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The humanY chromosome has been notoriously difficult to sequence and assemble
because of its complex repeat structure that includes long palindromes, tandem
repeats and segmental duplications'>. As a result, more than half of the Y chromosome
is missing from the GRCh38 reference sequence and it remains the last human
chromosome to be finished**. Here, the Telomere-to-Telomere (T2T) consortium
presentsthe complete 62,460,029-base-pair sequence of ahumanY chromosome
from the HGOO2 genome (T2T-Y) that corrects multiple errors in GRCh38-Y and adds
over 30 million base pairs of sequence to the reference, showing the complete
ampliconic structures of gene families TSPY, DAZand RBMY; 41 additional protein-
coding genes, mostly from the 7SPY family; and an alternating pattern of human
satellite 1and 3 blocks in the heterochromatic Yq12 region. We have combined T2T-Y
with a previous assembly of the CHM13 genome* and mapped available population
variation, clinical variants and functional genomics data to produce a complete and
comprehensive reference sequence for all 24 human chromosomes.

The human Y chromosome plays critical roles in fertility and hosts
genes important for spermatogenesis, as well as SRY, the mammalian
sex-determining locus®. However, in the human reference genome,
GRCh38, the Y chromosome remains the mostincomplete chromosome
with over 50% of bases represented by gaps. These multimegabase
gaps have persisted for decades and represent sequences flanking
the endogenous model centromere, parts of the ampliconic regions
and large heterochromatic regions. The architecture of the Y chromo-
some, specifically the presence of large, tandemly arrayed and inverted
repeats (IRs) (palindromes)’, makes assembly difficult and hinders
the study of rearrangements, inversions, duplications and deletions
in several critical regions such as Azoospermia factor-a (AZFa), AZFb

and AZFc (azoospermiafactors that are linked to clinical phenotypes,
including infertility)’.

Following the first complete assemblies of chromosomes X® and
8 (ref. 9), the Telomere-to-Telomere (T2T) consortium successfully
assembled all chromosomes of the CHM13 cell line*. This first com-
plete human genome assembly was enabled by innovative techno-
logicalimprovementsinthe generation of Pacific Biosciences (PacBio)
high-fidelity reads (HiFi)'® and Oxford Nanopore ultralong reads
(ONT)", the development of better assembly algorithms for utiliza-
tion of HiFi reads and generation of assembly graphs'?, the use of ONT
reads for better graph resolution®, new methods for validating and
polishing**®and a coordinated curation effort to finish the assembly.

A list of affiliations appears at the end of the paper.
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Table 1| Comparison of GRCh38-Y and T2T-Y

GRCh38-Y T2T-Y %0
Assembly Totalbases 57,264,655 62,460,029 +9.1
Assigned bases 57,227,415 62,460,029 +9.1
Unlocalized bases 37,240 0]
No. of gaps 56 0
No.of Nbases 30,812,366 0
Annotation No. of genes 589 693 +17.7
Protein coding 66 106 +60.6
No. of additional genes 6 10
Protein coding 1 M
No. of transcripts 681 883 +29.7
Protein coding 372 488 +31.2
No. of additional transcripts 4 206
Protein coding 4 120
Ampliconic gene copy numbers BPY2 4(3,0) 4(3,0) 0
cby 26 (4, 0) 26 (4, 0) 0
DAZ 4(4,0) 4(4,0) (6]
HSFY 8(2,0) 8(2,0) (0]
PRY 8(2,0) 8(2,0) 0]
RBMY 32(6,4) 34(6,4) +3.3
TSPY 25(7,0) 66 (45, 0) +164.0
vey 2(2,0) 2(2,0) 0
XKRY 8(0,2) 8(0,2) 0]
Haplogroup Haplogroup R-L20 (R1b1a2ala2blal) J-L816 (J1a2b3at)
Ancestry European Ashkenazi Jewish
Repetitive bases SINE 2,625,350 4,385,917 +67.1
Retroposon 18,506 18,500 -0.0
LINE 6,378,323 6,456,888 +1.2
LTR 4,604,368 4,613,537 +0.2
DNA/Rolling-circle 2,626,425 4,387,030 +67.0
Satellite 1,578,773 14,522,636 +819.9
Simplerepeat 1124,311 21,568,381 +1,818.4
Other 705,062 972,612 +37.9
Allrepeatclasses 17,501,283 53,004,524 +202.9
% Repetitive (non-N) 66.3 84.9 +28.1
Accessible with shortreads 13,785,359 14,363,623 +4.2

Annotation statistics for GRCh38-Y are taken from the RefSeq (v.110) annotation, and T2T-Y statistics from a lifted and curated combination of RefSeq (v.110) and GENCODE (v.35) annotations.
Numbers of additional genes/transcripts are those found exclusively in one assembly compared with the other. Ampliconic gene copy numbers are shown as X(Y,Z) where X is the total number
of annotated genes, Y protein-coding genes and Z transcribed pseudogenes. %A is percentage change from GRCh38-Y to T2T-Y. Blank spaces indicate not applicable.

Havingbeen derived from a complete hydatidiform mole, CHM13 has
a46,XX karyotype butis almost entirely homozygous. This simplified
assembly of its genome but prevented assembly of aY chromosome.

Inparallel, withthe goal ofincluding broader genomic diversity across
populations”, the Human Pangenome Reference Consortium (HPRC)
has evaluated various methods for the generation of high-quality dip-
loid genome assemblies®® using a well-characterized humangenome,
HG002, which has previously been assembled* and is commonly used
forbenchmarking by the Genome inaBottle (GIAB) consortium?, Using
this rich set of data, and integrating the lessons learned from assem-
bling CHM13, we successfully reconstructed the complete sequence
ofthe HGOO2 Y chromosome, hereafter referred to as T2T-Y.

Here we analyse the composition of the newly assembled pseudo-
autosomal regions (PARs), ampliconic and palindromic sequences,
centromeric satellites and q-arm heterochromatin of acomplete Y chro-
mosome. We have annotated T2T-Y and combined it with the previous

T2T-CHM13 assembly to form anew, complete reference for all human
chromosomes, T2T-CHM13+Y. To enable the use of this new reference
sequence we have lifted over available variation datasets from ClinVar®,
GWAS?, dbSNP? and gnomAD?. Inaddition, we have recalled variants
from the 1000 Genomes Project (IKGP)¥ and Simons Genome Diversity
Panel (SGDP)* data, as well as epigenetic profiles from ENCODE data®.
These experiments demonstrate improved mappability and variant
calling for XY individuals when using T2T-Y as areference.

Assembly and validation of T2T-Y

Assembly of the HGO02Y chromosome followed the strategy used for
the T2T-CHM13 genome* (Supplementary Table 1and Supplementary
Fig.1). We used PacBio HiFireads (60x haploid genome coverage) and
ONT ultralongreads (90xinreads longer than100 kb) generated from
HGO002. An assembly string graph was first constructed for the whole
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Fig.1|Structure ofacomplete Y chromosome. Fromtop to bottom, alignment
of GRCh38-Y and T2T-Y.Regions with sequence identity over 95% are connected
and coloured by alignment direction (grey, forward; orange, reverse). Gene
density plot shows enriched protein-coding genesinampliconic sequences.
Sequenceclass, palindromes, IRsand AZFa-AZFc are annotated. Composite
repeat arrays are named after the contained ampliconic genes. Segmental
duplications (SDs) are coloured by duplication types defined in DupMasker™.
Centromere (cen) and satellite (sat) annotations highlight the alternating

HGO002 genome using PacBio HiFi reads. The ChrX and ChrY string
graph components shared connections to one another at the PARs, but
tonoother chromosomesin the genome and could be independently
analysed (Extended Data Fig. 1a). The remaining tangles in these XY
subgraphs wereresolved using ONT reads (Extended Data Fig. 1b). ChrX
and ChrY chromosomal walks were identified using haplotype-specific
k-mers from parental llluminareads (Extended DataFig.1c), and acon-
sensus sequence was computed for each. Pseudoautosomal region 1
(PAR1) was enriched for GA-microsatellites, which reduced HiFi cover-
ageinthisregionandledtoamorefragmented graph (duetoaknown
HiFi sequencing bias'). These gaps were manually patched using a
de novo assembly of trio-binned parental ONT reads™.

