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BACKGROUND CONTEXT

This research focuses on the genomes of humans' closest living
relatives, with the aim of achieving their complete structural resolution
through the use of long-read sequencing technologies.

Q Previous sequencing technologies were unable to accurately assemble the
highly repetitive and structurally complex regions of great ape genomes,
Q resulting in incomplete genome assemblies and limiting comparative
genomic analyses and our understanding of genome evolution.
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CURRENT KNOWLEDGE

'® © © O

Over the past two decades, great ape genome assemblies have progressively improved,
culminating in the first complete telomere-to-telomere (T2T) human genome and complete
ape sex chromosome assemblies.

Despite these advances, current great ape reference genomes remained incomplete, lacking
accurate resolution of highly dynamic genomic regions and fully phased diploid assemblies.

The study proposes that combining long-read sequencing technologies (HiFi and ONT) with
advanced assembly algorithms enables the complete resolution of great ape genomes,
revealing structural and evolutionary variation previously missed by human reference-based
approaches.

This aims to generate haplotype-resolved diploid reference genomes for six ape species
and provide a comprehensive resource for future evolutionary studies.
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Sample Selecti

Phase 1

METHODOLOGICAL WORKFLOW

High-quality DNA was obtained from fibroblast and lymphoblastoid cell lines of six ape species. Male
individuals were preferentially selected to enable Y chromosome assembly, and parent—offspring trios

were used to improve haplotype phasing.

Table 1| Summary of ape genome assemblies

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

Common name Scientific name Tissue Sex Accession Totalno.of ContigN50 No.of T2T No. of Qv
(abbreviation) bases(Gb) (Mb) contigs non-rDNA

gaps or

missing

telomeres
Chimpanzee (PFTR)  Pan troglodytes Lymphoblastoid Male PRINAS16736 3.14(3.03) 146.29(140.84) 19 (17) 0(2) 66.0
Bonobo (PPA)? Pan paniscus Fibroblast or Male PRINAS42951 3.21(3.07) 147.03(147.48) 20(19) 0 (0) 62.7

lymphoblastoid

Gorilla (GGO)® Gorilla gorilla Fibroblast Male PRJNA942267 3.55(3.35) 151.43 (150.80) 19 (22) 4(0) 61.7
Bornean orangutan Pongo pygmaeus Fibroblast Male PRINA916742 316 (3.05) 140.59(137.91) 15(13) 1(2) 65.8
(PPY)
Sumatran Pongo abelii Fibroblast Male PRINA9S16743 3.17(3.08) 146.20(140.60) 14 (13) 2(3) 63.3
orangutan (PAB)
Siamang (SSY) Symphalangus syndactylus Lymphoblastoid Male PRINAS916729  3.24(3.12) 146.71 (144.67) 24 (20) 0 (5) 66.4
Average - 3.24(312) 146.38 (143.72) 18.5(17.3) 1.2(2) 64.3

“Sample 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 [llumina-HiFi hybrid-based approach. Numbers in parentheses denote the values for haplotype?2 or the paternal haplotype.
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Phase 2: Sequencing Strategy

METHODOLOGICAL WORKFLOW

Three complementary datasets were generated: PacBio HiFi, Oxford Nanopore (ONT) and Hi-C or
parent—offspring trio data. By integrating these complementary technologies, the sequencing
strategy maximized assembly accuracy, continuity, and haplotype resolution, providing the foundation
for complete, haplotype-resolved diploid genome assemblies.

~| Hi-C / parent-offspring trio |

~— Oxford Nanopore (ONT) —

Used for chromosome-scale
haplotype phasing. These
approaches  distinguished

~—— PacBioHiFi | —— | Produced ultra-long reads
(=136x coverage, including

Generated highly accurate | | >100 kb reads) capable of maternal  from  paternal
long reads (=90x coverage), | | spanning highly repetitive haplotypes (or H1/H2 in PTR,
providing the backbone of | | regions such as centromeres PPY, PAB, SSY), enabling the
the genome assembly. and segmental duplications. reconstruction of complete
diploid genomes.
5 PN ] J
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Strategy

ing

: Sequenci

Phase 2

Compares syntenic
regions of  human
chromosomes 7 and 16
across ape genomes
with Verkko and
SVbyEye.

