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After two decades of improvements, the current human reference genome (GRCh38) is
the most accurate and complete vertebrate genome ever produced. However, no single
chromosome has been finished end to end, and hundreds of unresolved gaps persist'2.
Here we present a human genome assembly that surpasses the continuity of GRCh38?,

along with a gapless, telomere-to-telomere assembly of a human chromosome. This
was enabled by high-coverage, ultra-long-read nanopore sequencing of the complete
hydatidiform mole CHM13 genome, combined with complementary technologies
for quality improvement and validation. Focusing our efforts on the human

X chromosome?, we reconstructed the centromeric satellite DNA array (approximately
3.1Mb) and closed the 29 remaining gaps in the current reference, including new
sequences from the human pseudoautosomal regions and from cancer-testis
ampliconic gene families (CT-X and GAGE). These sequences will be integrated into
future human reference genome releases. Inaddition, the complete chromosome X,
combined with the ultra-long nanopore data, allowed us to map methylation patterns
across complex tandem repeats and satellite arrays. Our results demonstrate that
finishing the entire human genome is now within reach, and the data presented here
will facilitate ongoing efforts to complete the other human chromosomes.

Complete, telomere-to-telomere reference genome assemblies are
necessary toensure thatall genomic variants are discovered and stud-
ied. At present, unresolved areas of the human genome are defined by
multi-megabase satellite arraysin the pericentromeric regions and the
ribosomal DNA arrays on acrocentric short arms, as well as regions
enriched in segmental duplications that are greater than hundreds of
kilobasesinlength and that exhibit sequence identity of more than 98%
between paralogues. Owingto their absence from the reference, these
repeat-rich sequences are often excluded from genetics and genomics
studies, which limits the scope of association and functional analyses**.
Unresolved repeat sequences also resultin unintended consequences;
forexample, paralogous sequence variantsincorrectly being called as
allelic variants®, and the contamination of bacterial gene databases’.
Completion of the entire human genome is expected to contribute
to our understanding of chromosome function®, human disease’® and
genomic variation, which will improve technologies in biomedicine
thatuse short-read mappingto areference genome (for example, RNA

sequencing (RNA-seq)'’, chromatinimmunoprecipitation followed by
sequencing (ChIP-seq)" and assay for transposase-accessible chroma-
tin using sequencing (ATAC-seq)™).

The fundamental challenge of reconstructing agenome from many
comparatively short sequencing reads—a process known as genome
assembly—is distinguishing the repeated sequences from one another®.
Resolving suchrepeats relies on sequencing reads thatare long enough
tospantheentirerepeat oraccurate enoughtodistinguish each repeat
copy on the basis of unique variants*. The difficulty of the assembly
problem and limits of past technologies are highlighted by the fact
that the human genome remains unfinished 20 years after its initial
release in 2001”. The first human reference genome released by the
US National Center for Biotechnology Information (NCBIBuild 28) was
highly fragmented, with half of the genome contained in continuous
sequences (contigs) of 500 kb or more (NG50). Efforts to finish the
genome'®, together with the stewardship of the Genome Reference
Consortium (GRC)?, greatly increased the continuity of the reference
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toanNG50 contiglength of 56 Mbin the most recent release—GRCh38—
but the most repetitive regions of the genome remain unsolved and
no chromosome is completely represented telomere to telomere.
Adenovoassembly of ultra-long (greater than 100 kb) nanopore reads
showed promising assembly continuity in the most difficult regions’,
but this proof-of-concept project sequenced the genome to only 5x
depth of coverage and failed to assemble the largest human genomic
repeats. Previous modelling on the basis of the size and distribution
of large repeats in the human genome predicted that an assembly
of 30x ultra-long reads would approach the continuity of the human ref-
erence’. Therefore, we hypothesized that high-coverage ultra-long-read
nanopore sequencing would enable the first complete assembly of
human chromosomes.

To circumvent the complexity of assembling both haplotypes of a
diploid genome, we selected the effectively haploid CHM13hTERT cell
line for sequencing (hereafter, CHM13)". This cell line was derived from
a complete hydatidiform mole (CHM) with a 46,XX karyotype. The
genomes of such uterine moles originate from asingle spermthat has
undergone post-meiotic chromosomal duplication; these genomes
are, therefore, uniformly homozygous for one set of alleles. CHM13 has
previously beenused to patch gapsin the humanreference?, benchmark
genomeassemblers and diploid variant callers®, and investigate human
segmental duplications'. Karyotyping of the CHM13 line confirmed a
stable 46,XX karyotype, with no observable chromosomal anomalies
(Extended Data Fig. 1, Supplementary Note 1). Maximum likelihood
admixture analysis?® confidently assigns the majority of haplotypes
to a European origin, with the potential of some Asian or Amerindian
admixture (Extended DataFig. 2, Supplementary Note 2).

Highly continuous whole-genome assembly

High-molecular-weight DNA from CHM13 cells was extracted and
prepared for nanopore sequencing using a previously described
ultra-long-read protocol'. In total, we sequenced 98 MinlON flow cells
foratotal of 155 Gb (50x% coverage, 1.6 Gb per flow cell, Supplementary
Note 3). Half of all sequenced bases were contained in reads of 70 kb or
longer (78 Gb, 25% genome coverage) and the longest validated read
was 1.04 Mb. Once we had collected sufficient sequencing coverage
for de novo assembly, we combined 39x coverage of the ultra-long
reads with 70x coverage of previously generated PacBio data and
assembled the CHM13 genome using Canu®. Canu selected the long-
est 30x-coverage ultra-long and 7x-coverage PacBio reads for correc-
tion and assembly. This initial assembly totalled 2.90 Gb, with half of
the genome contained in continuous sequences (contigs) of length
75Mb or greater (NG50), which exceeds the continuity of the GRCh38
reference genome (75 versus 56 Mb for NG50). The assembly was then
iteratively polished by a series of sequencing technologies in order of
longest to shortest read lengths: Nanopore, PacBio and linked-read
Illumina. Consensus accuracy improved from 99.46% for the initial
assembly to 99.67% after Nanopore polishing and 99.99% after PacBio
polishing. Illumina data were used only to correct small insertion and
deletionerrorsinuniquely mappable regions of the genome, which had
amarginal effect on the average accuracy but reduced the number of
frameshifted genes. Putative misassemblies were identified through
analysis of the llluminalinked-read barcodes (10X Genomics) and opti-
calmapping (Bionano Genomics) datanot used in theinitial assembly.
Theinitial contigs were broken at regions of low mapping coverage and
the corrected contigs were then ordered and oriented relative to one
another using the optical map. Over 90% of six chromosomes are repre-
sented intwo contigs and ten are represented by two scaffolds (Fig.1a).

