




Extended Data Fig. 5 | The fixed variants, genetic differentiation regions, 
and inversions between MFA and MMU. (a) Principal component analysis (PCA) 
of three macaque populations. The first component (18.6%, x-axis) separates 
MFA (red) and MMU, while the second component (11%, y-axis) distinguishes 
CMMU (Chinese rhesus macaque) and IMMU (Indian rhesus macaque). The 
macaque individuals are clustered according to each population. Newly 
sequenced samples in this study are marked in color, while the samples from the 
previous study are marked in gray. (b) Lineage-specific fixed genetic variation. 
The length distribution of fixed INDELs and SVs are shown in the left panel 
(INDEL: 2-20 bp (top), SV: 50-500 bp (bottom)) and right (INDEL: 20-50 bp (top), 
SV: 500-10000 bp (bottom)). Notable peaks for Alu and L1 are at 300 bp and 
6000 bp. A fixed SNV in PLA2G3 (c) and a fixed SV in EHBP1L1 (d) result in amino 

acid differences between MFA and MMU. (e) A genetic differentiation region 
associated with SRCAP and PHKG2. The gene models, π diversity, FST, and 
XP-EHH across the genomic region are shown from top to bottom. The dotted 
lines indicate the bottom 5% threshold from π diversity, the top 5% from FST, and 
the top 5% from XP-EHH, respectively. (f, g) Fixed missense variants of SRCAP (f) 
and PHKG2 (g) result in amino acid differences between MFA and MMU. (h) The 
syntenic relationship of the inversion with the longest length (4 Mbp) within 
macaques, with the gene annotation above. (i) The heatmap shows the DEGs 
within the 500 kbp flanking regions of macaque inversion (≥10 kbp) breakpoints 
(Z-score of rlog-transformed counts). Each row represents a gene and each 
column represents a tissue.
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Extended Data Fig. 6 | The comparative analysis on macaque centromeres. 
(a) The dot plot shows the chr. 1 α-satellite arrays between MFA and MMU, 
generated with UniAligner. The red dots refer to the common rare k-mers 
(k ≥ 80) and the green dots refer to the conserved regions between two 
centromeres. The black line indicates the optimal rare alignment path. The 
α-satellite array strand track is shown above the dot plot (blue for forward 
strand (+) and red for reverse strand (–)). (b) The SF and methylation patterns of 
α-satellite arrays on chr. 1 for both MFA and MMU are depicted. Sequence 
similarity within the 5 kb block is visualized using ModDotPlot, with the CDRs 
highlighted in red by corresponding methylation levels. (c) The green, red, and 
blue violin plots represent the length distribution of α-satellite arrays for HSA, 

MFA, and MMU, respectively. The horizontal lines indicate the length of 
reference genomes (green for T2T-CHM13v2.0 and red for T2T-MFA8v1.1). Box 
plots show median and IQR, with whiskers 1.5×IQR. The P values are calculated 
with the two-sided Mann-Whitney U test, and the number of assembled 
centromeres is indicated in parentheses below each plot. NS: not significant. 
(d) The phylogenetic tree shows that the S1 (red), S2a (blue), S2b (green), and 
SF9 α-satellites (dark gray) of MFA (round) and MMU (triangle) mixed in their 
respective separate clades. (e) The phylogeny trees for monomers of S1S2 
dimers from MFA chr. 8 (yellow), chr. 11 (red) and chr. 17 (lilac). S2a has 
chromosome-specific variants while S1 and S2b do not.



Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | The multi-omics profiles between human FOLH1 and 
macaque FOLH1. The top panel illustrates the multi-omics profiles at human 
FOLH1 locus (T2T-CHM13v2.0 chr. 11, reversed strand), while the bottom panel 
shows the corresponding profiles in macaque FOLH1 locus (T2T-MFA8v1.1 chr. 14, 
forward strand). For the syntenic plot in the middle, blue and yellow blocks 
represent forward and reversed alignments, respectively. The potential 

contacts are depicted as loops alongside the Hi-C contact maps, with arrows 
marking these interactions within the maps. The scATAC-seq tracks are 
normalized with transcription start site enrichment score, the ChIP-seq tracks 
are normalized with bins per million mapped reads, and the contact maps are 
normalized with ICE (iterative correction and eigenvector decomposition).



Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | The genetic mechanisms of the palindrome-mediated 
translocation. (a) The dot plots illustrate the syntenic relationship between 
the ancestral and duplicated copies (left panel), as well as the self-syntenic 
relationship of the ancestral copy (right panel). The positions of human FOLH1 
and FOLH1B are highlighted with a yellow background. (b) The panel displays 
sequence identity heatmaps for NHPs, with the 1 Mbp flanking region of the 

FOLH1 q-arm, including segmental duplications (SDs) and satellite sequences 
shown below. Vertical lines in the identity heatmaps indicate palindromic 
sequences. (c) The schematic diagram describes the potential, reported DNA 
double-strand break repair mechanism underlying palindrome-mediated 
translocation. Palindromic sequences and their directions are indicated  
with arrows.



Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | The evolutionary history of APCDD1 and PIEZO2 and 
their expression patterns. (a) The syntenic relationship of APCDD1 and 
PIEZO2 in primates is shown with minimiro, with gene annotations and 
DupMasker attached to each genome segment. PIEZO2 is located inside an 
inversion in the primate evolution, while APCDD1 is located near the inversion. 

(b, c) The bar plot shows the proportion of cell types for expressed cells on 
APCDD1 (b) and PIEZO2 (c). The proportion differences in expressed cell type 
are observed in APCDD1 and PIEZO2 between humans and macaques. Ex Neuron, 
excitatory neuron; Oligo, oligodendrocyte; In Neuron, inhibitory neuron; 
Astro, astrocyte; OPC, oligodendrocyte precursor cell; Micro: microglia.



Extended Data Table 1 | Genome statistics of T2T-MFA8v1.1 and comparison of macaque genome assemblies

This table presents the assembled bases, gaps, gene annotations, segmental duplications, and repeat annotations for both T2T-MFA8v1.1 and the previous macaque assembly (Mmul_10).
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Canu v2.2 https://github.com/marbl/canu 
CCS v6.4.0 https://github.com/PacificBiosciences/ccs 
Cell Ranger v7.2.0 https://github.com/10XGenomics/cellranger 
Cell Ranger ARC v2.0.2 https://www.10xgenomics.com/support/software/cell-ranger-arc/latest 
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cooler v0.10.2 https://github.com/open2c/cooler 
cooltools v0.7.0 https://github.com/open2c/cooltools 
cuteSV v2.0.2 https://github.com/tjiangHIT/cuteSV 
Cytoscape v3.9.1 https://github.com/cytoscape/cytoscape 
cyvcf2 v0.30.22 https://github.com/brentp/cyvcf2 
dbscan v1.1-11 https://github.com/mhahsler/dbscan 
deepTools v3.5.5 https://github.com/deeptools/deepTools 
DeepVariant v1.5.0 https://github.com/google/deepvariant 
DESeq2 v1.38.3 https://github.com/thelovelab/DESeq2 
Dfam v3.6 https://dfam.org/ 
DoubletFinder v2.0.3 https://github.com/chris-mcginnis-ucsf/DoubletFinder 
dplyr v1.1.4 https://github.com/tidyverse/dplyr 
DupMasker v4.1.2 https://github.com/rmhubley/RepeatMasker/blob/master/DupMasker 
Exonerate v2.2.0 https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate 
fastCN v0.2 https://github.com/mrvollger/fastCN-smk 
fastp v0.22.0 https://github.com/OpenGene/fastp 
FastQC v0.12.1 https://github.com/s-andrews/FastQC 
fastsimcoal2 v2.8 http://cmpg.unibe.ch/software/fastsimcoal2/ 
Flagger v0.2 https://github.com/mobinasri/flagger 
flye v2.9.3-b1797 https://github.com/mikolmogorov/Flye 
GATK v3.7 https://gatk.broadinstitute.org/ 
GenMap v1.3.0 https://github.com/cpockrandt/genmap 
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gfabase v0.6.0 https://github.com/mlin/gfabase 
gfa-wp commit a8238c0 https://github.com/pangenome/gfa-wp 
GffRead 0.12.7 https://github.com/gpertea/gffread 
gffutils v0.12 https://github.com/daler/gffutils 
ggbreak v0.1.2 https://github.com/YuLab-SMU/ggbreak 
ggforce v0.4.1 https://github.com/thomasp85/ggforce 
gggenes v0.5.1 https://github.com/wilkox/gggenes 
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The genome assemblies used in this study, including T2T-CHM13v2.0 (GCF_009914755.1), Mmul_10 (GCF_003339765.1), MFA1912RKSv2 (GCF_012559485.2), 
rheMacS_1.0 (GCA_008058575.1) and Macaca_fascicularis_6.0 (GCA_011100615.1), are available from the NCBI Genome. Previously published sequencing data 
used in this study, including PRJNA1004471, PRJNA251548, PRJNA345528, PRJNA832687, PRJNA854879, PRJNA882074, PRJNA953340 and PRJCA018217, are 
available from the NCBI Sequence Read Archive or NGDC Genome Sequence Archive. The ChIP-seq data of human brain used in this study is available from the 
ENCODE database. The raw Illumina, PacBio HiFi, ONT, and Hi-C data of T2T-MFA8 are deposited in NCBI under BioProject accession number PRJNA1037719. The 
raw PacBio HiFi, ONT, and Hi-C data of 10 macaque individuals are deposited in NCBI under BioProject accession number PRJNA1041301. The Iso-Seq data are 
deposited under NCBI BioProject accession number PRJNA1041301. The Illumina sequences of 151 WGS macaque genomes are deposited in NCBI under BioProject 
accession number PRJNA1041301. The T2T-MFA8 genome assembly is deposited in NCBI GenBank under accession number GCF_037993035. T2T-MFA8 assembly, 
annotations, and the UCSC track hub are available at GitHub (https://github.com/zhang-shilong/T2T-MFA8).
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Reporting on sex and gender NA