Figure 1 validates the
quality of the new
assemblies, revealing
previously unresolved

chromosomal
complexity and
Improving our
understanding of
primate genome
evolution.

METHODOLOGICAL WORKFLOW
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Fig.1l|Chromosomal-level assembly ofcomplete genomes for great apes.
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ing

: Sequenci

Phase 2

METHODOLOGICAL WORKFLOW

Importance of comparing HSA7 and HSA16:
e Demonstrates the ability of T2T assemblies to accurately resolve ape chromosome architecture.
e Reveals conserved syntenic regions and structural changes such as inversions and repetitive

regions.
a e -

 |ldentifies a gorilla-specific 4.8 Mb TR N .
inverted transposition in HSA16, g PPA =
previously misclassified as a simple G:i— —— )
Inversion. - |

e Enables analysis of centromeres, . 150
satellite expansions, and b s e _—
heterochromatin regions. i R . i

o Allows direct comparison of ape W v AR~ - s
genomes without relying solely on o 4 iy
the human genome as a reference. Pag M. \ | | | retrochomair

T
25 50 75 100 125
Chromosome 16 (Mb)

Fig.1|Chromosomal-level assemblyofcomplete genomes for greatapes.
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Genome Assembly Validat

Phase 3

METHODOLOGICAL WORKFLOW

e The final genome assembly was subjected to comprehensive quality assessment using Merqury to
evaluate nucleotide accuracy, completeness, and potential assembly errors, through the Quality
Value (QV) metric.

e The resulting assembly achieved a QV above 60, corresponding to fewer than one error per million
bases, supporting the high accuracy of the reconstruction.

« Additionally, 74% of chromosomes were assembled in a gapless telomere-to-telomere (T2T) state,
demonstrating the high continuity and completeness achieved by the assembly strategy.

80.8% of
chromosomes
have at least one
perfect end-to-
end copy

Table 1| Summary of ape genome assemblies

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

Common name Scientific name Tissue Sex Accession Totalno.of Contig N50 No.of T2T No. of
(abbreviation) bases(Gb) (Mb) contigs non-rDNA
gaps or
missing
telomeres
Chimpanzee (PTR)  Pan troglodytes Lymphoblastoid Male PRIJNA916736 3.14(3.03) 146.29(140.84) 19(17) 0(2)
Bonobo (PPA)? Pan paniscus Fibroblast or Male PRIJNA942951 3.21(3.07) 147.03(147.48) 20(19) 0 (0)
lymphoblastoid
Gorilla (GGO)® Gorilla gorilla Fibroblast Male PRJNA942267 3.55(3.35) 151.43(150.80) 19(22) 4(0)
Bornean orangutan Pongo pygmaeus Fibroblast Male PRINA916742 3.16(3.05) 140.59 (137.91) 15(13) 1(2)
(PPY)
Sumatran Pongo abelii Fibroblast Male PRINA916743 3.17(3.08) 146.20(140.60) 14 (13) 2(3) Q
orangutan (PAB)
Siamang (SSY) Symphalangus syndactylus Lymphoblastoid Male PRINAS916729 3.24(3.12) 146.71(144.67) 24 (20) 0 (5)
Average - 3.24(312) 146.38(143.72) 18.5(17.3) 1.2(2)
*Sample 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 [llumina-HiFi hybrid-based approach. Numbers in parentheses denote the values for haplotype 2 or the paternal haplotype.




Genome Annotation and more

Phase 4

FASE 1: ENSAMBLAJE Y VALIDACION DE MODELOS

RNA
oy e
YA —

RNA )

ldentified potential coding and The
These

non-coding

Genoma Ensamblado (T2T)

Generacion de ensamblajes completos
y continuos (gapless) mediante
herramientas como Verkko y curacion
manual.

Prediccion Genica Inicial

Identificacion de regiones génicas
probables basadas en marcas de
anotacion y modelos ab initio.

Secuenciacion Iso-Seq de
Longitud Completa

Captura de transcritos de RNA
completos para identificar isoformas y

estructuras de exones sin ambiguedad.

genes.

integrated  with

FASE 2: REFINAMIENTO Y ANOTACION SISTEMICA

W Validacion y Refinamiento
7 de Modelos
Comparacion de alineamientos

\_ // / / / genoma-transcrito para corregir y validar
RNA THEE—— |3 estructura de los modelos génicos.