The final assembly consists of 2.94 Gb in 448 contigs with a contig
NG50 of 70 Mb. A total of 98 scaffolds (173 contigs) were unambigu-
ously assigned to a reference chromosome, representing 98% of the
assembled bases. We estimated the median consensus accuracy of
thiswhole-genome assembly to be at least 99.99%, on the basis of both
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Fig.1| CHM13 whole-genome assembly and validation. a, Gapless contigs
areillustrated as blue and orange bars next to the chromosome ideograms
(highlighting contig breaks). Several chromosomes are broken only in
centromeric regions. Large gaps between contigs (for example, middle of chr1)
indicate sites of large heterochromatic blocks (arrays of human satellite 2and 3
inyellow) or ribosomal DNA arrays with no GRCh38 sequence. Centromeric
satellite arrays that are expected to be similar in sequence between
non-homologous chromosomes are indicated: chrl, chr5 and chr19 (green); chr4
and chr9 (light blue); chr5 and chr19 (pink); chr13 and chr21 (red); and chri4 and
chr22 (purple). b, The X chromosome was selected for manual assembly, and was
initially broken at three locations: the centromere (artificially collapsed in the
assembly), alarge segmental duplication (DMRTC1B, 120 kb), and a second
segmental duplication with a paralogue on chromosome 2 (134 kb). Gapsin the
GRCh38 reference (black) and known segmental duplications (red; paralogous to
Y, pink) are annotated. Repeats larger than 100 kb are named with the expected
size (kb) (blue, tandem repeats; red, segmental duplications). ¢, Misassembly of
the GAGE locus identified by the optical map (top), and corrected version
(bottom) showing the final assembly of 19 (9.5 kb) full-length repeat units and
two partial repeats. d, Quality of the GAGE locus before and after polishing using
unique (single-copy) markers to place long reads. Dots indicate coverage depth
(number of mapped sequencing reads overlapping each base) of the primary
(black) and secondary (red) alleles recovered from mapped PacBio HiFireads
(Supplementary Note 4). Because the CHM13 genome is effectively haploid,
regions of low coverage or increased secondary allele frequency indicate
low-quality regions or potential repeat collapses. Marker-assisted polishing
markedly improved allele uniformity across the entire GAGE locus.

previously finished BAC sequences?and mapped llluminalinked reads
(Supplementary Note 4). Although similar to the GRCh38 ungapped
length (2.95Gb), our assembly size is shorter than the estimated human
genome size of 3.2 Gb. We estimate approximately 170 Mb of collapsed
bases using the Segment Duplication Assembler (SDA) method®.
Compared to other recent assemblies, we resolved a greater fraction
of the 341 CHM13 bacterial artificial chromosome (BAC) sequences
that have previously been isolated and finished from segmentally
duplicated and other difficult-to-assemble regions of the genome'



Table 1| Assembly statistics for CHM13 and the human reference sorted by continuity

Primary technology Assembly Size(Gb)  No. of contigs NG50(Mb) BACsresolved(%) BACs %idyall BACs %idy uni
56x Illumina linked reads Supernova (this paper) 2.95 42,828 021 17.3 99.975 99.985
76x PacBio CLR FALCON (ref. *°) 2.88 1,916 28.2 36.37 99.981 99.995
24x PacBio HiFi Canu (ref. %) 3.03 5,206 291 45.46 99.979 99.997
Sanger BACs GRCh38p13 (ref.?) 3.27 1,590 56.4 85.63 99.731° 99.768°
39x Nanopore ultra-long Canu (this paper) 2.94 448 701 8211 99.980 99.994

2GRCh38 is expected to have a lower identity to BACs derived from CHM13 as it represents a different human genome.

Primary Technology: sequencing technology used for contig assembly. The PacBio CLR assembly was additionally polished using Illumina linked reads. The Nanopore ultra-long assembly

was polished with the PacBio CLR and Illumina linked reads. GRCh38 is primarily based on Sanger-sequenced BACs, but has been continually curated and patched since the completion of

the human genome project. Assembly: assembler used and reference to the published assembly. Size: sum of bases in the assembly in Gb including N-bases. GRCh38 assembly size includes
110 Mb of alternative (ALT) sequences. No. of contigs: total number of contigs in the assembly; scaffolds were split at three consecutive N-bases to obtain contigs. NG50: half of the 3.09-Gb
human genome size contained in contigs of this length or greater in Mb. Supernova NG50 statistics were identical between the two reported pseudo-haplotypes. BACs resolved (%): percentage
of 341 ‘challenging’ CHM13 BACs found intact in the assembly. BACs unresolved by the best CHM13 assembly either map across multiple contigs or map to a single contig with large structural
variation, indicating an error in either the BAC or whole-genome assembly. BACs %idy all: median alignment accuracy versus all validation BACs. BACs %idy uni: median alignment accuracy
versus the 31 validation BACs that occur outside of segmental duplications (Supplementary Note 4).

(Table 1, Supplementary Note 4). Comparative annotation of our
whole-genome assembly also shows a higher agreement of mapped
transcripts than previous assemblies and only a slightly increased
rate of potential frameshifts compared to GRCh38%, Of the 19,618
protein-coding genes annotated in the CHM13 de novo assembly,
just 170 (0.86%) contain a predicted frameshift, or, if measured by
transcripts, only 334 of 83,332 transcripts (0.40%) contain a predicted
frameshift (Supplementary Table1). When used as areference sequence
for calling structural variants in other genomes, CHM13 reports an
evenbalance ofinsertion and deletion calls (Extended Data Fig. 3, Sup-
plementary Note 5), as expected, whereas GRCh38 demonstrates a
deletion bias, as previously reported*. Compared to other long-read
assemblies, GRCh38 calls twice as many inversions as CHM13 (mean 26
versus 13 inversions per genome), suggesting that some misoriented
sequences remain in the current human reference (Supplementary
Note 5). Of these inversions, 19 are specific to GRCh38 and not found
in Srecently assembled long-read human genomes (Supplementary
Table 5). We identified telomeric sequences within the assembly and
the reads (Extended Data Fig. 4, Supplementary Note 4), which were
highly concordantin telomeresize, and our assembly includes 41 0f 46
expected telomeres at contig ends. Thus, in terms of continuity, com-
pleteness and correctness, our CHM13 assembly exceeds all previous
human de novo assemblies—including the current human reference
genome, by some quality metrics (Supplementary Table 2).

A finished human X chromosome

Using this whole-genome assembly as a basis, we selected the X chromo-
some for manual finishing and validation, owing toits high continuity
intheinitial assembly; distinctive and well-characterized centromeric
alphasatellite array**%; unique behaviour during development®; and
disproportionate involvement in Mendelian disease®. The de novo
assembly of the X chromosome was broken in three places: at the
centromere and at two near-identical segmental duplications of greater
than 100 kb (Fig. 1b). The two segmental duplications breaking the
assembly were manually resolved by identifying ultra-long reads that
completely spanned the repeats and were uniquely anchored on either
side, thus allowing for a confident placementin the assembly. Improve-
ments of assembly quality for these difficult regions were evaluated
by mapping an orthogonal set of PacBio high-fidelity (HiFi) long reads
generated from CHM13* and assessing read depth over informative
single-nucleotide-variant differences (Methods). In addition, experi-
mental validation using droplet digital PCR (ddPCR) confirmed that the
now-complete assembly correctly represents the tandem repeats of the
CHM13 genome, including seven CT47 genes (7.02 +0.34 (mean+s.d.)),
six CT45 genes (6.11+ 0.38), 19 complete and two partial GAGE genes