The ChrY draft assembly was further polished and validated using
sequencing reads from Illumina (66x haploid genome coverage), HiFi
(84x) and ONT (250x). During four rounds of polishing, 1,520 small and
tenlarge (over 50 base) errors were detected and corrected (Extended
DataFig. 2a). Conservatively filtered long-read alignments identified
two potential assembly issues remaining in the satellite (HSat) arrays
around positions 40 and 59.1 Mb, and Strand-seq***' identified one
inversion error within palindromic sequence P5around position 18.8 Mb
(Extended DataFig. 2b,c, Supplementary Table 2 and Supplementary
Figs.2-4). The validation signal at the two HSat positions was ambigu-
ous,and the P5inversion appearsasatrue recurrentinversion®, so these
regions were noted but left uncorrected inthis release. The remaining
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HSatland HSat3 pattern comprising Yq12.Non-B DNA track shows that regions
forming alternative sequence structures are enriched in centromeric and
satellite repeats. SINE, including AluY, are highly enriched in PAR1. All other
non-SINE TEs are found only in the euchromatin. All repeats within T2T-Y are
visualized by StainedGlass™, with similar repeats coloured by percentage
identity in the style of an alignment dotplot. Het., heterochromatic; mon,
monomeric.

sequences showed no signs of collapse or false duplication, with even
HiFicoverage (mean39.3x +s.d. 12.5on ChrXY) except for regions asso-
ciated with known sequencing biases”, all of which had supporting
ONT coverage (reads over 25 kb, mean 78.1x + s.d. 13.6 on ChrXY). The
base error is estimated at less than one error per 10 Mb (Phred Q73.8,
Supplementary Table 3). Mapped HiFiand ONT reads from the paternal
HGOO03 genome are also consistent with the HGOO2 T2T-Y assembly,
suggesting that no large, structural variants were introduced during
celllineimmortalization and culture (Supplementary Fig. 5).

The resulting T2T-Y assembly is 62,460,029 bases in length with no
gaps or model sequences, showing the previously uncharacterized
30 Mb (approximately) of sequence within the heterochromatic region of
the gq-arm (Table1).Incomparison, ChrY inthe humanreference genome
(GRCh38-Y) consists of two sequences, with the longer sequence total-
ling 57.2 Mb (NC_000024.10) and for which 53.8% (30.8 Mb) of the bases
are unresolved gaps. The shorter GRCh38-Y sequence (NT_187395.1)
is37.2kbinlength, not placed in the primary Y assembly and has been
omitted from most previous genomic studies. The PAR1 (2.77 Mb) and
PAR2 (329.5 kb) sequences in GRCh38-Y are duplicated from ChrX
rather than assembled de novo, and the centromere is represented by
a227 kbmodelsequence. Direct sequence comparison between T2T-Y
and GRCh38-Y yields an average sequence identity of around 99.8% in
the alignable regions, but with multiple structural differences, includ-
inganincorrectly oriented centromere model for GRCh38-Y (Fig.1and
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Fig.2|Ampliconic genes forming compositerepeats.a, T2T-Y has 44 TSPY
protein-coding genes, organizedin asingle continuous array and asingle 7SPY2
copy, compared with GRCh38-Y which has agap in the TSPYarray. T2T-Y shows a
moreregularized array and recovers additional TSPY pseudogenes not present
in GRCh38-Y.b, Copy number differences of TSPY protein-coding copies found

Extended Data Fig. 3). We identified the Y-chromosome haplogroup
of HGOO2 as J-L816 (J1) and that of GRCh38 as R-L20 (R1b). These
haplogroups are most commonly found among Ashkenazi Jews* and
Europeans®, respectively, consistent with the established ancestry of
these genomes. T2T-Y was combined withthe T2T-CHM13v1.1assembly
to create a new Y-bearing reference, T2T-CHM13v2.0, referred to here
as T2T-CHM13+Y.

Comprehensive annotation of the Y

Gene annotation

We annotated T2T-CHM13+Y by mapping RefSeq (v.110) and GENCODE
(v.35) annotations from GRCh38 and performed hand-curation of the
ampliconicgene arrays (Fig.1and Supplementary Tables 4 and 5). NCBI
RefSeq and EBI Ensembl generated additional de novo annotations
using HGOO2 full-length cDNA sequencing (Iso-seq) transcriptomes
from B lymphocyte and induced pluripotent stem cell lines, as well as
tissue-specific expression data from other publicly available sources
(Supplementary Table 1and Supplementary Figs. 6 and 7).

inthe SGDP. ¢, Repeat composition of the RBMY gene family. d, Repeat
composition of the DAZgene family, with one extra copy annotated on Chr3
thatis missing LIPA2. Whereas TSPY and RBMY genes are found within repeat
composites formingarrays, DAZ-associated composites are embedded within
theintrons ofthegene.

Our annotation of T2T-Y totals 693 genes and 883 transcripts, of
which 106 genes (488 transcripts) are predicted to be protein cod-
ing (Table1and Supplementary Table 4). In addition to containing all
genes annotated in GRCh38-Y, T2T-Y contains an additional 110 genes,
among which 41 are predicted to be protein coding. The majority of
these protein-coding genes (38 of 41) are additional copies of TSPY,
one of the nine ampliconic gene families, filling the corresponding
gap in GRCh38-Y (Table 1). The annotated ampliconic gene copies in
T2T-Y werelargely concordant with copy numbers estimated fromIllu-
minareads and droplet digital PCR (ddPCR)*, confirming the accurate
copy number representation of the ampliconic genes in T2T-Y (Sup-
plementary Tables 6-9). RNA sequencing data confirmed expression
of the annotated ampliconic genes in testis®. Only six genes differed
intheir annotation between GRCh38-Y and T2T-Y, due to presumed Y
haplogroup differences (Supplementary Table 10).

Repeat annotation
We generated comprehensive repeat annotations, incorporating repeat
models previously updated with CHM13 (ref. 37), as well as 29 previously
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Fig.3|Structure of the T2T-Y centromere. No TEs were found within the DYZ3
array, whereas L1s (upstream) and Alus (downstream) were found within the
diverged alpha-satellites (drawn taller than the other TEs). A periodic non-B
DNA motif patternis shown withinthe HORarray. The HGO02-Y (T2T-Y) HOR
haplotypes and SVs show a different long-range structure and organization
compared withapreviously assembled centromere from RP11-Y*. Three major
HORhaplotypes were identified inHG002-Y based on their phylogenetic distance
(red,blueand green). RP11-Y has no 36-mer variants but does have anumber of
35-mers containinginternal duplications. Histograms show the fraction of
methylated CpGsites called by both ONT and HiFi, with two hypomethylated
CDRssupported by CENP-A binding signal from CUT&RUN®. A StainedGlass
dotplotillustrates high similarity withinthe HOR array (99.5-100%).

unknownrepeatsidentified in T2T-Y (Extended DataFig. 4aand Supple-
mentary Table11). The newly added sequencesincreased the percent-
age of identifiable repeats on the Y chromosome from 66.3 to 84.9%,
or17.5 Mb of non-N bases in GRCh38-Y compared with 53 Mb of bases
in T2T-Y (Table 1, Supplementary Tables 12 and 13 and Supplemen-
tary Fig. 8). Whereas short-interspersed nuclear elements (SINEs)—
specifically Alus—are found embedded as part of the human satellite 1
(HSat1) units across most of the g-arm, other transposable elements
(TEs:long-interspersed nuclear elements (LINEs), long-terminal repeats
(LTRs), SINE-VNTR-Alus (SVAs), DNA transposons and Rolling circles)
are completely absent (Fig.1). Moreover, TE distribution biases typify
different subregions of ChrY because Alus are enriched in the PAR1
region whereas other TEs (particularly L1s) are more abundant in the
X-transposed region (XTR)! (Extended Data Fig. 4b,c and Supplemen-
tary Table14). The DYZ19regionis annotated by RepeatMasker entirely
as LTRs (Extended Data Fig. 4¢), but further analysesindicate that this
is a satellite array spanning 265 kb whose 125-base monomeric con-
sensus is derived from an expanded portion of a LTR12B sequence’®.
Repeat discovery and annotation of T2T-Y also allowed for improved
annotation of ChrX in both HG002 and CHM13, particularly in the
PAR regions, adding about 33 kb of satellite annotations per ChrX
(Supplementary Table 15).