Pipeline de Anotacion
@ P@ CAT + NCBI

Uso del Comparative Annotation Toolkit
(CAT) y NCBI para integrar anotaciones
de referencia y bases de datos.

[ &
@) o

Anotacion Genomica Final

Generacion de un mapa genomico definitivo con genes curados
y adoptado como referencia en RefSeq.

models were
comparative

refined

provided direct evidence of annotation.
expressed transcripts.

METHODOLOGICAL WORKFLOW

FASE 3: ANALISIS DE ORTOLOGIA Y EVOLUCION

|dentification of gene gains,
lineage-specific

losses, and
expansions.

Analisis de Ortologia
con TOGA

Inferencia de relaciones ortélogas
para detectar |a pérdida o ganancia
de genes en linajes especificos.

Gene conservation, gaim expancia
o genes en linajes especificos.

Gene genica;, gain y pordis.

Inferencia de replaciones ortélogas
para detectar la pérdida o ganancia
de genes en linajes especificos.

Analisis Genético Evolutivo

Evaluacion de la expansion de familias
génicas y seleccion positiva mediante
arboles filogenéticos.

O
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Genome Annotation and more

Phase 4

METHODOLOGICAL WORKFLOW

The importance of this workflow is demonstrated in Supplementary Figure VIII1.29.

a chimpanzee bonobo

Total: 1075 1,353
(Conversely) (90) (24)
. 6001 _ 500,
= 400 400
L]

200 J—l 200
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Panel A shows that T2T assemblies recover transcript reads that failed to map to previous

|_||‘l—.—lL,, rﬂ-\j |
ERTEOeTerrT

gorilla
28,925

(171)

genome assemblies, increasing transcriptome completeness.

Numbers above each plot show reads gained with the T2T assembly; numbers in parentheses

show the few reads lost compared with previous assemblies.

Sumatran
orangutan

T
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Phase 4: Genome Annotation and more

10

C assembly Blprevious OJT2T
PTR PPA
N°® discordant 4930 4522 10,265 10,365
transcripts
N° overlapping 63,853 56,133
transcripts
N® discordant 4 gog 1.869 4,394 3,816
loci ! !
GGO PAB
N°® discordant
transcripts 6,166 6,712 5682 6,152
N° overlapping
transcripts 69,242 71,672
N“discordant  , 4e6 2548 2004 2637

METHODOLOGICAL WORKFLOW

The importance of this workflow is demonstrated in Supplementary Figure VIII1.29.

Panel C compares transcript predictions from
Iso-Seq data mapped to T2T (yellow) and
previous (blue) genome assemblies across four
great ape species, highlighting the
improvements provided by T2T assemblies.

e N° overlapping transcripts: how many
transcripts are exactly the same in both
versions (same string of introns).

e N° of discordant transcripts: how many
transcripts are unique to each assembly.

e« N° discordant loci: genomic regions where
gene models differ between previous and
T2T assemblies.

Chimpanzee (PTR), Bonobo (PPA), Gorilla (6GO) and Sumatran Orangutan (PAB)

O
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Phase 4: Genome Annotation and more

METHODOLOGICAL WORKFLOW

The importance of this workflow is demonstrated in Supplementary Figure VIII1.29.

g 125 125

5 S

gene count T2T
n

0 5 25 50 125

Panel G compares gene copy numbers between previous and T2T assemblies. Each point
represents a specific gene family, and points on the diagonal indicate identical copy numbers in both
assamblies. X-axis: copy numbers in previous assemblies. Y-axis: copy numbers in T2T assemblies.

Many gene families lie above the diagonal, indicating that T2T assemblies identify more gene copies

than previous assemblies.

251 .

gene count previous

7o
103

25!,

Chimpanzee (PTR), Bonobo (PPA), Gorilla (GGO) and Sumatran Orangutan (PAB)



Phase 5: Comparative analysis and epigenetics

METHODOLOGICAL WORKFLOW

They built global alignments to mitigate human reference bias.