(19.9 £ 0.745), 55 DXZ4 repeats (55.4 £ 2.09) and a 3.1-Mb centromeric
DXZ1array (1,408 +40.69 2,057-bp repeats) (Supplementary Note 6).
Previous high-resolution studies of the haploid centromeric satellite
array onthe X chromosome (DXZ1) have informed our present genomic
models of human centromere organization®. The X centromere, as
with all normal human centromeres, is defined at the sequence level
by alpha satellite DNA—an AT-rich (around 171 bp) tandem repeat, or
‘monomer’”. The canonical repeat of the DXZ1 array is defined by 12
divergent monomers that are ordered to form a larger repeating unit
ofaround 2 kb, whichisknown asa ‘higher-order repeat’ (HOR)***. The
HORs are tandemly arranged into a large, multi-megabase-sized satel-
litearray (thatis, 2.2-3.7 Mb; mean of 3,010 kb (s.d. =429, n=49))® with
limited nucleotide differences between repeat copies®*°*, These previ-
ous assessments were used to guide our evaluation of the DXZ1 assem-
bly, and offered established experimental methods to evaluate the
structure of the DXZ1 array?**? (Extended Data Fig. 5a). To assem-
ble the X centromere, we constructed a catalogue of structural and
single-nucleotide variants within the canonical DXZ1 repeat unit
(around 2 kb)?®** and used these variants as signposts® to uniquely
tile ultra-long reads across the entire centromeric satellite array
(DXZ1) (Extended DataFig. 5b—e), as was previously done for the Y cen-
tromere®. The DXZ1 array was estimated by pulsed-field gel electro-
phoresis (PFGE) Southern blotting to be in the range of approximately
2.8-3.1Mb (Fig. 2b, Extended DataFig. 6), inwhich the resulting restric-
tionprofiles wereinagreementwith the structure of the predicted array
assembly (Fig. 2 a, b). Copy-number estimates of the DXZ1 repeat by
ddPCR were benchmarked against a panel of previously sized arrays by
PFGE Southern blotting, and provided further support for an array of
around 2.8 Mb (1,408 + 81.38) copies of the canonical 2,057-kb repeat)
(Fig.2c, Supplementary Table 3, Supplementary Note 7). Furthermore,
direct comparisons of DXZ1structural-variant frequency with PacBio
HiFi data were highly concordant® (Fig. 2d, Extended Data Fig. 5¢).
Current long-read assemblies require rigorous consensus polish-
ing to achieve maximum base call accuracy®?. Given the placement
of eachread in the assembly, these polishing tools statistically model
the underlying signal data to make accurate predictions for each
sequenced base. Key to this process is the correct placement of each
read that will contribute to the polishing. Owing to ambiguous read
mappings, ourinitial polishing attempts decreased the assembly qual-
ity within the largest X-chromosome repeats (Extended DataFig. 7a, b).
To overcome this, we analysed Illumina sequencing data to catalogue
short (21 bp), unique (single-copy) sequences that are present on the
CHM13 X chromosome (Extended Data Fig. 8a). Even within the larg-
est repeat arrays, such as DXZ1, there was enough variation between
repeat copiestoinduce unique 21-mer markers at semi-regular intervals
(Fig. 2e, f, Extended Data Fig. 8c). These markers were used to inform
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Fig. 2| Validated structure of the 3.1-MB CHM13 X-centromere array. a, Top,
the array, with approximately 2-kb repeat units labelled by vertical bands (grey is
the canonical unit; coloured are structural variants). A single LINE/L1Hs insertion
inthe array is marked by an arrowhead. Bottom, a predicted restriction map for
enzyme Bgll, with dashed lines indicating regions outside of the DXZ1array.

A minimum tiling path was reconstructed for illustration purposes and was not
the mechanism forinitial assembly (Extended Data Fig. 5b). b, Experimental PFGE
Southernblotting for a Bgll digest in duplicate (band sizing indicated by triangles;
Bgll, 2.87 Mb + 0.16), that matches the in silico predicted band patterns (a) for the
CHM13 array (experimentally repeated six times with similar results). ¢, Array size
estimates were provided using ddPCR (performed intriplicate; mean +s.d.)
optimized against PFGE Southern blots (HAP1, n=6;T6012,n=4;LT690,n=7;
CHM13, n=13).d, Catalogue of 33 DXZ1 structural variants identified relative to
the 2,057-bp canonical repeat unit (grey), along with the number of instances
observed, frequency in the array, number of alpha satellite monomers and size.
INS, insertion (that is, the 8.1-kb inserted LINE/L1Hs). e, Coverage depth of
mapped (grey) and uniquely anchored (black) nanopore reads to the DXZ1 array.
Marker-assisted polishing (bottom) improves coverage uniformity versus

the unpolished (top) assembly. Single-copy, unique markers are shown as
vertical green bands, with adecreased but non-zero density across the array.

f, Distributions show the spacing between adjacent unique markers on
chromosome X and DXZ1. On average, unique markers are found every 66 bases
onchromosome X, but only every 2.3 kb in DXZ1, with the longest gap between
any two adjacent markers being 42 kb.

the correct placement of long X-chromosome reads within the assembly
(Methods). Two rounds of iterative polishing were performed for each
technology; first with Oxford Nanopore, then PacBio and finally Illu-
mina linked reads¥, and the consensus accuracy increased after each
round. The Illumina data were too short to confidently anchor using
unique markers and were only used to polish the unique regions for
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which mappings were unambiguous. This careful polishing process
proved critical for accurately finishing X-chromosome repeats that
exceeded both Nanopore and PacBio read lengths.

Our manually finished X-chromosome assembly is complete, gap-
less and estimated to be 99.991% accurate on the basis of X-specific
BACs or 99.995% accurate on the basis of the mapped Illumina data.
There is unambiguous support for 99.9% of the assembly bases
(Supplementary Note 4), which meets the original Bermuda Standards
for finished genomic sequences?®. Accuracy is predicted to be slightly
lower (median identity 99.3%) across the largest repeats, such as the
DXZ1satellite array, but thisis difficult to measure owing toalack of BAC
clones fromthese regions. Mapped long-read and optical-mapping data
show uniform coverage across the completed X chromosome and no
evidence of structural errorsinregions that could be mapped (Fig. 2e,
Extended Data Fig. 8b, c, Supplementary Note 4), and Strand-seq
data confirm the absence of any inversion errors**°(Extended Data
Fig. 8d, e). Single-nucleotide-variant calling through long-read map-
ping revealed that the initial assembly quality was lower in the large,
tandemly repeated GAGE and CT47 gene families, but these issues were
resolved by polishing and validated through ultra-long-read mapping
and optical mapping (Fig. 1c, d, Extended DataFig. 7c-j, Supplementary
Table 4). Mapped long-read coverage across the DXZ1 array shows
uniform depth of coverage and high accuracy, as measured by Tandem-
QUAST* (Fig. 2 e, f, Extended Data Figs. 7j, 8 ¢). We identified all HiFi
reads that match the DXZ1 repeat. All reads—except one with alarge,
probably erroneous homopolymer—were explained by our reconstruc-
tion, confirming the completeness of the DXZ1array. Mapped coverage
across the entire X chromosome was uniform, with coverage of only a
small percentage of bases being more than three standard deviations
from the mean (0.44% Nanopore, 0.77% PacBio continuous long reads
(CLR), 2.4% HiFi). Low-coverage HiFiregions were enriched for low
unique-marker density, making them difficult to assign owing to their
relatively shortlength (Supplementary Note 4). Furthermore, variant
callingidentified no high-frequency variants from the HiFi or CLR data
and only low-complexity variants from the ultra-long-read data, which
are likely to represent errors in the ultra-long-read data rather than
true assembly error. Our complete telomere-to-telomere version of
the X chromosome fully resolved 29 reference gaps?, totalling 1,147,861
bp of previous ambiguous bases (N-bases).