Inaddition, we searched for TE-driven transductions mediated by L1s
and SVAs. We detected six potential 3’L1transductions within T2T-Y yet
no SVA-driven DNA transductions (Supplementary Table 16). Despite
agenome-wide investigation of both T2T-CHM13+Y and GRCh38, we
were not able tolocate any potential donor elements, which confirmsa
previous analysis that found no evidence for DNA transduction between
the Y and the remainder of the genome®. The transduction rate in T2T-Y
was alsomuchlower (0.096 per1 Mb) than that observedinthe CHM13
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autosomes (average 6.9 per 1 Mb) and ChrX (10.19 per 1 Mb)* (Sup-
plementary Note 1).

In T2T-Y we identified a total of 825,526 repetitive sequence motifs
capable of forming alternative DNA structures (non-B DNA) compared
withonly 138,640 in GRCh38-Y (Extended Data Fig. 5, Supplementary
Table 17 and Supplementary Note 2). This nearly sixfold increase is
largely attributed to our use of new and improved experimental
and computational methodology because non-B DNA motifs, which
might form structures during sequencing, are notoriously difficult
to sequence through*. We found a particular enrichment of these
motifs at the newly sequenced centromeric region (see below) and
heterochromatic region on the Yq arm (Fig. 1).

Ampliconic genesin composite repeats

Composite repeats are a type of segmental duplication that are typi-
cally arranged in tandem arrays, probably derived through unequal
crossing over that contributed to their increased copy numbers.
The TSPY, RBMY and DAZ ampliconic gene families are all associated
with compositerepeats onthe Y chromosome, and the T2T-Y assembly
provides an opportunity to analyse the complete structure of these
arrays (Fig. 2).

TSPY contains the largest number of protein-coding copies on the
Y chromosome and is expressed only in testis. Expression level of
this gene is dosage dependent and the copy number is polymorphic
between individuals*. In GRCh38-Y, the TSPY array includes a 40 kb
gap and a limited number of intact protein-coding copies. Our T2T-Y
assembly resolved 45 protein-coding TSPY copies, including TSPY2,
which was found downstream of the TSPY array in the distal part of
the proximal inverted-repeat IR3, in contrast to GRCh38-Y where it
is located upstream, possibly due to translocations between the IR3
pairs. The distal positioning of TSPY2in HGO02 was confirmed among
all other Y haplogroups except R and Q, which match the proximal
positioning of GRCh38-Y*2, All 44 protein-coding copies in the TSPY
array are embedded in an array of composite repeat units (roughly
20.2 kbinsize, matching previous reports*), with one composite unit
per gene (Fig.2aand Supplementary Table 18). Each unitincludes five
new repeat annotations (fam-*), several retro-elements in the LINE,
SINE and LTR classes and simple repeats. This 931 kb array is the largest
gene-containing composite repeat array in the T2T-CHM13+Y assembly
outside of the ribosomal DNA locus, and the third largest overall (the
firstbeingthe rDNA arrays followed by an LSAU-BSAT composite array
on Chr22 (ref. 37)).

Data from 187 SGDP samples confirmed high TSPY sequence con-
servation, but copy number varied from 10 to 40 (Fig. 2b). Phyloge-
netic analysis, using protein-coding TSPYs from a Sumatran orangutan
(Pongo abelii) and a Silvery gibbon (Hylobates moloch) as outgroups,
confirmed thatall protein-coding TSPY copies (including TSPY2) origi-
nated from the same branch, which is separated from the majority
(all but one) of TSPY pseudogenes (Extended Data Fig. 6). This result
contradicts earlier findings, which concluded that TSPY2 originated
from a different lineage*.

The composite structure of RBMY is similar to that of TSPY (one com-
posite unit per gene), iscomparablein size (with RBMY at 23.6 kb) and
includes LINEs, SINEs, simple repeats and eight new repeat annotations
(Fig. 2¢). By contrast, the DAZlocus is structured such that the entire
repeatarray, consisting of 2.4 kb composite units each containing anew
repeat annotation and a fragmented L3, falls within one gene annota-
tion (Fig. 2d). Out of the three composite arrays described here, DAZ
is the only one also found on an autosome (Chr3, DAZL)*, although
as a single unit and lacking the young LINE1 (L1PA2) insertion of the
ChrY DAZ copies.

Centromere
Normal human centromeres are enriched for an AT-rich satellite fam-
ily (roughly 171 base monomer), known as alpha-satellite, typically
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arranged into higher-order repeat (HOR) structures and surrounded
by more diverged alpha- and other satellite classes**. Each HOR copy
isnearlyidenticaland comprises atandemly arrayed set of monomers.
We annotated 366 kb of alpha-satellitein T2T-Y, spanning 317 kb of the
DYZ3 HOR array. Whereas the individual units withinthe HOR array are
highly similar (99.5-100%), three HOR subtypes were identified from
thefull-length repeat units based on their monomer structure (red, blue
and green HOR haplotypesin Fig. 3, Supplementary Figs. 9-13, Supple-
mentary Tables19 and 20 and Supplementary Data1-3). The majority
of the T2T-Y centromeric array is composed of 34-mer HORs with a
small expansion of a 36-mer, and with longer HOR variants observed
inthe flanking p-arm (42-mer) and g-arm (46-mer). These variants are
structurally different from the RP11 centromere, which is the basis for
the GRCh38-Y centromere model and was recently finished by ONT
sequencing® (Fig. 3).

Methylated CpG sites called by both HiFi and ONT reads show two
adjacent regions of hypomethylation (separated by approximately
100 kb) in the centromeric dip region (CDR) (Fig. 3), which has been
reported to coincide with CENP-A binding and is the putative site of
kinetochore assembly**. Inthe T2T-Y centromere, the presence of two
distinct hypomethylated dips per chromatin fibre was confirmed by
inspection of single-molecule ONT reads (Supplementary Fig. 14). A
similar pattern of multiple methylation dips within asingle centromere
was observed in other T2T-CHM13 chromosomes, including Chrll and
Chr20 (ref. 46). In addition, the HORs contained abundant inverted,
A-phased and mirror repeat motifs forming a periodic pattern occur-
ringevery 5.7 kb (Fig. 3 and Supplementary Table 17). Such non-B DNA
motifs—IRsin particular, potentially forming cruciforms—are hypoth-
esized to play afunctional role in defining human Y centromeres*, and
their presence is confirmed here at the sequence level.

Sequence classes and palindromes

We annotated sequence classes on T2T-Y as ampliconic, X-degenerate,
X-transposed, pseudoautosomal, heterochromatic and other, in
accordance with Skaletsky et al.' In addition, we were able to classify
amore precise annotation for the satellites (including DYZ17 and
DYZ19) and the centromere (Fig. 1 and Supplementary Table 21). The
X-degenerate and ampliconic regions were estimated to be 8.67 and
10.08 Mb in length, respectively, in concordance with previous find-
ings’. The T2T-Y ampliconic region contains eight palindromes, with
palindromes P4-P8 highly concordant with GRCh38-Y (thatis, in terms
of arm, spacer length and sequence identity). Arm-to-arm identity
of these five T2T-Y palindromes nested within X-degenerate regions

ranged from 99.84 t099.96% (Supplementary Tables 22 and 23). Palin-
dromes P1-P3 harbour the AZFc region, which contains genes critical
for sperm production*. We discovered alarge polymorphicinversion
(over1.9 Mb) inrespect to GRCh38-Y that probably arose from asingle,
non-allelic homologous recombination event. Using Strand-seq, we
were able to locate the breakpoints at two ‘red’ amplicons (naming
according toKuroda-Kawaguchietal.*): one forming the P2 palindrome
and the other inside the P1 palindrome (Fig. 4). This rearrangement
was previously annotated as the ‘gr/rg’ (green-red/red-green) inver-
sionwith variable breakpoints and was confirmed to be present across
six Y-chromosome haplogroups out of 44 genealogical branches®.
Another inversion was detected in P3, which was recently reported
asarecurrent variation in human® (Extended Data Fig. 7a). Although
inversions between amplicons are believed to serve as substrates for
subsequent AZFc deletions and duplications that might affect sperm
production®**2*, pinpointing the breakpoints and measuring the fre-
quency of polymorphicinversions proved difficult because of the large
size and high identity of the palindromic arms.