Progressive Cactus provided reliable whole-genome alignments
across species. These aligned regions were subsequently analysed
with TRAILS to estimate speciation times, incomplete lineage
sorting and ancestral effective population sizes, contributing to the
phylogenetic reconstruction shown in Figure 2, panel B.

e The black numbers represent the estimated separation times
between lineages, expressed in millions of years.

o The red numbers for ancestral nodes represent the ancestral
effective population size, estimated using TRAILS considering
the incomplete lineage classification.

e The red numbers for terminal lineages represent the most
recent effective population size, calculated using MSMC2.

This global approach was complemented by a pangenomic
graph analysis...

Divergence time (Ma)
25 20 15 10 5 0

5oY
41.2

PAB
34.8

24.3

PPY
18.6

GGO
36.3

Spacies

HSA

8.2 7 g2

PPA
18.3

\_ PTR
13.5
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METHODOLOGICAL WORKFLOW

This stage corresponds to a diverse complementary biological building blocks: sucha as centromeres,
acrocentric chromosomes, and methylation. All of them take advantage of the fact that T2T
assemblies allow the study of repetitive regions that were previously incomplete or absent.

o Acrocentric chromosomes: chromosomes whose centromere is near one of the ends, generating a
long arm and a small short arm, generally rich in repetitions.

« NOR regions: nucleolus organizer regions that contain multiple copies of ribosomal DNA genes,
necessary to produce the RNAs that form ribosomes.

o Centromere: region of the chromosome where the kinetochore forms and microtubules attach
during cell division, allowing the correct separation of chromosomes.

o Satellite DNA: short sequences repeated many times in tandem. They are mainly concentrated in
centromeric, pericentromeric, interstitial and subterminal heterochromatic regions.

e Subterminal heterochromatin: Compact, repetitive DNA located near telomeres. It typically has low
transcriptional activity and participates in the organization and stability of chromosome ends. O

e Epigenetics: the study of modifications that regulate gene activity without altering the DNA
sequence, such as cytosine methylation.

o Segmental duplications: relatively large fragments of the genome that appear repeated in two or
more regions and maintain a high sequence similarity. O

Characterization of special regions

Phase 6

13
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METHODOLOGICAL WORKFLOW

(=)
2
= In Figure 5, panel A, the organization of the NOR+ short arms equivalent to human chromosome 22 is
© compared in different species, as well as the siamang chromosome 21. Although these regions share
& Dbasic components, their length, composition, and orientation vary considerably between species and
%  between the two haplotypes of an individual.
g a 0. _HSA _ PTR | PPA GGO_ PAB PPY SSY
® il | 5B il 1 |
p — R | % .;; ".,,’ =
@ - L = 3 : R ¢ S B
®@ - I pacs ll 2 ‘o I
s - ! b 3" g L
o0 -E A & y ‘t-'.
O o 20 - s B 8™ e
D % ;% > Identity (%) Sequence classes -;‘ﬂ
L < 7 1 100 | HSatf
Q‘U & n r arra : B 9 b e a |
= ; wio-rziy | Feind N L B i O
o - .DJ S - - ||ui I \ : gg B-satellite
307 Palindrome A7 s 453 gene ha 93 Other
(~200kb) (_35-45 kb) (~13 kb) | 51 M Apha O

‘ J§ 'DNA
_ 89
4I l Unlabelled
B7

14 Human (HSA), Chimpanzee (PTR), Bonobo (PPA), Gorilla (GGO), Sumatran Orangutan (PAB), Bornean Orangutan (PPY) and Siamang (SSY) O



METHODOLOGICAL WORKFLOW

In Figure 5, panel B, shows which chromosomes contain the NORs and how many rDNA units each
haplotype has. The location of the NORs is not constant across species.

Each cell is divided into two parts, one for each haplotype. The rows correspond to chromosomes
defined according to their homology with human chromosomes.The intensity of the blue indicates
the estimated number of rDNA units:

e Light blue: few copies HSA | PTR | PPA | GGO | PAE | PPY | SSY

e Dark blue: many copies

- MNOR one haplotype
X No homologue

NOR both haplotypes
« =100 kb DJ, no rDNA

A white cell indicates that both
haplotypes lack a NOR.

The dash indicates loss of the NOR
in one of the haplotypes.