Chromosome-wide DNA methylation maps

Nanopore sequencingis sensitive to methylated bases, as revealed by
modulationin the raw electrical signal*. Precisely anchored ultra-long
reads provide a new method to profile patterns of methylation over
repetitive regions that are often difficult to detect with short-read
sequencing. The X chromosome has many epigenomic features that
areuniqueinthe human genome. X-chromosome inactivation,inwhich
oneof the female X chromosomesis silenced early in development and
remains inactive in somatic tissues, is expected to provide a unique
methylation profile chromosome-wide. In agreement with previous
studies*®, we observe decreased methylation across the majority of
the pseudoautosomal regions (PAR1and PAR2) located at both tips of
the X-chromosome arms (Fig. 3a). The inactive X chromosome also
adoptsanunusual spatial conformation and, consistent with previous
studies***, CHM13 chromosome conformation capture (Hi-C) data sup-
porttwo large superdomains partitioned at the macrosatellite repeat
DXZ4 (Extended Data Fig. 9). On closer analysis of the DXZ4 array we
found distinct bands of methylation (Fig. 3¢), with hypomethylation
observed at the distal edge, which is generally concordant with previ-
ously described chromatin structure*®. Notably, we also identified a
region of decreased methylation within the DXZ1 centromeric array
(around 60 kb, chrX: 59,217,708-59,279,205) (Fig. 3b). To test whether
this finding was specific to the X array or also found at other centro-
meric satellites, we manually assembled a centromericarray of around



PAR1

DXZz1

DXZ4

R0 N | -
- b~ - __ e

| .
==
P —

a - _ T - -
chrX: 1,563-2,600,000 chrX: 59,213,083-59,306,271 . =
chrX: 113,868,842-114,116,851
£ 20 P <
g, 15 g 10 S
o °
g " 3 s i
o 5 3 3
c o o«
' ) o] os
c 0 ool ah .
S ors W ‘ w‘ I §° 5§
e | ! 0 =]
Z oso! b il W >0, S os0
£ Ml W E :
LMLl iH
oasi|! MY (! e 3»1 | g
500 3,000 1,500 2,000 kb) 58,000 69,000 60,000 (ko) 0113,850° 118,300 113,950 114000 114,050 114,100 (ko)
SO S 0O
2 » @ °® o N RIS o D o N S} N Q
© S & N SIS Vol oF o oV W ¥ L KL & NN \al & &
O R ) D7 7 DT O &V & \,b‘:b \{b‘? \{b‘p \Q’Q; ¥ \\bs \\b \‘x‘e N \\bg W
N " . "

Fig. 3| Chromosome-wide analysis of CpG methylation. Methylation estimates
were calculated by smoothing methylation frequency data with awindow

size of 500 nucleotides. Coverage depth and high quality methylation calls
(llog-likelihood| > 2.5) for PAR1, DXZ1and DXZ4 are shown as insets. Only reads
witha confident unique anchor mapping and the presence of at least one
high-quality methylation call were considered. a, Nanopore coverage and
methylation calls for pseudoautosomal region 1 (PAR1) of chromosome X
(1,563-2,600,000). Bottom Integrated Genomics Viewer (IGV) inset shows a

2.02Mb on chromosome 8 (D8Z2)**8 and used the same unique-marker
mapping strategy to confidently anchor long reads across the array
(G.A.L. et al.,, manuscript in preparation). In doing so, we identified
another hypomethylated region within the D8Z2 array, similar to our
observationonthe DXZ1array (Extended DataFig.10)—which further
demonstrates the capability of our ultra-long-read mapping strategy
to provide base-level chromosome-wide DNA methylation maps. Stud-
ieswillbe needed to validate this finding for additional chromosomes
and samples, and to evaluate the potentialimportance, if any, of these
methylation patterns.

A pathfor finishing the human genome

This complete telomere-to-telomere assembly of ahuman chromosome
demonstrates that it may now be possible to finish the entire human
genome using available technologies. Although we have focused here
onfinishing the X chromosome, our whole-genome assembly has recon-
structed several other chromosomes with only a few remaining gaps,
and can serve as the basis for completing additional chromosomes.
However, there are still a number of challenges to be overcome. For
example, applying these approaches to diploid samples will require
phasing the underlying haplotypes to avoid mixing regions of com-
plex structural variation. Our preliminary analysis of other chromo-
somes shows that regions of duplication and centromeric satellites
larger than that of the X chromosome will require the development of
additional methods®. This is especially true of the acrocentric human
chromosomes, the massive satellite arrays and segmental duplications
of which have yet to be resolved at the sequence level. In addition,
Fig.1highlights the centromericsatellite arrays that are expected tobe
similar in sequence between non-homologous chromosomes.
Arrays such as these will need to be phased both between and within
chromosomes.

Finishing the human genome will proceed as these remaining chal-
lenges are met, beginning with the comparatively easier-to-assemble
chromosomes (for example, 3, 6, 8,10, 11,12,17,18 and 20), and even-
tually concluding with the chromosomes that contain large blocks of
classical humansatellites (1,9 and 16) and the acrocentric chromosomes

region of hypomethylation within PAR1 (770,545-801,293) with unmethylated
basesin blue and methylated bases in red. b, Methylation in the DXZ1array, with
bottom IGV inset showing an approximately 93-kb region of hypomethylation
near the centromere of chromosome X (59,213,083-59,306,271). ¢, Vertical black
dashed linesindicate the beginning and end coordinates of the DXZ4 array. Left
IGVinset shows a methylated region of DXZ4 in chromosome X (113,870,751~
113,901,499); right IGV inset shows a transition from a methylated to an
unmethylated region of DXZ4 (114,015,971-114,077,699).

(13,14, 15,21 and 22). In the near term, reference gaps closed in the
CHM13 genome will be integrated into GRCh38 using the existing
‘patch’ infrastructure of the GRC. Once all CHM13 chromosomes are
completed, we planto provide these to the GRC as the basis for anew,
entirely gapless, reference genome release, which would probably be
amosaic of the current reference with CHM13 sequence in the most
difficult regions. Efforts to finally complete the GRC human reference
genome will help to advance the necessary technology towards our
ultimate goal of complete, telomere-to-telomere, diploid assemblies
for all human genomes.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Cell culture

Cells from the complete hydatidiform mole CHM13 were originally
cultured from one case of a hydatidiform mole at Magee-Womens
Hospital (Pittsburgh) as part of a research study that occurred in the
early 2000s (IRB MWH-20-054). At that time, the CHM13 cells were
cultured, karyotyped using Q banding, and subsequently immortalized
using human telomerase reverse transcriptase (hTERT). For this study,
cryopreserved CHM13 cells were thawed and cultured in complete
AmnioMax C-100 Basal Medium (Thermo Fisher Scientific) supple-
mented with 1% penicillin-streptomycin (Thermo Fisher Scientific)
and grown in a humidity-controlled environment at 37 °C, with 95%
0, and 5% CO,. Fresh medium was exchanged every three days and all
cells used for this study did not exceed passage 10. Cells have been
authenticated and tested negative for mycoplasma contamination.

Karyotyping

Metaphase slide preparations were made from the human hydatidiform
mole cellline CHM13, and prepared by astandard air-drying technique
as previously described™. DAPI banding techniques were performed
to identify structural and numerical chromosome aberrations in the
karyotypes according to the ISCN*2, Karyotypes were analysed using
aZeiss M2 fluorescence microscope and Applied Spectral Imaging
software (Supplementary Note 1).

DNA extraction, library preparation and sequencing

High-molecular-weight DNA was extracted from 5 x 10" CHM13 cells
using amodified Sambrook and Russell protocol**, Libraries were con-
structed using the Rapid Sequencing Kit (SQK-RAD004) from Oxford
Nanopore Technologies with15 pg of DNA. Theinitial reaction was typi-
cally divided into thirds for loading and FRA buffer (104 mM Tris pH 8.0,
233 mM NaCl) was added to bring the volume to 21 ul. These reactions
wereincubated at4 °Cfor 48 h to allow the buffers to equilibrate before
loading. Most sequencing was performed on the Nanopore GridION
with FLO-MIN106 or FLO-MIN106D R9 flow cells, with the exception
of one Flongle flow cell used for testing. Sequencing reads used in the
initial assembly were first base-called on the sequencing instrument.
Afterall datawere collected, the reads were base-called again using the
morerecent Guppy algorithm (v.2.3.1with the ‘flip-flop’model enabled).

