentiation. Rather, the expansion, contraction and 
restructuring of SDs lead to not only dosage differences but concurrent 
gene innovation and chromosomal structural changes105. Indeed, in the 
case of humans, four such gene family expansions, namely NOTCH2NL32, 
SRGAP2C29,30, ARHGAP11 (ref. 31) and TBC1D3 (refs. 106,107), have been 
functionally implicated over the past decade in the expansion of the 
frontal cortex of the human brain29,30,32,106 as well as human-specific 
chromosomal changes31. Detailed characterization of the various 
lineage-specific expansions in NHPs will be more challenging; however, 
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it is clear that such SDRs are an underappreciated genic source of inter-
specific difference and potential gene neofunctionalization.

Bonobo minicentromeres
We identified several idiosyncratic features of centromere organization 
and structure that characterize the different ape lineages, significantly 
extending earlier observations based on the characterization of five 
select centromeres82. Perhaps the most notable is the bimodal distri-
bution of centromere HOR length in the bonobo lineage, with 19 out 
of the 48 bonobo centromeres being less than 100 kb in size. Given 
the estimated divergence of the Pan lineage, such 300-fold reduc-
tions in size must have occurred recently, perhaps in the last million 
years. These bonobo minicentromeres seem to be fully functional, 
with a well-defined CDR (encompassing all of the α-satellite DNA). 
Thus, their discovery may provide a roadmap for the design of smaller, 
more streamlined artificial chromosomes for the delivery and stable 
transmission of new genetic information in human cells108.

Epigenetic architecture of subterminal heterochromatin
Our analyses suggested that the subterminal chromosomal caps of 
chimpanzees, gorillas and siamangs have evolved independently to 
create multi-megabases of heterochromatin in each species. In chim-
panzees and gorillas, we defined a common organization of a subter-
minal spacer (about 30 kb in size) that is hypomethylated and flanked 
by hypermethylated heterochromatic satellites with a periodicity of 
one spacer every 335–536 kb of satellite sequence (pCht satellite in 
hominoids and α-satellite in hylobatids). In each case, the spacer 
sequence differed in its origin but has arisen as an ancestral SD87 that 
has become integrated and expanded in the subterminal heterochro-
matin. In contrast to the ancestral sequences located in euchromatin, 
the spacer sequences embedded in the subterminal caps acquired more 
distinct hypomethylation signatures, which implicates an epigenetic 
feature. This subterminal hypomethylation pocket is reminiscent of 
the CDRs identified in centromeres that define the sites of kinetochore 
attachment109 as well as a methylation dip region observed among some 
acrocentric chromosomes110. It is tempting to speculate that the subter-
minal hypomethylation pocket may represent a site of protein binding 
or a punctuation mark, perhaps facilitating ectopic exchange and con-
certed evolution111. Although the function of these regions is unknown, 
we confirmed previous observations that subterminal heterochromatic 
caps are very late replicating (Supplementary Figs. XVII.56–XVII.57). 
A previous study111 of carboxy-terminal heterochromatic subterminal 
associations found evidence of ectopic exchanges and ‘post-bouquet’ 
structure formation in sperm during the pachytene stage of meiosis. 
Late replication may help promote such exchange events, buffering the 
proximal unique sequence while simultaneously promoting concerted 
evolution among nonhomologous chromosomes.

Although the ape genomes sampled here are nearly complete, some 
limitations remain. Sequence gaps still exist in the acrocentric cen-
tromeres and a few other remaining complex regions where the largest 
and most identical tandem repeats reside. This is especially the case 
for the Sumatran orangutan centromeres, for which only 27% were 
completely assembled. The length (nearly double the size of the other 
apes) and the complex compound organization of orangutan α-satellite 
HOR sequence will require specialized efforts to completely order and 
orient these large tandem arrays82. The combination of HiFi reads to 
generate the high-quality assembly backbone and UL-ONT sequenc-
ing for scaffolding across the largest repeats was crucial for closure 
of most repeats, and it may be that even longer UL-ONT data coupled 
with new advances in ONT error correction112 would enable the longest 
tandem repeats in the Sumatran orangutan genome to be fully resolved.  
Nevertheless, with the exception of these and other large tandem repeat 
arrays, we estimate that about 99.5% of the content of each genome has 
been characterized and is correctly placed. Second, although we com-
pleted the genomes of a representative individual, we sequenced and 