The x indicates that there is no
direct homologous chromosome.
The dot indicates that there is an
extensive DJ region, but without an
rDNA array.

rDNA copies
1 120 =150 O
- @

Phase 6: Characterization of special regions

o A A A A A A A

15 Human (HSA), Chimpanzee (PTR), Bonobo (PPA), Gorilla (GGO), Sumatran Orangutan (PAB), Bornean Orangutan (PPY) and Siamang (SSY) O
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METHODOLOGICAL WORKFLOW

(=1
D
L =
® In Figure 6, panel A, compares the size and composition of alpha-satellite HOR arrays across
@ homologous chromosomes. Centromeres vary markedly among species and haplotypes, revealing
o rapid evolution of centromeric satellite DNA despite conservation of centromere function.
©
= HSA: Chr. 1 Chr. 2A/2B Chr. 3 Chr. 4 Chr. 5
.2 HSA L[ il i 0N [T T |
unjed PPA - ] [T%] [T | (]
S 1 T 3] (I ]
N PTR | L S| L - N <N L | LI *
T I [T [R] (KT |
T GGO J - . § [ |
T il )+ [ 5 0 (B E
[T PPY 5 EEE _ _ .
S ; [ | I | - il 0 | | * LM []*
— PAB - TN 1« N | | * . > [N | *
o L [ = ml I | * 1 | * | | * ' | *
s Centromeric regions a-satellite SFs CpG methylation Scale (Mb)
.o B Monomeric or divergent a-satellite B SF1 O SF4 B SF7 O SF10 O SF13 B SF16 @ SF01 <> CDR T 11
O W Other satellite W SF2 B SF5 B SF8 B SF11 W SF14 M SF17 O SF02 0 2 4 6
O Transition region W SF3 OSF6 O SF9 O SF12 O SF15 W SF18
D
e L . .
JE Each bar shows the organization of centromeric repetitive DNA. The colored blocks represent alpha-
Q. satellite arrays organized into HORs. Each color identifies a different suprachromosomal family (SF).

White diamond: Indicates a region with lower CpG methylation.
Asterisk: Indicates that a problem or uncertainty was detected in the assembly of that centromere.

16 Human (HSA), Chimpanzee (PTR), Bonobo (PPA), Gorilla (6GO), Sumatran Orangutan (PAB) and Bornean Orangutan (PPY)
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tion of special regi

1Z4d

: Characteri

Phase 6

arrays across homologous chromosomes.

The log-scale distribution
reveals extensive variation
among species and
haplotypes, ranging from
bonobo minicentromeres to
the large arrays found in
gorillas and orangutans.
This demonstrates rapid
expansion and contraction
of centromeric satellite DNA
despite conservation of
centromere function.

b

Length of centromeric
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METHODOLOGICAL WORKFLOW

In Supplementary Figure XIX.67, panel B, compares the length of centromeric alpha-satellite HOR

O @co
O @ Ca
® e

s 6 7T 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Chromosome

' © Human ® Chimpanzee © Orangutan (Bomean) |

@ Bonobo @ Gonlla ® Orangutan (Sumatran)

17 Human (HSA), Chimpanzee (PTR), Bonobo (PPA), Gorilla (GGO), Sumatran Orangutan (PAB) and Bornean Orangutan (PPY)
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Characterization of special regions

Phase 6

18

In Figure 7, panel B, analyzes a subterminal region
of the p arm of gorilla chromosome 16.

The subterminal heterochromatin of the gorilla has
a periodic organization consisting of large pCht
satellite blocks interrupted by duplicated and
hypomethylated spacers.

o The X-axis represents the distance from the
center of the spacer sequence.

o The Y-axis indicates the percentage of
methylated CpGs.

e The blue line shows the average methylation.

e The light blue band represents its variability.

A decrease in methylation is observed at the
spacer, surrounded by the most methylated pCht
arrays. This creates a hypomethylated zone within a
highly repetitive heterochromatic region.

METHODOLOGICAL WORKFLOW

b
Chr. 16 p amn EE‘
PN 1
b . \\ éé 0 - — 1
Wf N \ P F PP
@ f%:;b \-M |dentity (%)
MV Vi N N SR
0 1 o2 3l 4 5 (Mb)
pCht array | | pCht array
(536 kb) -
__— Spacer (20 kb)
= FETmll Y |
- 100
Q80 -
O 60 A O
© 40 3
= 20-
=
» U '
= -25kb Spacer segmental 25 kb

duplication

O O O

pCht satellite: A 32-bp AT-rich repetitive sequence that forms large
subterminal heterochromatic arrays in African ape chromosomes.