Composition of the g-arm heterochromatin

The human Y chromosome contains a large heterochromatic region
atthe distal end of the g-arm (Yq12), which consists almost entirely of
twointerspersed satellite sequences classically referred toas DYZ1and
DYZ2 (refs. 55-58). The single largest gap in GRCh38-Y is at Yq12, with
minimal representation of DYZ1and DYZ2, mostly in unplaced scaf-
folds. Here we uncovered the detailed structure of the Yq12 region at
single-base resolution, characterizing over 20 Mb of DYZ1 and 14 Mb
of DYZ2 repeats. In T2T-Y, DYZ1and DYZ2 are interspersed in 86 large
blocks, with DYZ1blocks ranging from 80 t01,600 kb (median 370 kb)
and DYZ2 blocks ranging from 20 to 1,200 kb (median 230 kb). DYZ2
blocks appear more abundant at the distal end of Yq12, and this trend
is also visible in metaphase chromosome spreads with fluorescence
insitu hybridization (FISH) (Fig. 5a,b and Fig. 1, cen/sat track). Yq12 is
highly variable insize and sequence structure between individuals® ¢,
andbothnumber and size of these satellite blocks are expected to vary
considerably.

DYZ1is composed of a Y-specific subfamily of HSat3 sequences that
occurs primarily as nested tandem repeats (of about 3.6 kb) derived
fromanancestral tandem repeat of the pentamer CATTC®. DYZ2 is com-
posed of anunrelated satellite family, HSat1B, and comprises atandem
repeat of roughly 2.5 kb made up of three parts: an ancient AluY subunit
(20% diverged from the AluY consensus), an extremely AT-rich region
(over 85% AT) and a more genomic copy (GC)-rich region®®23, The
vast majority of repeatinstances were over 98% identical, with slightly
higher divergence at the more peripheral satellite blocks (Fig. 5¢). A
detailed comparison of the sequences within T2T-Y showed recent
structural rearrangements, including iterative, tandem duplications
aslarge as 5 Mb spanning multiple blocks of DYZ1and DYZ2 (Extended
Data Fig. 8). These structural rearrangement patterns are consistent
withevolution by unequal exchange mechanisms. Inaddition, approxi-
mately 15% of Strand-seq libraries showed sister chromatid exchanges
within the Yq12 heterochromatic region (Extended Data Fig. 7b).

Whereas HSat3 is present across multiple chromosomes, includ-
ing the acrocentric short arms, HSat1B is present almost exclusively
ontheY and the acrocentric short arms in smaller amounts, with the
exception of Chrl0 (ref. 64). Whereas HSat1B carries an AluY-derived
subunit as part of its composite repeat unit, some HSat3 arrays are
tightly associated with Alu sequences, with blocks of HSat3 intermin-
gled with Alu fragments, including AluY. Phylogenetic analyses place
the ChrY HSat1B AluY subunitsin a cluster with AluY subunits found in
HSatlB sequences on the acrocentric chromosomes, with the highly
homogenized ChrY copies appearing as a single cluster. Given the
topology of this tree, it appears that the HSat1B sequences found on
the acrocentric chromosomes were derived from the Y-linked HSat1B,
with seeding events leading to local expansion and homogenization
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Fig.5|Heterochromaticregion of Yq12. a, FISH painting of the Y chromosome,
centromere/DYZ3 (magenta), HSat1B (blue) and HSat3 (yellow). Top left,
overall chromosome labelling by DNA dye (DAPI), with ChrY highlightedinan
HGO002-derived lymphoblastoid cell line (GM24385). Middle and right, ChrY
labelled with FISH probes recognizing centromeric alpha-satellite/DYZ3
(magenta), HSat3/DYZ1(yellow) and HSat1B/DYZ2 (blue). In concordance with
the T2T-Y assembly, HSat3 probesindicate the presence at DYZ17 (close to
centromere) as well asaslightenrichment to the proximal part of Yq12 (DYZ1),
whereas HSat1Bis presentonlyin Yql2 andis more enriched towards the

distal part (DYZ2). Maximume-intensity projections are shownin all panels.

(Fig.5d, upperbranches). The AluY fragments found interspersed with
HSat3 on the Y chromosome also phylogenetically cluster with AluY
fragments associated with HSat3 on the acrocentric chromosomes.
However, there is no evidence for local homogenization of HSat3-Alu
fragments; likewise, there is no support for phylogenetic clustering by
either subgroup or chromosome. Based on the deep divide between
HSat1B and HSat3 clades in the tree for both ChrY and the acrocentric
chromosomes, we conclude that theinitial seeding events that created
these arrays were independent of one another yet were derived from
AluY elements from PAR1 (Fig. 5d, lower branches).

Improved variant calling for XY samples

We performed short-read alignment and variant calling for 3,202 sam-
ples (1,603 XX; 1,599 XY) from the 1IKGP Phase 3, including 1,233 unre-
lated XY samples averaging at least 30x coverage of 150 bp paired-end
reads?. This set of 1,233 XY samples spans all 26 geographically
diverse 1IKGP populations and 35 distinct Y-chromosome haplogroups
(Supplementary Table 24). To more accurately represent the diploid
nature of the PARs, we completely hard-masked ChrY in XX samples and
ChrY PARs in XY samples, thereby forcing any reads originating from
the ChrY PAR to align to the ChrX PAR (Supplementary Tables 25-28
and Extended Data Fig. 9). Diploid genotypes were then called within
the PAR for both XX and XY samples® (Extended Data Fig. 10a). Aside
from this modification, the alignment and variant-calling pipeline
mirrored our previous analysis based on GRCh38-Y®,

Acrossall1,233 unrelated XY samples we observed improved align-
mentto T2T-Y, including a higher number of mapped reads (increase of
1.4 millionreads onaverage, s.d. 432,115; Fig. 6a), ahigher proportion of
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properly paired reads (increase of 1.4% on average, s.d. 1.4%; Fig. 6b) and
alower proportion of mismatched bases (decrease of 0.6% on average,
s.d. 0.06%; Fig. 6¢) per sample relative to GRCh38-Y (Supplementary
Table 29). Within syntenic regions of the two Y chromosome assem-
blies, the number of variants per sample declined for samples from
all Y haplogroups with the exception of haplogroup R (haplogroup of
GRCh38-Y), with the greatest reduction observed for samples of hap-
logroupJ1(haplogroup of T2T-Y; Fig. 6d and Extended DataFig.10b,c).
Selecting oneindividual each from the]J1, R1b and E1b haplogroups, we
compared per-variant read depth and allele balance for both references
(Fig. 6e).Inall three samples we observed more variants with excessive
read depth and abnormal allele balance on GRCh38-Y, correspond-
ing to putative collapsed duplications (Supplementary Table 30 and
Fig.6f,g). Wereplicated these analyses using an additional 279 samples
across 142 populations from the SGDP* and found similarly improved
mappings and variant discovery using T2T-Y (Extended DataFig.10d,e
and Supplementary Figs.16-18).

Due to genomic repeats, accuracy of short-read variant calling is
heterogeneous across the genome. One approach towards improving
reliability is to restrict analysis to ‘accessible’ regions based on various
alignment metrics. To this end, we followed published protocols to
generate a short-read accessibility mask for T2T-Y based on patterns
of normalized read depth, mapping quality and base-calling quality®’.
Our masks show that, although the heterochromatic long arm (Yq12)
remains largely inaccessible to short-read analysis, T2T-Y still adds
578 kb of accessible sequence compared with GRCh38-Y (increase of
4.2%; Table1).