assembled only two haplotypes from each of the 6 species, and more 
than 15 species or subspecies of apes remain113. Sampling more closely 
related species that diverged within the last million years will provide 
an opportunity to understand the evolutionary processes shaping the 
most dynamic regions of our genome. High-quality assemblies of all 
chimpanzee species114, as well as the numerous gibbon species115, will 
provide important insight into selection, effective population size and 
the rapid structural diversification of ape chromosomes at different 
time points. Finally, although high-quality genomes help eliminate ref-
erence bias, they do not eliminate annotation biases towards humans. 
This will be particularly crucial for understanding both the regulatory 
DNA that have rapidly diverged between the species and the function 
of the ape-specific genes that have emerged as a result of duplication.
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Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The raw genome sequencing data generated during this study are avail-
able under NCBI BioProject identifiers PRJNA602326, PRJNA976699–
PRJNA976702 and PRJNA986878–PRJNA986879, and transcriptome data 
are deposited under BioProject identifiers PRJNA902025 (UW Iso-Seq) 
and PRJNA1016395 (UW and PSU Iso-Seq and short-read RNA-seq). The 
genome assemblies are available from GenBank under the following 
accessions: GCA_028858775.2, GCA_028878055.2, GCA_028885625.2, 
GCA_028885655.2, GCA_029281585.2 and GCA_029289425.2. Genome 
assemblies can be downloaded from the NCBI (https://www.ncbi.nlm.
nih.gov/datasets/genome/?accession=GCF_028858775.2,GCF_029281
585.2,GCF_028885625.2,GCF_028878055.2,GCF_028885655.2,
GCF_029289425.2). Convenience links to the assemblies and raw data 
are available on GitHub (https://github.com/marbl/Primates) along 
with a UCSC Browser hub (https://github.com/marbl/T2T-Browser). 
The UCSC Browser hub includes genome-wide alignments, CAT 
annotations, methylation and various other annotation and analysis 
tracks used in this study. The T2T-CHM13v2.0 and HG002v1.0 assem-
blies used here are also available through the same browser hub, and 
from GenBank through accessions GCA_009914755.4 (T2T-CHM13), 
GCA_018852605.1 (HG002 paternal) and GCA_018852615.1 (HG002 
maternal). The alignments are publicly available to download or browse 
in HAL118 MAF and UCSC Chains formats (https://cglgenomics.ucsc.
edu/february-2024-t2t-apes). Additional public data include 22 genome 
assemblies summarized in Supplementary Table II.13, as well as the 
human reference genome, GRCh38. Previous genome annotation files 
include gorilla (GCF_029281585.2), bonobo (GCF_029289425.2), chim-
panzee (GCF_028858775.2), Sumatran orangutan (GCF_028885655.2) 
and Bornean orangutan (GCF_028885625.2) from the NCBI. For the 
pangenome graph, public human genome assemblies (https://github.
com/human-pangenomics/HPP_Year1_Data_Freeze_v1.0) were used. The 
short-read genome sequencing data for great ape species were obtained 
from SRP018689, ERP001725, ERP016782 and ERP014340. The public 
methylation data used in this study include the raw PacBio HiFi reads with 
kinetics and methylation tags for humans (https://humanpangenome.
org/data/) and for chimpanzees, gorillas, Bornean orangutans, Sumatran 
orangutans and siamang gibbon (https://www.genomeark.org/t2t-all/). 
Original data underlying Supplementary Fig. XVIII.59 and Supplementary 
Table XVIII.78 are accessible from the Stowers original data repository 
(https://www.stowers.org/research/publications/libpb-2504).