Characterization of special regions

Phase 6

19

In Figure 7, panel E, this panel seeks to determine whether
hypomethylation depends solely on the spacer sequence or on
its location within subterminal heterochromatin.

When the spacer is located within the subterminal
heterochromatin, a clear drop in methylation is observed in its
central region. In contrast, in the ancestral copy or in interstitial
copies located outside the subterminal cap, this drop generally
does not appear.

Therefore, the same sequence can show different methylation
states depending on its chromosomal context.

Hypomethylation of the spacer is not determined solely by its
sequence, but also by its association with the subterminal
heterochromatin cap. This suggests an epigenetic effect
associated with the subteminal context.

Human (HSA), Chimpanzee (PTR), Bonobo (PPA), Gorilla (GGO),
Sumatran Orangutan (PAB) and Bornean Orangutan (PPY)

GGO spacer orthologue

Pan spacer orthologue

GGO
(n = 974)

PTR
h=4)

PPA
(h=4)

PPY
(n=2)

PAB
(n=2)

PTR
(n=791)

PPA
(n = 799)

GGO
(n=12)

PPY
(n=2)

PAB
(n=2)

METHODOLOGICAL WORKFLOW
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METHODOLOGICAL WORKFLOW

In Figure 8, panel A, compare the distribution of segmental duplications across genomes. The y-axis
and stacked bars show the proportion of total SD content associated with acrocentric chromosomes,
located within the same chromosome, shared across categories, or distributed between different
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20 Human (HSA), Chimpanzee (PTR), Bonobo (PPA), Gorilla (GGO), Sumatran Orangutan (PAB), Bornean Orangutan (PPY), Siamang (SSY

and Long-tailed Macaque (MFA)
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In Extended Data Fig. 1, it presents a complete
chromosome map of the siamang genome,
showing where the major repetitive regions and
segmental duplications are located.

The most striking feature is the abundance of
large alpha-satellite blocks at the ends of
numerous chromosomes. This indicates that the
siamang possesses an exceptionally high
amount (~10%) of subterminal heterochromatin.

Unlike the great apes, the siamang exhibits a
distinctive genomic polarization: the ends of 96
of the 100 chromosomes are dominated by vast
regions of tandemly repetitive DNA, flanked by
segmental duplications that mediate the
structural complexity of the arms.
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R1: Construction of Reference
T2T Diploid Assemblies

= Peg Py
The study generated complete, phased
. AGI83ss . I diploid reference genomes for six ape
‘an mroglodvies (chimpanzee) an paniscus (bonoboy . . .
" - i 2 ) species with quality comparable to the
L 88 ]"" T N . human T2T-CHM13 assembly.
—— KB3781 AGO525 Z ] ) ]
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an unprecedented resource for studying
previously inaccessible regions such as
centromeres, satellite DNA and
segmental duplications. However, the
interiors of some rDNA arrays and

Supplementary Figure I1.8. Karyotyping of the ape tissues.

i Sl il % a4k At 03 portions of the largest centromeres
nﬂ ﬁg; ?u} ,5,5 ba &% remained unresolved.
0
a8 82 i3 as sn B3 Supplementary Figure 1.8 classifies chromosomes as

metacentric, submetacentric, or acrocentric according
to centromere position and chromosome-arm lengths.
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R2: Evolutionary Refinement and
Incomplete Lineage Sorting (ILS)

Using T2T whole-genome alignments,
TRAILS and MSMC2 refined ape
speciation times and  effective
population sizes, as summarized in
Figure 2b. The analysis estimated the
human—-chimpanzee split at 5.5-6.3
million years ago and detected
incomplete lineage sorting across
39.5% of autosomes and 24% of the X
chromosome, showing that many
genomic regions follow evolutionary
histories different from the species tree.