Reporting on race, ethnicity, or 
other socially relevant 
groupings

NA

Population characteristics NA

Recruitment NA

Ethics oversight NA

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size calculation was performed. We determined the sample size based on its adequacy for capturing the majority of genetic 
variants among macaques.

Data exclusions No data was excluded in the analyses.

Replication RT-PCR experiments were conducted on crab-eating macaques, with two or three replications per group (depending on the genotype), and all 
replication attempts were successful. Each FISH experiment was repeated 3 times and 10 metaphase spreads with relative fluorochromes 
were captured for each experimentm, and all attempts were successful.

Randomization For pangenome sample selection, we first performed Illumina whole-genome sequencing on a macaque cohort and assessed the relationships 
between the individuals. Based on these results, we then selected 10 unrelated macaque individuals for long-read sequencing.

Blinding Blinding is not applicable to this study, as we need to investigate the genetic background of each macaque individually in order to capture the 
majority of genetic variants.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Methods
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Antibodies
Antibodies used Mouse anti-FLAG (Sigma-Aldrich, F1804), mouse anti-α-tubulin (Sigma-Aldrich, T9026), rabbit anti-PNPO (Invitrogen, PA5-55687), 

Anti-Mouse IgG, HRP (Invitrogen, A16006), Anti-Rabbit IgG, HRP (Invitrogen, A16104), and Rabbit Anti-Monkey IgG Antibody (H+L) 
(Bioss, bs-0335R-HRP).

Validation The antibody information and validation statements are provided in the manufacturer's websites: 
mouse anti-FLAG (Sigma-Aldrich, F1804): https://www.sigmaaldrich.cn/CN/en/product/sigma/f1804; 
mouse anti-α-tubulin (Sigma-Aldrich, T9026): https://www.sigmaaldrich.cn/CN/en/product/sigma/t9026; 
rabbit anti-PNPO (Invitrogen, PA5-55687): https://www.thermofisher.cn/cn/en/antibody/product/PNPO-Antibody-Polyclonal/
PA5-55687; 
Anti-Mouse IgG, HRP (Invitrogen, A16006): https://www.thermofisher.cn/cn/en/antibody/product/Donkey-anti-Goat-IgG-H-L-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A16006; 
Anti-Rabbit IgG, HRP (Invitrogen, A16104): https://www.thermofisher.cn/cn/en/antibody/product/Goat-anti-Rabbit-IgG-H-L-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A16104; 
Rabbit Anti-Monkey IgG Antibody (H+L) (Bioss, bs-0335R-HRP): https://www.biossusa.com/products/bs-0335r-hrp.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) We generated a female macaque embryonic stem cell (ESC) line.

Authentication Short Tandem Repeats (STRs) genotyping was performed for the cell line authentication.

Mycoplasma contamination We confirm that the cell line is free from mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified lines were used in this study.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals We used 10 macaques for long-read whole-genome sequencing (5 females and 5 males), tissues from 5 macaques for long-read 
transcriptome sequencing (3 females and 2 males, including infant and adult), and 151 macaques for short-read whole-genome 
sequencing. Detailed information (species, sex, age and development stage) for each individual is provided in Supplementary Table.

Wild animals No wild animals were used in this study.

Reporting on sex Detailed information for each individual is provided in Supplementary Table.

Field-collected samples No field-collected samples were used in this study.

Ethics oversight The usage of research animals in this study underwent evaluation and approval by Primate Life Sciences Ethics Committee of the 
Center for Excellence in Brain Science and Intelligence Technology, Chinese Academy of Sciences (ION-2019043R03).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes NA

Seed stocks NA

Authentication NA

Plants