A 10X Genomics linked-read genomic library was prepared from
1ng of high-molecular-weight genomic DNA using a 10X Genomics
Chromium device and Chromium Reagent Kit v.2 according to the
manufacturer’s protocol. The library was sequenced on an lllumina
NovaSeq 6000 DNA sequencer on an S4 flow cell, generating 586 mil-
lion paired-end 151-base reads. The raw data were processed using RTA
3.3.3andbwa 0.7.12**. The resulting molecule size was calculated to be
130.6 kb from a Supernova® assembly.

DNAwas prepared using the ‘Bionano Prep Cell Culture DNAIsolation
Protocol’. After cells were collected, they were put through a num-
ber of washes before embedding in agarose. A proteinase K digestion
was performed, followed by additional washes and agarose digestion.
The DNA was assessed for quantity and quality using a Qubit dsDNA
BR Assay kit and CHEF gel. A 750-ng aliquot of DNA was labelled and
stained following the Bionano Prep Direct Label and Stain (DLS) pro-
tocol. Once stained, the DNA was quantified using a Qubit dsDNA HS
Assay kit and run on the Saphyr chip.

Hi-C libraries were generated, in replicate, by Arima Genom-
ics using four restriction enzymes. After the modified chromatin
digestion, digested ends were labelled, proximally ligated, and then

proximally ligated DNA was purified. After the Arima-HiC proto-
col, lllumina-compatible sequencing libraries were prepared by
first shearing then size-selecting DNA fragments using SPRI beads.
The size-selected fragments containing ligation junctions were
enriched using Enrichment Beads provided in the Arima-HiC kit, and
converted into lllumina-compatible sequencing libraries using the
Swift Accel-NGS 2S Plus kit (P/N: 21024) reagents. After adaptor liga-
tion, DNA was PCR-amplified and purified using SPRI beads. The puri-
fied DNA underwent standard quality control (QPCR and Bioanalyzer)
and was sequenced on the HiSeq X following the manufacturer’s
protocols.

Nanopore and PacBio whole-genome assembly

Canuv.1.7.1*was runwith all rell Oxford Nanopore data (on-instrument
basecaller, rell) generated on or before 7 November 2018 (totalling
39x coverage) and PacBio sequences (Sequence Read Archive (SRA):
PRJNA269593) generated in 2014 and 2015 (totalling 70x coverage)>*°.
Several chromosomesin the assembly are broken only at centromeric
regions (for example, chr10, chr12, chrl8 and so on) (Fig. 1). Despite
apparent continuity across several centromeres, (for example, chr8,
chrlland chrX), the assembler reported many fewer than the expected
number of repeat copies.

Manual gap closure

Gapsonthe X chromosome were closed by mapping all reads against the
assembly and manually identifying reads joining contigs that were not
includedinthe automated Canu assembly. This generated aninitial can-
didate chromosome assembly, with the exception of the centromere.
Four regions of the candidate assembly were found to be structur-
ally inconsistent with the Bionano optical map and were corrected by
manually selecting reads from those regions and locally reassembling
with Canu® and Flye v.2.4%. Low-coverage long reads that confidently
spanned the entire repeat region were used to guide and evaluate the
final assembly where available. Evaluation of copy number and repeat
organization between the reassembled version and spanning reads
was performed using HMMER (v.3)*** trained on a specific tandem
repeat unit, and the reported structures were manually compared.
Default parameters for Minimap2®° resulted in uneven coverage and
polishing accuracy over tandemly repeated sequences. This was suc-
cessfully addressed by increasing the Minimap2 -r parameter from 500
t010,000 and increasing the maximum number of reported second-
ary alignments (-N) from 5 to 50. Final evaluation of repeat base-level
quality was determined by mapping of PacBio datasets (CLR and HiFi)
(Extended DataFig. 7, Supplementary Note 4).

Thealphasatellitearray in the X centromere, owing to its availability
as ahaploid array in male genomes, is one of the best-studied centro-
meric regions at the genomic level, with a well-defined 2-kb repeat
unit®, physical and genetic maps®*° and an expected range of array
lengths®. We initially generated a database of alpha satellite containing
ultra-long reads, by labelling those reads with at least one complete
consensus sequence® of a171-bp canonical repeat inboth orientations,
as previously described®. Reads containing alphain the reverse orien-
tation were reverse-complemented, and screened with HMMER (v.3)
using a2,057-bp DXZ1repeat unit. We then used run-length encoding
inwhich runs of the 2,057-bp canonical repeat (defined as any repeat
inthe range of minimum: 1,957 bp, maximum: 2,157 bp) were stored as
asingle datavalue and count, rather than the original run. This allowed
us to redefine all reads as a series of variants, or repeats, that differ in
size or structure from the expected canonical repeat unit, with a defined
spacing in between. Identified CHM13 DXZ1 structural variants in the
ultra-long-read datawere compared to alibrary of previously charac-
terized rearrangements in published PacBio (CLR* and HiFi*?) using
Alpha-CENTAURI, as described®’. Output annotation of structural vari-
ants and canonical DXZ1spacing for each read were manually clustered
togenerate sixinitial contigs, two of which areknown to anchorintothe
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adjacent Xp or Xq. To define the order and overlap between contigs, we
identified all 21-mers that had an exact match within the high-quality
DXZ1array dataobtained from CRISPR-Cas9 Duplex-seq (CRISPR-DS)
targeted resequencing® (Supplementary Note 8). Overlap between
the two or more 21-mers with equal spacing guided the organization
ofthe assembly. Orthogonal validation of the spacing between contigs
(and contig structure) was supported with additional ultra-long read
coverage, providing high-confidence in repeat unit counts for all but
three regions.

Chromosome Xlong-read polishing

We used a novel mapping pipeline to place reads within repeats using
unique markers. Length k substrings (k-mers) were collected from
the lllumina linked reads, after trimming off the barcodes (the first
23 bases of the first read in a pair). The read was placed in the loca-
tion of the assembly that had the most unique markers in common
with the read. Alignments were further filtered to exclude short and
low-identity alignments. This process was repeated after each polish-
ing round, with new unique markers and alignments recomputed after
eachround. Polishing proceeded with one round of Racon followed by
two rounds of Nanopolish and two rounds of Arrow. Post-polishing, all
previously flagged low-quality loci showed substantialimprovement,
with the exception of 139-140.3 which stillhad a coverage drop and was
replaced with an alternate patch assembly generated by Canu using
PacBio HiFidata.

Whole-genome long-read polishing

The rest of the whole-genome assembly was polished similarly to the
X chromosome, but without the use of unique k-mer anchoring. Instead,
two rounds of Nanopolish, followed by two rounds of Arrow, were run
using the above parameters, which rely on the mapping quality and
length and identity thresholds to determine the best placements of the
long reads. As no concerted effort was made to correctly assemble the
large satellite arrays on chromosomes other than the X chromosome,
this default polishing method was deemed sufficient for the remainder
of the genome. However, future efforts to complete these remaining
chromosomes are expected to benefit from the unique k-mer anchor-
ing mapping approach.

Whole-genome short-read polishing

The llluminalinked reads were used for a final polishing of the whole
assembly, including the X chromosome, but using only unambigu-
ous mappings and correcting only smallinsertion and deletion errors
(Supplementary Note 4).