Code availability
All code used for the reported analyses is available from our project’s 
GitHub repository (https://github.com/marbl/Primates). The following 
additional GitHub repositories are available: polishing of the genome 
(https://github.com/arangrhie/T2T-Polish); assembly quality control 
(https://github.com/EichlerLab/assembly_eval); implicit graph and 
pangenome (https://github.com/T2T-apes/ape_pangenome); Cactus 
alignment (https://cglgenomics.ucsc.edu/february-2024-t2t-apes); 
assessment of ancestral sequence (https://github.com/shanksc/
ancestral_state); AQER analysis (https://github.com/vertgenlab/
vglDocumentation/tree/master/primateT2T); population genome 
processing and selection analysis (https://github.com/aabiddanda/
haplotype-phasing); acrocentric and rDNA analyses (https://github.
com/jouyun/2024_Primate_rDNA, https://github.com/borcherm/
primate_rdna_cn); species-specific MEI analysis (https://github.com/
Markloftus/t2t-ape-MEIs); non-B DNA annotation and NUMT detec-
tion (https://github.com/makovalab-psu/T2T_primate_autosomes); 

and transcript comparison (https://github.com/canzarlab/apes_tran-
scriptome_analysis).
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Extended Data Fig. 1 | The siamang genome. A schematic of the T2T siamang 
genome highlighting segmental duplications (Intra SDs; blue), inverted 
duplications (InvDup; green), centromeric, subterminal and interstitial 

α-satellites (red), and other satellites (pink). Note the large blocks of alpha- 
satellite defining the siamang subterminal heterochromatic caps.
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Extended Data Fig. 2 | IG and TR genome organization in apes. a) Annotated 
haplotypes of IGH, IGK, IGL, TRA/D, TRB, and TRG loci across four primate 
species and one human haplotype (HSA.h1 or T2T-CHM13). Each haplotype is 
shown as a line in the genome diagram where the top part shows positions of 
shared V genes (blue), species-specific V genes (red), D genes (orange), and J 
genes (green) and the bottom part shows segmental duplications (SDs) that 
were computed for a haplotype pair of the same species and depicted as dark 
blue rectangles. Human SDs were computed with respect to the GRCh38.p14 
reference. Alignments between pairs in haplotypes are shown as links colored 
according to their percent identity values: from blue (< 90%) through yellow 
(99.5%) to red (100%). The bar plot on the right from each genome diagram 

shows counts of shared and species-specific V genes in each haplotype.  
b) Barplots showing the mean percentage of base pairs for each IG/TR locus 
covered by SDs computed between haplotypes of the same species and 
collected across five ape species; n = 9 haplotypes including 8 haplotypes of 
nonhuman ape species and the human T2T haplotype. Here and in panel c, 
error bars represent the 95% confidence intervals. c) Barplots showing length 
differences (%) computed for all ape IG/TR loci with respect to the corresponding 
human T2T locus; n = 8 haplotypes of nonhuman ape species. d) Counts of 
species-specific V genes vs. fractions of locus covered by long (≥ 10 kbp) 
repeats computed for IG/TR loci across five great ape species. Pearson’s 
correlation and p-value (p = 6.95 × 10–5) are shown on the top of the plot.



Extended Data Fig. 3 | Ape MHC organization. a and b) show schematic 
representation of MHC locus organization for MHC-I and MHC-II genes, 
respectively, across the six ape haplotypes (PTR.h1/h2, PPA.h1/h2, GGO.h1/h2, 
PPY.h1/h2, PAB.h1/h2, SSY.h1/2) and human (HSA.h1). Only orthologs of 
functional human HLA genes are shown. Loci naming in apes follows human 
HLA gene names (HSA.h1) with the exception of Gogo-OKO that does not have  
a human homolog, and orthologs are represented in unique colors across 
haplotypes and species. Orthologous genes that lack a functional coding 
sequence are grayed out and their name marked with an asterisk. Two human 
HLA class I pseudogene (HLA-H, HLA-J) are shown, because functional orthologs 

of these genes were identified in some apes. c) Pairwise alignment of the 5.31 
Mbp MHC region in the genome, with human gene annotations and MHC-I  
and MHC-II clusters. Below is the variation in phylogenetic tree topologies 
according to the position in the alignment. The x-axis is the relative coordinate 
for the MHC region and the y-axis shows topology categories for the trees 
constructed. The three prominent subregions with highly discordant topologies 
are shown through shaded boxes. Four subregions (1-4) used to calculate 
coalescence times are shown with dashed boxes. The phylogenetic tree includes 
the macaque genome (MFA)95 to better estimate the deep coalescence time 
observed at this locus. Numbers indicate time estimated in millions of years.
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Extended Data Table 1 | Overview of repeat content (Mbp and percentage) in the ape genomes

PLE: Penelope-like retroelements; LTR: long terminal repeats; RC: rolling circle repeats.
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