_ Supplementary Figure VI.16 maps this mosaic pattern across chromosomes
a5 using alternative haplotypes, with highly consistent results between analyses



: 3: Rapid| lvi '
ANALYSIS RESULTS | (xacrs) and cenctic Reguiation

S The T2T genomes identified 13,128 ape
P T YT T WA I @ i quickly evolved regions (AQERs) across
O o g i 4 e
MR o 0 R AR A kit ] o BN four lineages, including 3,268 human-
G ¢ F F & f@@é S P@“’ é@é“ ) é@%‘ @.?ﬁ p@“‘ b@" g .ﬁ{c@ o fo .
JOS ISRyl Y i specific HAQERs, more than twice the
= 1,581 detected using previous gapped

&
b Human Scale Skbl 'h-QSB
Chr.18 902,000| ' 903.000| 904,000| 905000| 906,000] 907,000 sospoo| e09,000| 910,000 gn.muf 912,000| 913,000| 914,000] ©15,000]
Hhapra 4

g, (enrichment) -]

)

chr1 :

chr2 . T
‘ 1 i A 2ﬂ|i IIII 4kLii\ I.a(}l II'\IJ w 'li'l:ﬂ’l

Q T assemblies. Figure 4a shows that HAQERs
e ,,w e NN — are strongly enriched in bivalent regulatory
bkl i 1 P CELCT LI T elements, particularly poised promoters,
0 el 1 while Figure 4b highlights HAQERs within
oot bt e Ll ey M TWTHINE TN ADCYAPT, a gene associated with vocal-
s el learning-related neural pathways and
'”5 —— =% }ﬂ'u[wm;‘h _:_!;'l'__;'!_ human-specific epigenetic patterns.

e B

o v g Supplementary Figure XIIl.49 shows that many newly detected

et R B cen: HAQERs occur near segmental duplications and satellite-rich
P regions previously inaccessible to analysis.




R4: Architecture of Acrocentric
Chromosomes and rDNA
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T2T assemblies resolved the repetitive

short arms of ape acrocentric
chromosomes, revealing major variation

in NOR location and rDNA copy number.
Figure 5 shows that individual arrays

contain 1-287 rDNA units, while total
diploid copy humber ranges from 343 in

siamang to 1,142 in chimpanzee.
Despite extensive structural variation,
the rRNA-coding regions remain highly

i

. HS5A other {non-acro)
Mufti-mapper (non-ac T
‘ [ Mo mapping

conserved, with 18S and 5.8S
sequences exceeding 99% identity.

Supplementary Figure XVIII.59 validates the
chromosome-specific distribution of NORs using
FISH and independent copy-number
measurements.
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AN ALY S I S RE S U LT S R5: Dynamics of Centromeres
and Satellites HOR
. _ i, y,
R C—— s s T2T assemblies resolved 227 of 230
O f}E E-I El;-i_ﬁ-] %—I centromeres across five non-human
= n—— —— S— ape genomes and revealed rapid
" — lineage-specific  expansion  and
) “‘*%m"‘,::n%mw I pnEE, T contraction of a-satelli’fe higher-order
Q”ﬁl: " ‘“zggjuggsg;EEHQE%HEHQ repeat (HOR) arrays. Figure 6 shows
5 o : . { their variation in size, sequence
el . L & = : composition and suprachromosomal
E’% EEE‘; P S B o — i sxxr 1 families, as well as hypomethylated
;E% e __ centromere dip regions (CDRs)
EF | - consistent with kinetochore location.
& | E
= HZ‘; Supplementary Figure XIX.67 confirms

wg 70

= extensive differences between
haplotypes and homologous
v chromosomes across species.
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AN ALYSI S RE SU LT S R6: Subterminal Heterochromatin
and Chromosomal "Caps”
k‘, M — g T2T assemblies resolved massive
O chr2 | A ol | subterminal heterochromatic caps in
o= — = chimpanzees, bonobos, gorillas and
o siamangs. Figure 7 shows that these
A s o K regions can extend up to 26 Mb and
Q“ = e i T consist of highly methylated satellite
ohri1 e s | S T arrays interrupted by duplicated,
EE Tj = é E Emﬁﬁmﬁﬁfm hypomethylatgd spacers detected using
s E T %m? 1 ;; ; w'rww ONT methylation profiles.
e E:;*b wwm: : <% J_ww/ | Extended Data Figure 1 highlights the
29 ml_ﬁz_ﬂ,_ﬂcmmiﬂl JLM _ m«ﬁ% — extreme siamang expansion, where
oz e N o JTUWWM subterminal satellites comprise 642 Mb,
chr2d E e B % ;e cfwme e | or 10.1% of the genome, and occur at 96
o e 1 — ———=—-=-" of 100 chromosome ends.
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R7: Segmental Duplications (SD)
and Gene Emergence