Taken together, these analyses indicate that the complete T2T-Y
reference improves short-read alignment and variant calling across
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populationsand corrects errorsin GRCh38-Y; however, acknowledging
therichresources available on GRCh38, we also curated a one-to-one
whole-genome alignment between each GRCh reference (GRCh37 and
GRCh38) and T2T-CHM13+Y to enable lifting annotations in either

ofalternatealleles as a function of total read depth. Dashed linerepresents the
median coverage on T2T-Y, close to the expected one-copy coverage. f, Dotplot
ofthe DYZ19 array between GRCh38-Y and T2T-Y, and self-dotplot of T2T-Y.
Largerearrangements are observed, with multiple inversions proximal to the
gapin GRCh38-Y withrespectto T2T-Y (top) whereas more identical, tandem
duplications are visiblein T2T-Y (bottom). g, Read pile-ups and variants on
DYZ19 for GRCh38-Y (left) and T2T-Y (right) as shown by IGV””. Grey histogram
shows the mapped read coverage, with coloured lines indicating non-reference
baseswith over 60% allele frequency. Regardless of haplogroup, theincomplete
DYZ19 array in GRCh38-Y hindersinterpretation. Syntenic regions between the
two Ys are marked and single-nucleotide variation (SNV) sites used to identify
Y haplogroup lineages in Y-Finder are shown below, with variants liftable from
GRCh38-Yto T2T-Yinblack, not-liftableinred.

direction. The vast majority of genetic variants in ClinVar (13 March
2022 release), dbSNP (build 155) and GWAS Catalog (v.1.0 release)
were successfully lifted to T2T-CHM13+Y (99.2/97.8/98.9% overall
and 100/95.0/100% for ChrY, respectively; Supplementary Table 31).
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Accessibility masks and lifted annotations are provided, along with
variant calls as aresource for future studies (Data Availability).

Contamination of genomic databases

Human DNA sequences can sometimes appear as contaminantsinthe
assembled genomes of other species. In microbial studies, the human
reference sequence hasbeen used to screen out contaminating human
DNA; however, dueto theincomplete nature of the current reference,
some human fragments are missed and mistakenly annotated as bac-
terial proteins, leading to thousands of spurious proteins in public
databases®®*®’, For example, a recent analysis of nearly 5,000 human
whole-genome datasets found an unexpected linkage between mul-
tiple bacterial species and human samples of XY karyotype, including
77,647 100-mers that were significantly enriched in the XY samples™.
The authors hypothesized that these bacterial genomes were not actu-
ally present in the samples, but rather the effect was caused by real
human ChrY sequences matching contaminated bacterial genome
database entries. We compared XY-enriched 100-mers from the study
by Chrisman et al.”® with the T2T-Y chromosome and found that, as
predicted, more than 95% of them had near-perfect matches to the
complete T2T-Y sequence.

We further tested the entire NCBIRefSeq bacterial genome database
(release 213, July 2022, totalling 69,122 species with 40,758,769 contig
or scaffold accessions) and identified all 64-mers that appeared in
both the bacterial database and T2T-Y. We found 4,179 and 5,148 poten-
tially contaminated sequences matching GRCh38-Y and T2T-Y, respec-
tively (Extended Data Fig.11a). The sequences were relatively shortin
length (under 1kb), as is typical of contaminating genomic segments
(Extended DataFig.11b). The vast majority of contaminated sequences
found only with T2T-Y localized to the newly added HSat1B and HSat3
repeats (Extended DataFig. 11c and Supplementary Table 32). Repeats
are common sources of database contamination because their high
copy number increases the chance they will be sequenced and assem-
bled. We predict that this human-derived sequence contamination
issueincludes sequence fromall human chromosomes and extends to
all sequence databases, including non-microbial genomes.

Discussion

Owing to its highly repetitive structure, the human Y chromosome is
the last of the human chromosomes to be completed from telomere
totelomere. Here we present T2T-Y, acomplete and gapless assembly
ofthe Y chromosome from the HGO02 benchmarking genome, along
withafull annotation of its gene, repeat and organizational structure.
We have combined T2T-Y with the previous T2T-CHM13 assembly to
constructanewreference, T2T-CHM13+Y, thatis inclusive of all human
chromosomes. This assembly, along with all of the annotation resources
presented here, is available for use as an alternative reference via NCBI
and the UCSC Genome Browser” (Data Availability).

Our analysis of the T2T-CHM13+Y reference assembly shows areduc-
tion in false-positive variant calls for XY-bearing samples due to the
correction of collapsed, incomplete, misassembled or otherwise
inaccurate sequences in GRCh38-Y. Given the history of the GRCh38-Y
assembly anditsreliance on BAC libraries, we see no feasible means for
its completion and suggest T2T-Y as a more suitable ChrY reference
going forward. We recommend the use of T2T-CHM13 when mapping
reads from XX samples, and ChrY PAR-masked T2T-CHM13+Y when
mapping XY samples (Supplementary Note 3).

The completion of ampliconic and otherwise highly repetitive
regions of ChrY willalso require updates to existing gene annotations
thatare based ontheincomplete GRCh38-Y assembly. How to label and
refer to genes within variable-size ampliconic arrays, like TSPY, isan
open question. Moreover, the highly repetitive sequences pose new
challenges in regard to computational tools developed on GRCh38.
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One example is the inconsistent methylation pattern observed in the
satellite-enriched heterochromatin region, in which both HiFi and
ONT are prone to sequencing biases, hindering accurate biological
interpretation (Supplementary Note 4 and Supplementary Fig. 19).
Lastly, we have noted the improved detection of human contamination
in genomic databases using T2T-CHM13+Y and recommend a full con-
tamination audit of public genome databases using this updated human
reference. Taken together, these results illustrate the importance of
using acomplete human reference genome for bioinformatic analyses.

Construction of the T2T-Y assembly challenged the assembly meth-
odsdeveloped for the haploid CHM13 genome and spurred the develop-
ment of new, automated methods for diploid human genome assembly.
In particular, the PARs of the HGO02 sex chromosomes required phas-
ing akin to heterozygous, diploid haplotypes, and the palindromic
and heterochromatic regions of ChrY required expert curation of the
initial assembly string graph. Lessons learned from our assembly of
T2T-Y informed the development of the Verkko assembler”?, which
automates the integration of HiFi and ONT data for diploid human
genome assembly. The companion study of Hallast et al.*? successfully
used Verkko to generate 43 near-T2T assemblies from a diverse panel of
human Y chromosomes, showing dynamic structural changes within
this chromosome over the past 180,000 years of human evolution.
Ultimately, asthe complete, accurate and gapless assembly of diploid
human genomes becomes routine, we expect that ‘reference genomes’
willbecome known simply as ‘genomes’.

Projects such as the HPRC™ are in the process of generating high-
coverage HiFiand ONT sequencing for hundreds of additional human
samples, and the assembly of these diverse, complete human genomes,
along with similar quality assemblies of the non-human primates, will
provide an unparalleled view of human variation and evolution. With
the availability of complete, diploid human genome assemblies, asso-
ciation between phenotype and genotype will finally move beyond
small variants alone and be made inclusive of all complex, structural
genome variation.
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Methods

This section provides abrief summary of the methods. Refer to the Sup-
plementary Methods for further details.

HGOO2 cellline

HGO0O02 celllines (GM24385, GM26105 and GM27730) were purchased
fromthe Coriell Institute and used for sequencing and generation of
data used in this study. HGOO2 DNA is available as a reference mate-
rial from the National Institute of Standards and Technology (NIST),
and the associated cell lines have previously been consented for both
research use and commercial redistribution. More details can be found
at https://www.nist.gov/programs-projects/genome-bottle and https://
www.coriell.org/1/NIGMS/Collections/NIST-Reference-Materials. The
authenticity of the cell line and DNA was subsequently confirmed by
comparison of assembly-based variant calls with the HGO02 GIAB truth
setand karyotyping. The cell lines were not tested for mycoplasma con-
tamination. Thefinal product of this study (T2T-Y assembly) was tested
for contamination, but none was identified except the Epstein-Barr
virus (EBV) used for immortalization, which was found as an external
chromosomal component.

Sequencing

Seventeen PacBio HiFi WGS runs were generated from GM24385 using
the SMRTbell Express Template Prep Kit 2.0 on the Sequel Il platform,
after size selection for 15-25 kb fragments. AIlONT WGS runs are from
the study of Jarvis et al.?°, having been generated using protocols from
Shafinetal.”®and Jainetal.l’

RNA was extracted from three cell lines to generate Iso-seq reads:
EBV-immortalized lymphoblastoid cell line (GM24385), induced pluri-
potent stem cell of the EBV-immortalized lymphoblastoid cell line
(GM26105) and induced pluripotent stem cell derived directly from
peripheral blood mononuclear cells (GM27730). Iso-seq data were gen-
erated onthe Sequel Il platform and processed using Lima and IsoSeq3.

Specific runs used either in assembly or validation, along with their
accessions, are available in Supplementary Table 1, and DNA prepara-
tionand library generationinformationis available in Supplementary
Methods.