Methylation analysis

To measure CpG methylationinnanopore datawe used Nanopolish®.
Nanopolish uses a Hidden Markov model on the nanopore current
signal to distinguish 5-methylcytosine from unmethylated cytosine.
The methylation caller generates alog-likelihood value for the ratio of
probability of methylated to unmethylated CGs at a specific k-mer. We
next filtered methylation calls using the nanopore_methylation_utili-
tiestool (https://github.com/isaclee/nanopore-methylation-utilities),
which uses alog-likelihood ratio of 2.5 as a threshold for calling meth-
ylation®*. CpG sites with log-likelihood ratios greater than 2.5 (methyl-
ated) or less than -2.5 (unmethylated) are considered high quality and
includedinthe analysis. Reads that did not have any high-quality CpG
siteswere excluded from the subsequent methylation analysis. Figure 3
shows the coverage of reads with at least one high quality CpG site.
Nanopore_methylation_utilities integrates methylation information
into the alignment BAM file for viewing in the bisulfite mode in IGV®
and also creates Bismark-style files which we then analysed with the R
Bioconductor package BSseq (v.1.20.0)%. We used the BSmooth algo-
rithm®® within the BSseq package for smoothing the data to estimate
the methylation level at specific regions of interest.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Original data generated at the Stowers Institute for Medical Research
thatunderlie this manuscript can be accessed from the Stowers Original
Data Repository at http://www.stowers.org/research/publications/
libpb-1453. Genome assemblies and sequencing data including raw
signal files (FASTS), event-level data (FASTS5), base calls (FASTQ) and
alignments (BAM/CRAM) are available as an Amazon Web Services
Open Data set. Instructions for accessing the data, as well as future
updatesto the raw dataand assembly, are available from https://github.
com/nanopore-wgs-consortium/chm13. Alldata are also archived and
available under NCBI BioProject accession PRINA559484, including
the whole-genome assembly (GCA_009914755.1) and completed X
chromosome (CM020874.1).

Code availability

No custom code was used for the analysis in this manuscript. All used
software is freely available: Canu, https://github.com/marbl/canu;
BWA, https://github.com/Ih3/bwa; Minimap2, https://github.com/lIh3/
minimap2; Arrow, https://github.com/PacificBiosciences/Genomic-
Consensus; Nanopolish, https://github.com/jts/nanopolish; HMMER,
http://hmmer.org; Supernova, https://support.10xgenomics.com;
Long Ranger, https://support.10xgenomics.com; Juicer & Juicebox,
https://github.com/aidenlab/Juicebox; Flye, https://github.com/
fenderglass/Flye; Bioconductor, https://github.com/Bioconductor;
Samtools, http://samtools.github.io; Freebayes, https://github.com/
ekg/freebayes; MUMmer, http://mummer.sourceforge.net; CRISPR-DS,
https://github.com/risqueslab.

51. Dutra, A.S., Mignot, E. & Puck, J. M. Gene localization and syntenic mapping by FISH in
the dog. Cytogenet. Cell Genet. 74, 113-117 (1996).

52. Willatt, L., Morgan, S. M., Shaffer, L. G., Slovak, M. L. & Campbell, L. J. ISCN 2009 an
international system for human cytogenetic nomenclature. Hum. Genet. 126, 603 (2009).

53. Quick, J. Ultra-long read sequencing protocol for RADO04 V.3. protocols.io https://doi.
org/10.17504/protocols.io.mrxc57n (2018).

54. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 25, 1754-1760 (2009).

55. Weisenfeld, N. I., Kumar, V., Shah, P., Church, D. M. & Jaffe, D. B. Direct determination of
diploid genome sequences. Genome Res. 27, 757-767 (2017).

56. Huddleston, J. et al. Discovery and genotyping of structural variation from long-read
haploid genome sequence data. Genome Res. 27, 677-685 (2017).

57.  Kolmogorov, M., Yuan, J., Lin, Y. & Pevzner, P. A. Assembly of long, error-prone reads using
repeat graphs. Nat. Biotechnol. 37, 540-546 (2019).

58. Bateman, A. et al. Pfam 3.1: 1313 multiple alignments and profile HMMs match the
maijority of proteins. Nucleic Acids Res. 27, 260-262 (1999).

59. Eddy, S. R. A new generation of homology search tools based on probabilistic inference.
Genome Inform. 23, 205-211 (2009).

60. Li, H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34,
3094-3100 (2018).

61.  Sevim, V., Bashir, A., Chin, C.-S. & Miga, K. H. Alpha-CENTAURI: assessing novel centromeric
repeat sequence variation with long read sequencing. Bioinformatics 32, 1921-1924 (2016).

62. Nachmanson, D. et al. Targeted genome fragmentation with CRISPR/Cas9 enables fast
and efficient enrichment of small genomic regions and ultra-accurate sequencing with
low DNA input (CRISPR-DS). Genome Res. 28, 1589-1599 (2018).

63. Simpson, J. T. et al. Detecting DNA cytosine methylation using nanopore sequencing.
Nat. Methods 14, 407-410 (2017).

64. Lee, |. et al. Simultaneous profiling of chromatin accessibility and methylation on human
cell lines with nanopore sequencing. Preprint at bioRxiv https://doi.org/10.1101/504993
(2019).

65. Robinson, J. T. et al. Integrative genomics viewer. Nat. Biotechnol. 29, 24-26 (2011).

66. Hansen, K. D., Langmead, B. & Irizarry, R. A. BSmooth: from whole genome bisulfite
sequencing reads to differentially methylated regions. Genome Biol. 13, R83 (2012).

67. Sullivan, L. L., Boivin, C. D., Mravinac, B., Song, I. Y. & Sullivan, B. A. Genomic size of
CENP-A domain is proportional to total alpha satellite array size at human centromeres
and expands in cancer cells. Chromosome Res. 19, 457-470 (2011).

Acknowledgements We acknowledge conversations with |. Lee on methylation analysis and a
review of the manuscript by H. F. Willard. Funding support: NIH/NHGRI R21 IR2IHG010548-01


https://github.com/isaclee/nanopore-methylation-utilities
http://www.stowers.org/research/publications/libpb-1453
http://www.stowers.org/research/publications/libpb-1453
https://github.com/nanopore-wgs-consortium/chm13
https://github.com/nanopore-wgs-consortium/chm13
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA559484
https://github.com/marbl/canu
https://github.com/lh3/bwa
https://github.com/lh3/minimap2
https://github.com/lh3/minimap2
https://github.com/PacificBiosciences/GenomicConsensus
https://github.com/PacificBiosciences/GenomicConsensus
https://github.com/jts/nanopolish
http://hmmer.org
https://support.10xgenomics.com
https://support.10xgenomics.com
https://github.com/aidenlab/Juicebox
https://github.com/fenderglass/Flye
https://github.com/fenderglass/Flye
https://github.com/Bioconductor
http://samtools.github.io
https://github.com/ekg/freebayes
https://github.com/ekg/freebayes
http://mummer.sourceforge.net
https://github.com/risqueslab
https://doi.org/10.17504/protocols.io.mrxc57n
https://doi.org/10.17504/protocols.io.mrxc57n
https://doi.org/10.1101/504993

and NIH/NHGRI UO11UOTHGO010971 (K.H.M.); Intramural Research Program of the National
Human Genome Research Institute, National Institutes of Health (S.K., A.R., V.M., A.D., G.G.B.,
A.M.C.,N.F.H., AY., J.C.M. and A.M.P.); Korea Health Technology R&D Project through the Korea
Health Industry Development Institute HI17C2098 (A.R.); Intramural Research Program of the
National Library of Medicine, National Institutes of Health (V.A.S. and FT.-N.); Common Fund,
Office of the Director, NIH (V.M.); Stowers Institute for Medical Research (E.H., T.P.and J.L.G.);
NIH RO1 GM124041 (B.A.S.); NIH HG002385 and HGO10169 (E.E.E.); E.E.E. is an investigator of
the Howard Hughes Medical Institute; National Library of Medicine Big Data Training Grant for
Genomics and Neuroscience 5T32LM012419-04 (M.RV.); NIH 1F32GM134558-01 (G.A.L.);
NIH/NHGRI U54 1U54HG007990, W. M. Keck Foundation DT06172015, NIH/NHLBI UO1
1U01HL137183 and NIH/NHGRI/EMBL 2U41HG007234 (B.P.); NIH/NHGRI RO1 HG0O09190 and
NIGMS T32 GM007445 (WT. and A.G.); NIH RO1CA181308 (R.R.); NIH/NHGRI 2R44HG008118
(A.D.S. and S.S.); Wellcome Trust (212965/Z/18/Z) (N.H., N.J.L. and M.L.); and National Institute
for Health Research (NIHR) Surgical Reconstruction and Microbiology Research Centre
(SRMRC) (J.Q.). The views expressed are those of the author(s) and not necessarily those of the
NIHR or the Department of Health and Social Care. This work used the computational
resources of the NIH HPC Biowulf cluster (https://hpc.nih.gov).