T2T assemblies resolved an average of
208 Mb of segmental duplications per
great-ape haplotype, reaching 225.3
Mb in orangutans, and revealed
lineage-specific gene  expansions
associated with chromosomal
rearrangements. Figure 8 reveals
lineage-specific duplication
expansions: a 30-Mb double inversion
in gorilla chromosome 1 and a 6.8-
10.8-Mb orangutan expansion.

Supplementary Figure XXI.78 supports
the phylogenetic relationships,
transcription and coding potential of
these expanded genes.
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T2T technology eliminates gaps in the primate reference frame, demonstrating that

"dark matter” (centromeres, satellites, SDs) is vital to understanding species biology
\- y,

4 )
The discovery that 39.5% of the genome has ILS confirms that human genetic

inheritance is a mosaic of shared ancestry, more complex than previous linear models
indicated.
\_ J
4 )
The discovery of functional 15 kb centromeres in bonobos revolutionizes our
understanding of chromosome architecture, proving that function does not require
massive redundancy.
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Rapid changes in non-coding regions and segmental duplications are the main drivers
of genetic innovation, facilitating unique human traits such as neuronal specialization
for language.
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This is the first time that
T2T (Telomere-to-
Telomere) quality has
been achieved in six ape
species simultaneously,
eliminating the bias of
the human reference.

STRENGTHS
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The combination of
genomics  (sequence),
transcriptomics (Iso-Seq)
and epigenomics
(methylation)  provides
robust functional
validation to
computational
assemblies.
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The commitment to open
science by publishing all
resources in a UCSC hub
and in public repositories
is exemplary.
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The study is based on
only two haplotypes per
individual per species.
This limits the ability to
distinguish whether a
structural variant is a
fixed characteristic of
the species or an
individual polymorphism

\(especially in SDs).
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Despite  the  overall
success, the
centromeres of the
Sumatran orangutan
(only 27% complete)
remain a challenge due
to their extreme
complexity.
.

Although the mapping
bias was eliminated,
annotation bias towards
humans persists, since
the functions of ape
genes are inferred from
what we know about our
OWn species.
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SUGGESTIONS FOR IMPROVEMENT

To validate that the reported gene
expansions (as in the siamang or
gorilla) are defining traits of the
species, it would be necessary to
sequence at least 5-10 additional
individuals per lineage using short
reads mapped to these new T2T
references.
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Perform gene editing experiments
(CRISPR) on monkey cell lines to test
whether  variants in  bivalent
promoters of HAQERs actually
change spatiotemporal gene
expression.
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The authors were only able to resolve certain
genomic regions by telomere-to-telomere assembly.
What does this mean for interpreting evolutionary
conclusions drawn from previous reference genomes
with gaps? How does it change our understanding of
genome evolution?

( The transition from gapped genomic drafts to complete
““““““ telomere-to-telomere assemblies represents a paradigm shift
O ““““““ in evolutionary biology.
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MITIGATION OF
REFERENCE BIAS
AND CORRECTION

OF DIVERGENCE

~N

T2T assemblies revealed

that ape genome
divergence had been
underestimated, with

12.5-27.3% of genomic
sequence failing to align
consistently in simple
one-to-one comparisons.
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RESOLUTION OF
GENOMIC "DARK
MATTER"

Previous reference
genomes systematically
excluded the  most
dynamic and repetitive
regions. T2T assemblies
uncovered /70-1,482
previously unknown ape
gene models, 68.6% of
which are associated
with lineage-specific

segmental duplications.
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DISCOVERY OF
FUNCTIONAL
PLASTICITY

-
Bonobos

extremely small
centromeres, some as
short as 15 kb and up to
450-fold smaller than
typical arrays, showing
that centromere function
can be maintained across
a much broader range of
structures than previously
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