Assembly and validation

Anassembly string graph was first constructed using PacBio HiFireads
(roughly 60x) and processed using custom pruning procedures. Due
to high sequence similarity within PAR1and PAR2, the HGO02 ChrX and
ChrY string graph components shared connections to one another in
the PARs but to no other chromosomes in the genome. The remain-
ing tangles in these sex-chromosome subgraphs were resolved
using ONT reads longer than 100 kb (around 90x). A semiautomated
repeat-resolution strategy utilized GraphAligner® to map ultralong
ONT datato the HiFi assembly graph and identify the correct traversals.
To resolve the PAR regions, ChrX and ChrY chromosomal walks were
identified using homopolymer compressed trio-binned k-mers from
parental lllumina reads’, and a consensus sequence was computed for
each. Remaining coverage gaps caused by HiFisequencing biases were
patched using a de novo Flye assembly of trio-binned paternal ONT
reads™%°. For new projects we now recommend the automated Verkko
pipeline”, which is able to replicate the semimanual T2T-Y assembly
presented here.

For polishing, ChrXY draft assemblies were combined with T2T-
CHMI13vl.1autosomes to prevent mapping biases caused by the incom-
pletely resolved autosomes of HGOO2 (that is, T2T-CHM13+XY). For
further polishing and validation we used 66x lllumina, 84 x HiFi and
250x ONT (being haploid, the effective coverage on X and Y is half
of those depths). Small corrections were identified using DeepVari-
ant®® and filtered with Merfin'. Large errors were identified with Snif-
fles®® and cuteSV® and through comparison with the HPRC-HG002v1

assembly?. All large errors were patched using marker-assisted HiFi
and ONT reads. Assembly issues were identified using repeat-aware,
long-read alignments from Winnowmap2 (ref. 16) (filtered with glob-
ally unique markers") and VerityMap® (guided by locally unique
markers). Coverage summaries were obtained using scripts from
T2T-CHM13 assembly evaluation”. Putative collapses and inversion
errors were identified using Strand-seq data. Raw sequencing reads
from 65 Strand-seq libraries®*** were aligned to both GRCh38 and
T2T-CHM13+XY with the Burrows-Wheeler algorithm?®®, then pro-
cessed with breakpointR**® to identify inversion errors. Recurrent
inversions were identified by comparison with results from Porubsky
etal.’, To further confirm integrity of ChrY in the HGOO2 cell line, we
aligned publicly available GIAB?? HiFi and ONT reads from the pater-
nal HG003 genome (including from the PacBio Revio platform®®) and
performed the same coverage analysis. Base error rate was measured
by Merqury using a hybrid k-mer set from Illumina and HiFi reads™"®
(Supplementary Table 3).

Comparison with GRCh38-Y

Y haplogroup identification. The Y-chromosome haplogroup of
HG002 and GRCh38 was identified using yhaplo®, which builds atree
from phylogenetically informative single-nucleotide polymorphisms
(SNPs) thataccumulate in the non-recombining portionof the Y. The Y
haplogroups of IKGP samples were identified by Y-Finder®® using SNP
calls on GRCh38 from Aganezov et al.*®.

Alignments between GRCh38 and HGOO2 Y assemblies. Align-
ments between the GRCh38-Y and T2T-Y assemblies for the purposes
of visualization with SafFire were generated with minimap2 (ref. 91).
The pairwise mapping format (PAF) output was then processed with
rustybam and visualized with SafFire. DupMasker™ and dna-brnn®
annotations were generated using Rhodonite (https://doi.org/10.5281/
zenodo.6036498).

A complementary alignment was generated with LASTZ® after
softmasking repeats from WindowMasker®*. The alignment dotplot
and best identity were plotted using R (https://github.com/arangrhie/
T2T-HGOO2Y/tree/main/alignments/lastz). Regions along T2T-Y were
coloured according to their class.

To visualize three large structural differences of the three ChrY
assemblies (GRCh37-Y, GRCh38-Y and T2T-Y) we used the Pangenom-
ics Research Tool Kit* to construct principal bundles representing
contiguous and conserved sequences among the pangenome contigs.

Gene annotation

GENCODE v.35 CAT Liftoff annotation. Preliminary gene annota-
tion was performed by mapping GENCODE v.35 (ref. 96) annotations
from GRCh38-Y to T2T-Y using a Cactus® alignment with Chimp asan
outgroup. Iso-seq reads were aligned and assembled with Stringtie2
(ref. 98), aligned to the assembly with TransMap®® and used as input
for CAT'® along with the GENCODE v.35 annotation. GENCODE v.35
Y annotations were mapped with Liftoff'” then intersected with Bed-
tools'® toisolate genes mapped by Liftoff to ChrY that were notin the
CAT annotation.

De novo RefSeq v.110 and GENCODE v.38 annotation. In the mean-
time, ade novo RefSeq annotation was performed on both GRCh38 and
T2T-CHM13+Y and released (v.110) as previously described for other
vertebrate genomes'®'%, A total of 82,862 curated RefSeq transcripts,
345,700 complementary DNAs, 8.65 million expressed sequence tags,
9.7 billion RNA sequencing reads and 83 million PacBio Iso-seq and
ONT reads fromover 30 distinct tissues were retrieved from Sequence
Read Archive and were tentatively aligned to the assembly using either
Splign'® or minimap2 (ref. 91).

Simultaneously, an Ensembl gene annotation was performed by
amapping subset of the genes from GENCODE v.38 (ref. 96) using
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minimap2 (ref. 91) and MAFFT'. Transcripts with low coverage or
identity below 98% were realigned using Exonerate'”’. Genes in potential
recent duplications or collapsed paralogues were adjusted accordingly.

RefSeq Liftoff and curated ampliconic gene annotation. Because
the additional copies of ampliconic genes hindered comparison with
known genes in GRCh38-Y with differing gene IDs and names, we per-
formed one more annotation by mapping GRCh38 RefSeq v.110 anno-
tations with Liftoff to T2T-CHM13+Y. We compared ampliconic gene
family annotation results from those of GENCODE CAT/Liftoff and
assigned gene names, followed by best gene coverage and identity,
including introns. Later, based on discussions with authors of a com-
panion paper®, we adjusted the gene names for three protein-coding
annotations based on exonsequenceidentity (Supplementary Table 5).

Validation of ampliconic protein-coding genes. Copy numbers for
each ampliconic gene family in both the GRCh38-Y and T2T-Y assem-
blies were estimated using an adapted application of AmpliCoNE®.
Copy numbers of these gene families were previously estimated for
HGO0O02 using llluminareads from GIAB'®and ddPCR*. The only notable
difference was in regard to TSPY copy number, in which we identified
45 intact protein-coding copies. Copy number was slightly higher in
the assembly thanin estimates derived from Illuminareadsand ddPCR
(45 versus 40 and 42, respectively). The in silico PCR primer search
matched all 44 protein-coding copiesinthe TSPY gene array and TSPY2,
andtwo pseudogenes at the 3’end of the TSPY array that we were unable
toavoidinthe ddPCR primer design. We conclude that our AmpliCoNE,
ddPCRandinsilico PCR estimates agree withampliconic gene annota-
tionsinthe T2T-Y assembly (Table 1).

Repeat annotation

Segmental duplications. Segmental duplication annotations were

created using the same methods as in Vollger et al. without modifica-

tion®. In brief, segmental duplications in T2T-CHM13+Y were identified

using SEDEF'® after repeat masking with Tandem Repeats Finder''’
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and RepeatMasker™.

Repeat model discovery and annotation. A three-step repeat anno-
tation was performed to annotate new repeat models on ChrY. First,
RepeatMasker was performed on the T2T-Y assembly using the Dfam 3.3
library™?, hard-masking previously annotated repeats. Second, Repeat-
Modeler analysis was performed on the remaining unmasked regions
to identify new repeat model consensuses, which were subjected to
extension and filtering and used as a library for a secondary Repeat-
Masker run. Two methods were primarily used to identify new satel-
literepeats: ULTRA™ and NTRprism**. Unannotated regions over 5 kb
wereidentified viaBedtools™ by subtracting repeat annotations from
the firstandlast steps above. Regions were manually curated in UCSC
Genome Browser to check for any feature overlap (for example, gene an-
notations). Tandemly repeated sequences were detected and assessed
with a combination of ULTRA, NTRprism and the TRF GUI version® to
determine the best monomer consensus for a given satellite model.
Lastly, the compilation pipeline laid out in Hoyt et al.*” was followed
to avoid potential false positives by simply masking with a combined
library of new repeat models and known repeat models (Dfam library).
The same three-step, repeat-annotation pipeline was also applied to
GRCh38-Y.Repeats were summarized using buildSummary.pI"™ at both
class and family level (Table 1and Supplementary Table 12), and at
the subfamily level for new repeats (Supplementary Table 11), inboth
T2T-Y and GRCh38-Y.