Author contributions S.B., G.A.L., KT, V.M., GG.B., MY.D.,D.C.S., R.S., GK.,N.H., M.L., AY.,
J.C.M. and E.E.E. performed CHM13 nanopore sequencing, cell line preparation and primary
data analysis. AY. and J.C.M. generated 10X whole-genome sequencing and assembly. B.A.S.
performed PFGE Southern blotting array size analysis. M.K., CM., R.F., TA.G.L.and |.H.
generated Bionano data and performed data analysis. J.F. and R.R. performed CRISPE-DS
analysis. E.H., T.P. and J.L.G. performed ddPCR and SKY analysis. E.P., A.D., E.H., T.P.and J.L.G.
performed CMH13 cell line karyotyping. A.B.W. and E.E.E. performed the admixture analysis.
K.H.M. performed repeat characterization and satellite DNA assembly. K.H.M., S.K., M.RV.,
A.M.C. and A.M.P. performed automated and manual assembly. K.H.M., SK., AR, M.RV.,

G.A.L,D.P, JW,WC., K.H., E.E.E. and A.M.P. performed assembly curation and validation.
S.K., A.R. and A.M.P. performed marker-based assembly polishing. A.G. and WT. performed
methylation analysis. A.B. and P.A.P. generated automated satellite DNA assemblies. A.D.S.,
J.-M.B. and S.S. performed Hi-C CHM13 sequencing. A.R. performed Hi-C analysis. N.F.H.
performed structural variant analysis. J.A. and B.P. performed annotation analysis. V.A.S. and
FT.-N. performed alignment versus RefSeq, repeat characterization and frameshift analysis.
U.S. provided access to critical resources. J.Q. developed the initial ultra-long-read protocol
and updated to current chemistry. N.J.L. provided an Amazon Web Services (AWS) account
and coordinated data sharing. K.H.M., S.K., A.R., M.RV. and A.M.P. developed figures. K.H.M.
and A.M.P. coordinated the project. K.H.M., S.K. and A.M.P. drafted the manuscript. All authors
read and approved the final manuscript.

Competing interests E.E.E. is on the scientific advisory board of DNAnexus. K.H.M., S.K. and
WT. have received travel funds to speak at symposia organized by Oxford Nanopore. W.T.
has two patents licensed to Oxford Nanopore (US patent 8,748,091 and US patent
8,394,584). A.D.S., J.-M.B. and S.S. are employees of Arima Genomics. R.R. shares equity in
NanoString Technologies and is the principal investigator on an NIH SBIR subcontract
research agreement with TwinStrand Biosciences. All other authors have no competing
interests to declare.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41586-020-
2547-7.

Correspondence and requests for materials should be addressed to K.H.M. or A.M.P.

Peer review information Nature thanks Tomi Pastinen, Steven Salzberg and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://hpc.nih.gov
https://doi.org/10.1038/s41586-020-2547-7
https://doi.org/10.1038/s41586-020-2547-7
http://www.nature.com/reprints

Article

a. b.

Spectral
image

<

s
T_E e
S=m TS
=m=RT
Nav>
SxeT
—c
=>c
=c

D>
=
Croet o
-
>
>
&0
-~ £
L=
=
et
.:2‘

LS
® ey

s
o

.
-~
R
o~ 7
o

_ 8

m::
>¢
33

a8 44 an A8 #0

20 21 22 ¥
Extended Data Fig.1| Spectral karyotyping analysis of CHM13 confirmed a from one of ten spreads analysed, all ten reported had similar results. Scale bar,
normal 46,XX karyotype. a, Chromosomes and karyotype of CHM13 cell line at 10 pum. b, CHM13 G-banding karyotype. A total of 20 CHM13 metaphase spreads
passage 10. Mitotic metaphase spreads were prepared from cells treated with were independently characterized and all showed a similar normal 46, XX female

colcemid and processed as detailed in Methods. Spectral karyotyping analysis karyotype, as shown.
demonstrated normal. 46,XX karyotype. Representative karyotype is shown
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Extended DataFig. 5| Evaluation of the structure of the X-centromeric

satellite array (DXZ1) assembly. a, The satellite array on the X chromosome
(DXZ1) is defined at the sequence level as a multi-megabase size array of alpha
satellite DNA. The canonical repeat of the DXZ1 array is defined by 12 divergent
monomers that are ordered to form alarger approximately 2-kb repeating unit,
known as a ‘higher-order repeat’ (HOR) (shown in grey, with HOR in black and
circles representing each of the twelve approximately 171-bp monomers). The
HORs are tandemly arranged into a large, multi-megabase sized satellite array
(with previous published PFGE-Southern estimates suggesting a mean of 3 Mb)

with alimited number of rearrangements in the HOR repeat structure (as

indicated in yellow for a deletion to a 5-mer variant) and nucleotide differences
between repeat copies. Our assembly strategy initially identified and annotated
alluninterrupted head-to-tail tandem arrays of ‘canonical’ repeats and sites of
structural variants in each nanopore read in our DXZ1library (Methods). The
spacing of canonical repeats to flanking structural variants informed the precise
alignment between reads. Contigs were generated by taking the consensus of
these uniquely placed ultra-long reads. b, The T2T-X CHM13 array was originally
segmented into seven structural-variant-determined contigs. Ordering and
overlap between the contigs was made using shared positions of Duplex-seq
DXZ1kmers and low-coverage (thatis, 1-2 reads) support of ultra-long data that
confidently spanned contig ordering. Three regions (marked with an asterisk)
were only determined by single-nucleotide-variant overlap. We improved the
prediction of these overlaps inimplementing an orthogonal method, centroFlye,
which studies single variant positions in the DXZ1 nanopore reads to guide the
final positioning of the overlap between the contigs (and confirm the existing
overlap inthe region closest to p-arm). ¢, Comparisons with DXZ1 higher-order
repeat variant frequency in the nanopore ultra-long-read data HiFilong-read
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PacBio data were highly concordant. DXZ1repeat unit variants were predicted in
the HiFi dataset using Alpha-CENTAURI®.. The DXZ1 repeat units, shown as
arrows, are composed of 12 smaller approximately 171-bp repeats (indicated as
small circles within the arrow). In total, we identified 7,316 DXZ1-containing HiFi
reads. We characterized a database of 38,184 (98.2%) full-length DXZ1 canonical
12-mer repeats and 691 HORs with variant repeat structure (1.8%). Changes from
the canonical repeat unit are indicated with a dashed line and each structural
variant marks a colour, and its positioning within the array assembly isindicated
(ordered p-arm to qHiFi-arm) above. The majority of reads were determined to
contain purely DXZ1-alphasatellite (7,305/7,316, or 99.85%). Of the remaining
reads, ten reads provided evidence for a transition from DXZ1 into the single L1Hs
insertionin our assembly. We identified only a single read that we could not
assign to our assembly owing to a 902-bp homopolymer ([GIn), which may
presentasequencing artefact.d, Aminimum tiling path was reconstructed for
illustration purposes (as shown in Fig. 2a) and was not the mechanism for initial
assembly. e, DXZ1read overlap assembly using structural variant overlap and
positioning. Read IDs and length are provided from Xp to Xq: (1) ab9c12a7-08db-
4524-8332-373129eaa4fb, 442,119 bp. (2) 063fca09-81fc-4c2d-81ad-16fb2bfee76f,
364,710 bp. (3) 3d0fa869-028f-45be-be41-b2487897bb25, 380,361 bp.