Composite repeats. Composite elements were defined and character-
ized as described in Hoyt et al.*” as repeating units consisting of three
or more repeated sequences, including TEs, simple repeats, composite
subunits and/or satellites that are found as atandem array in at least

onelocationinthe genome. BLAT" was used to locate other composite
unit copies across T2T-Y and cross-reference these with their asso-
ciated gene annotations (CAT/Liftoff). Identification of potentially
active, full-length TEs (SINEs, LINEs and retroposons are AluY, LIHs and
SVA_E/F) across T2T-Y and GRCh38-Y was done following the methods
of Hoytetal.”.

Satellite annotation. Centromeric satellite (cen/sat) annotations were
generated as in Altemose et al.**, with several refinements tailored
to include annotations of the entire ChrY. Major satellite types were
extracted from the RepeatMasker track, with features merged for the
same satellite type within 10 kb of each other. For HSat2 and HSat3, a
specialized annotation tool was used (https://github.com/altemose/
chmi3_hsat)**. DYZ19 and HSat1B were annotated using RepeatMasker
annotations. Exact boundaries between HSat3 and HSat1B (aka DYZ1
and DYZ2) were manually refined.

Transduction analysis. We utilized the same approach asin Hoyt et al.’
to identify putative DNA transductions mediated by retro-elements.
Briefly, L1s and SVAs were identified in T2T-Y to detect target site
duplications and 3’ transduction signatures using a modified version
of TSDfinder'”. Then, we removed transductions residing in segmental
duplications and masked the transduced sequences using Repeat-
Masker™. To find the potential progenitor of each transduction within
T2T-CHM13+Y and GRCh38, offspring sequences were aligned to the
corresponding databases of full-length L1s and SVAs using BLAST",

Non-B DNA motif annotation. To predict sequence motifs with the
potential to form alternative DNA structures (non-B DNA) we used
nBMST™ for repeat motifs (A-phased, direct, inverted and mirror
repeats and STRs) and Z-DNA motifs'?°'?, G4-motifs were detected
with Quadron'??, which also yields a score that quantifies the stability
of a predicted G4 structure based on a machine-learning algorithm
trained on empirical datasets. Motifs with a Quadron score of 19 or
more were considered stable and thus used throughout our analysis.
Non-B motifs were intersected with other existing annotations of T2T-Y
(geneannotations, satellite repeats and CpGislands) using Bedtools™.
Rideogram'®was used to generate these visualized tracks, as well as the
three composite repeat tracks. GraphPad Prism'** was used to generate
TE composition per sequence class plots.

Data visualization

For Figs.1and 3 the alignment of GRCh38-Y and T2T-Y was visualized
with SafFire'”. Segmental duplications are coloured by duplication
types defined in DupMasker™. IGV”” was used to draw ideograms,
sequence classes, palindromes, IRs and AZF. Bedtools™* was used to
calculate density (across each gene type), base pair coverage (across
each repeat class) and average CpG methylation frequency per
100 kb window. Dotplots coloured by identity were generated with
StainedGlass™.

TSPY gene family analysis

TSPY copy number estimation from SGDP. Copy number of the TSPY
gene was estimated as in Vollger et al.? In brief we applied the fastCN
pipeline?®, which uses read depth as a proxy. Short-read sequence data
were processed into 36 bp non-overlapping fragments and mapped
using mrsFAST'” toa T2T-CHM13+Y reference masked with TRF and Re-
peatMasker. Read depth across the genome was corrected for genomic
copy bias, and copy number determined using linear regression on
read depth versus known fixed copy number control regions. Finally,
integer genotypes for TSPYwere generated by taking a weighted aver-
age of copy number estimates from windows overlapping the locus.

Phylogenetic tree analysis of TSPY genes. All curated protein-coding
and pseudogene TSPY copies (including introns) from the CAT/
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Liftoff and RefSeq/Liftoff annotations were used. For outgroup root-
ing of the tree, TSPY sequences were used from Hylobates moloch
(NW_022611649.1)'* and P. abelii (KP141780.1)'*. Alignment was car-
ried out in MAFFT'*, Phylogenetic analysis was run in RAXML-NG"*°
with 200 bootstrap replicates and rapid bootstrap approximation.
Consensusbootstrap values were then mapped to the highest-likelihood
phylogeny in Geneious™ and visualized in FigTree™.

Centromere analysis

T2T-Y was processed using the standard alpha-satellite tools as
described in Altemose et al.**. The S4CYHIL (DYZ3) alpha-satellite
HOR was re-examined and redefined for this Article to take into
account its polymorphic variants both known from previous litera-
ture®** and shown by the recent complete centromere assembly of
RP11 (ref. 45).

The CENP-A CUT&RUN datawere aligned to the T2T-CHM13+Y assem-
bly as previously described in Altemose et al.**. Alignments were fil-
tered using the single-copy k-mer locus filtering method as described
in Hoyt et al.*”” through the use of the UCSC Genome Browser tool
overlapSelect.

HGO002 ONT ultralong datawere again basecalled using Guppy v.6.1.2,
Remora to obtain CpG methylation data (Supplementary Table 1).
Modbams were converted to FASTQ files and aligned with Winnowmap2
(ref.16). HGOO2 ONT nanoNOMe data were generated in Gershman
et al.** and analysed with nanopolish™. The probability of methyla-
tion for each CpG site in PacBio HiFi reads was assigned using prim-
rose in SMRT Link vl1.1available at https://www.pacb.com/support/
software-downloads/. A newer version of primrose is available as
jasmine (https://github.com/PacificBiosciences/jasmine). Reads were
aligned with ppbmma2 (https://github.com/PacificBiosciences/pbmm2).
The percentage of methylated reads at each reference genome position
was calculated using pb-CpG-tools (https://github.com/PacificBio-
sciences/pb-CpG-tools). Resulting modbams were reprocessed iden-
tically to Remora-called ONT data to collect comparable aggregated
native CpG methylation data. The CDR was manually annotated as
the area where CpG methylation is lower than the flanking, active,
alpha-satellite (Supplementary Fig. 14).

Sequence classes onthe Y chromosome

The X-degenerate and ampliconic regions were annotated using either
exact boundaries of palindromes or intrachromosomal identity, as
definedin Skaletsky et al.!, with adjusted borders based on gene anno-
tations. T2T-Y was splitinto 5 kb sliding windows (step size 1kb) and
these sequences were mapped back to T2T-Y using Winnowmap2
(ref.16). Following exclusion of self-alignments, windows with identity
over 50% were considered indicative of ampliconic regions if present
consecutively.

For the schematic representations shown in Fig. 4, amplicons
from Teitz et al.”> were mapped to GRCh38-Y and T2T-Y assem-
blies with Winnowmap2 (ref. 16) to identify homologous regions.
Approximate boundaries of palindrome P4-P8 arms were manually
selected using Gepard™® and further refined based on alignment
of palindromic arms and adjacent flanks against each other (arml
to the reverse complement of arm2) using global alignment with
Stretcher'.

For AZFa, sequences between two HERVI5 genes (including genes
USP9Y and DDX3Y) were used to determine AZFa boundaries™®. The
boundaries of AZFb and AZFc were defined by the amplicon units P5/
proximal P1deletion (yel3/yell) and by the b2/b4 deletion. A self-dotplot
of the T2T-Y assembly was used with word size of 100 in Gepard™¢. Break-
pointswere identified asillustrated in figure 2 of Navarro-Costa et al.>*,
as shownin Supplementary Fig. 15.

The PAR and X-transposed regions were initially identified using
LASTZ?* alignments between HGO02 X, HGO02 Y and CHM13 X. Exact
boundaries were later refined using minimap2 (ref. 91) alignments.