(4) a5cf4e19-8eff-4035-8238-2e81963b854f, 362,052 bp. (5) c6f29cal-d84d-4881-
9042-dfb37bc9f111, 482,907 bp. (6) 1ccd919f-5726-4d79-8cfe-fe2b344070al,
275,718 bp. (7) e39308¢6-0c73-45d5-9b8d-7f764af858be, 351,045 bp.

(8) 86ac29ba-5a93-4c08-aal8-c07829a5b696, 393,007 bp. (9) 64d464d1-f317-
4dff-a259-de6097a5cd4c, 221,510 bp. (10) 08e000al-69dd-40fb-9fd1-
942f159ec6b7,262,585 bp. (11) 1ef64f71-9477-4a5b-bf7e-a356785cc656,

421,096 bp. (12) ale01c13-7cal-4dc5-85b1-6b69ec2124f9, 371,129 bp.
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Extended DataFig.7|Initial polishing decreased the assembly quality
withinthe largestrepeats.a, b, Theinitial Canu assembly of the GAGE

locus (a) was further corrupted owing to standard long-read polishing (arrow,
nanopolish) (b). Black dots are coverage of the primary allele and red dots are
coverage of thesecondary allele (PacBio CLR data). The CHM13 genome is
effectively haploid so onealleleis expected. Regions of low coverage or
increased secondaryallele frequency indicate low-quality regions or potential
repeat collapses. Owing to mismapping of reads during the polishing process,
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allele coverage becomes less uniform. A modified polishing process, using the
unique k-mer strategy, corrects this effect. c-f, The left-side plots are
assemblies before polishing. The right-side plots show the same regions after
unique k-mer-assisted polishing (racon, 2 rounds nanopolish, 2 rounds arrow,
2rounds10X). Theregionsare GAGE locus (48.6-49 Mb) (c), 70.8-71.3Mb (d),
138.6-139.7 Mb (e) and cenX (57-61Mb) (f). g-j, Samelocias c-fbut with PacBio
HiFirather than CLRmapped.
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polishing. a, 21-mer distribution from the 10X Genomics reads. 21-mers were
collected with Meryland the plot was generated with GenomeScopel.O to
visualize and confirm the haploid nature of CHM13 and genomesize (len).
k-mers with counts between 5and 58 (inclusive) were used as unique markers
when polishing the X chromosome. b, Coverage histograms of PacBio CLR
(black), HiFi (blue), and ultra-long (green) reads across the complete X
chromosome. Reads were filtered using the same unique marker based
filtering as for polishing. ¢, Mapped nanopore reads show uniform coverage
across the complete X chromosome. Reads were filtered using the same unique
marker based filtering as for polishing. Marker density is shown below the read
alignments. d, Strand-seq validation of the chromosome X assembly.
Strand-seq sequencesonly single template strands from each homologous
chromosome. Sequencing reads originating from such single stranded DNA
possessdirectionality, afeature that canbe usedto assessalongrange
contiguity of individualhomologues. On the basis of the inheritance of single
stranded DNA we distinguish three possible strand states: WW - both

start

| cc

homologuesinherited Watson template strand, CC -both homologues
inherited Watson template strand and WC - one homologue inherited Watson
and the other Crick template strand. By tracking changesin strand states along
eachchromosome we are able to pinpointlocations of recurrent strand state
changes thatareindicative of agenome misassembly. We have analysed in total
57 Strand-seqlibraries and mapped 28 localized strand state changes. These
strand state changes are randomly distributed along chromosome X assembly
andthereforeareindicative of adouble-strand break that occurred during DNA
replicationinstead of real genome misassembly. Such breaks are usually
repaired by available sister chromatids and therefore oftenresultinchangein
strand directionality. Black asterisks show smalllocalized strand state
changes. Suchevents are either caused by noisy reads inherent to Strand-seq
library preparation or two double-strand-breaks that occurred very close to
eachother.e, Becauseitisunlikely foradouble-strand-break to occur at exactly
the same positionin multiple single cells, arealgenome misassembly is visible
inStrand-seqdataasarecurrent changeinstrand state at the same positionina
given contigorscaffold. None of these signatures was observed in the CHM13
chromosome X assembly.
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map shows clear boundaries around DXZ4, indicating two large superdomains separated by DXZ4.
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mapping and the presence of at least one high-quality methylation call on the
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Data collection MinKNOW (version 3.4.5) software, base calling was performed using Guppy (flip-flop version 2.3.1), 10XG raw data was processed using
RTA3.3.3,
Data analysis Canu 1.7.1, bwa0.7.12, Minimap2 v2.71-941, Arrow v2.2.2 from SMRTIink 6.0.0.47841, Nanopolish v0.11.0, hmmer v3, Supernova v2.1.1,

Long Ranger v2.2.2 , Juicer v1.5.6, maps were visualized with Juicebox v1.8.8, Meryl from Canu v1.8, Flye 2.4, samtools v1.9, freebayes
v1.2.0 and v1.3.1, MUMmer version 3.23, available CRISPR-DS software (https://github.com/risqueslab)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Original data generated at SIMR that underlies this manuscript can be accessed from the Stowers Original Data Repository at http://www.stowers.org/research/
publications/libpb-1453. Genome assemblies and sequencing data including raw signal files (FAST5), event-level data (FAST5), base-calls (FASTQ), and alignments
(BAM/CRAM) are available as an Amazon Web Services Open Data set. Instructions for accessing the data, as well as future updates to the raw data and assembly,
are available from https://github.com/nanopore-wgs-consortium/chm13. All data is additionally archived and available under NCBI BioProject accession
PRJNA559484 including the whole-genome assembly (GCA_009914755.1) and completed X chromosome (CM020874.1).
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z| Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Only one cell line (CHM13) is used in this study to reduce the complexity of repeat assembly

Data exclusions  No data was excluded from this study
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Replication ddPCR copy number estimates were performed in triplicate, cytogenetic assessement were performed over ten metaphase spreads, pulsed-
field gel Southern experiments were performed with technical replicates

Randomization  This is not relevant to our work, no randomization was performed as we are using one sample

Blinding Blinding was not relevant to this work

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.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
[] Antibodies [x]|[ ] chiP-seq

Eukaryotic cell lines |Z] D Flow cytometry

[x]
[:| Palaeontology [Z] [:] MRI-based neuroimaging
U]
U]

Animals and other organisms

Human research participants

<] [ [x] (=] [] [x] &

[] clinical data

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Cells from a case of a complete hydatidiform mole CHM13 were cultured, karyotyped using Q banding and cryopreserved at
Magee-Womens Hospital (Pittsburgh, PA).

Authentication The CHM13 line was authenticated by cytogenetic analysis (G-banding and SKY) before use. No contamination was identified.

Mycoplasma contamination CHM13 has been determined to be negative for Mycoplasma contamination

Commonly misidentified lines  n/A
(See ICLAC register)
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