Yq12 heterochromatinregion

DYZ1and DYZ2.DYZ1and DYZ2 consensus sequences were generated
by multiple sequence alignment using kalign™* and converted to a pro-
file hidden Markov model with HMMER™®. Dotplots in Extended Data

Fig. 8 were produced using dottup in the EMBOSS software package'.

Phylogenetic tree analysis of AluY. The AluY tree was rooted on the
RepeatMasker/Dfam-derived consensus sequence for AluSc8. Analysis
was run on a MAFFT'°¢-derived alignment using RAXML-NG"° with
100 non-parametric bootstrap replications. Note thatin the AluY sub-
family clade (‘Mixed AluY Subfamilies’) there are scattered elements
across the group even though the majority are represented in the
labelled subclades.

Short-read variant calling on T2T-CHM13+Y

Impact of masking PAR and XTR on variant calling. Simulated
paired-end sequence reads were generated using NEAT™!, Variants
from 10 XY and 10 XX European individuals were collected from
high-coverage variant calls of IKGP? and used for benchmarking. Reads
were processed with bbduk'*and mapped using bwa® to two versions
of GRCh38: X and Y both unmasked (default), and sex chromosome
aware (SCC aware®). Masking was performed on PAR™ or on both
PAR and XTR®™** Mapping quality was assessed on ChrXineach 50 kb
window, sliding 10 kb using Bedtools™. Variant calling was performed
with GATK' and compared against the chosen variants used in simula-
tion of reads.

Mappability comparison and variant calling in IKGP samples. Using
the National Human Genome Research Institute (NHGRI) Genomic
Data Science Analysis, Visualization, and Informatics Lab-Space
(AnVIL)*¢, we performed short-read alignment and variant calling
for the 3,202 samples in 1IKGP? using the T2T-CHM13+Y assembly as
areference. These samples were sequenced to at least 30x coverage
by the New York Genome Center, with alignment and variant calling
previously performed on the GRCh38 reference. We largely followed
the short-read alignment and variant-calling pipeline used for analysis
of T2T-CHM13v1.0 (ref. 66), except that we used SCC references for all
XX and XY individuals using XYalign®. In the XX-specific reference, the
entire Y chromosome is masked whereas in the XY-specific reference
only Y-PARs are masked. For all analyses, measures of mappability (reads
mapped, reads properly paired, mismatch rate) were assessed with
Samtools', and variant counts and allele frequencies were assessed
with beftools'. Variants in syntenic regions between GRCh38-Y and
T2T-Y were further subsetted with Bedtools™*.

Putative collapsed regions in GRCh38-Y. Three individuals’ variant
calls and corresponding bam files from the 1KGP dataset were down-
loaded from AnVIL—one individual each from the J1, R1b and E1b hap-
logroups (HGO1130, HGOO0116 and HGO1885, respectively). Variant
calls on ChrY syntenic region were subset using beftools™. From the
variant call format (VCF) file, allelic read depth (defined as AD field)
and reference allele depth (first value in the depth (DP) field) were
extracted using a custom script along with each variant’s chromosomal
position and visualized with R. Coverage tracks of the bam files were
collected withIGVtoolkit”” and samtools'’. Variants from HG00116 on
GRCh38-Y (R1b, therefore least structural variations expected) were
further aggregated as an ‘excessive variant region’ when non-reference
alleles were present and merged within 50 kb. Coverage, variant calls
and excessive variant regions were manually inspected on GRCh38-Y
and marked as a ‘putative collapse’ if the region (1) had an excessive
number of variants called for all three samples, (2) overlapped with a
known gap in GRCh38 and (3) did not overlap the palindromic region
(where there were substantial rearrangements between GRCh38-Y
and T2T-Y).
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Mapping and variant calling of SGDP samples. The SGDP includes
279 open-access, high-coverage genomes from 130 diverse popula-
tions?®. Compared with 1IKGP, SGDP includes 118 additional populations
withsamples sequenced to an average of 43x coverage using a shared
PCR-free Illumina library. SGDP samples were aligned and genotyped
to T2T-CHM13+Y and GRCh38 on AnVIL"¢ following the same pipeline
used for analysis of IKGP samples.

Curated syntenic region and liftover chains. The initial chain file was
generated using nf-LO™® with minimap2 (ref. 91) alignments. Align-
ments were filtered and converted to PAF using chaintools. Alignments
of non-homologous chromosomes were removed. Overlapping align-
ments in the query sequence was removed with rustybam to create
1:1alignments. PAF alignments were converted back to chain format.

Inaddition to minimap2-based, whole-genome alignment we applied
a wfmash-based pipeline'® to validate the chain file. This pipeline
starts with a wfmash'* whole-genome alignment of T2T-CHM13+Y
and the masked and filtered GRCh38 assembly, and identifies 1-to-1
homologous regions at least 5 kb long with a nucleotide identity of at
least 95%. Similarly, the resulting chain was postprocessed to obtain
1:1alignments using rustybam and the paf2chain tool. All PAF files
with full CIGAR strings were then inspected with SafFire for quality
investigation. The minimap2- and wfmash-based chains showed high
consistency over the genomes.

Datasets and resources for T2T-CHM13+Y

Lifting over resources from GRCh38 to CHM13+Y. Using the curated
chain file, we lifted over dbSNP build 155 (ref. 150), the 13 March 2022
release of Clinvar®*' and GWAS Catalog v.1.0 (refs. 24,152) from the
GRCh38 primary assembly to T2T-CHM13v2.0 (T2T-CHM13+Y). Liftover
was performed as previously described®® using GATK Picard™ Lift-
overVcfand the alignment chain described above.

ENCODE. Reads were obtained from the ENCODE dataset® and mapped
with Bowtie2 (ref. 154). Alignments were filtered using Samtools to
remove unmapped or single-end mapped reads and those with amap-
ping quality score under 2. PCR duplicates were identified and removed
with Picard tools ‘mark duplicates’. Alignments were then filtered for
the presence of unique k-mers. Bigwig coverage tracks and enrichment

tracks were created using deepTools2 bamCoverage'>.

gnomAD. Genome-wide variant data from the Genome Aggregation
Database (gnomAD) release v.3.1.2 wasllifted over from GRCh38to each
assembly using CrossMap™®. The chain files used were created from the
GRCh38-based HAL file, downloaded from the cactus-minigraph align-
mentofLiaoetal.”? Theresulting variant-call formats were annotated
with predicted molecular consequence and transcript-specific variant
deleteriousness scores from PolyPhen-2 and SIFT using Ensembl Vari-
ant Effect Predictor.

HumanY chromosome contamination in bacterial genomes
Screening against the study of Chrisman et al.. We used MUMmer"’
to compare 73,691 bacterial 100-mers reported as enriched in human
males by Chrisman et al.”® with the T2T-Y assembly. We found that, as
predicted, more than 95% of the 100-mers had near-perfect matches,
defined as an exact match of 50 bp or longer, to the complete T2T-Y
sequence. The nucmer programme from MUMmer was run with default
options, except to specify -1 50 for an exact match length of 50 or more
and-c 50 so thatit reported matches as short as 50 bp.

Screening with 64-mers. Meryl® was used to compare 64-mers from
NCBI RefSeq release 213 (July 2022) with T2T-Y and GRCh38-Y. Each
bacterial contig was annotated with the number of matching k-mers
in T2T-Y, GRCh38-Y and the number of k-mers in the contig with a
match. Each position in the reference chromosomes was annotated

with the multiplicity of the k-mer at that position in the RefSeq con-
tigs, and with the number of contigs containing the k-mer. Hits per
query were filtered to retain only contigs with more than 20 k-mer
matches or with more than 10% of the contig sequence covered by
k-mer matches. The queries at each reference position were combined
and accumulated into 10 kb windows and converted to an interval
wiggle file for visualization. RefSeq sequence entries with hits were
retrieved using seqrequester and categorized using 64-mers built from
HSat1B and HSat3 annotations. The firstand second words in sequence
entry names were extracted to visualize the taxonomic abundance
of microbial genomes in a pie chart using Kronatools™® (Extended
DataFig.11c).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The T2T-CHM13v2.0 (T2T-CHM13+Y) assembly, reference analysis
set, complete list of resources—including gene annotation, repeat
annotation, epigenetic profiles, variant-calling results from 1KGP and
SGDP, gnomAD, ClinVar, GWAS and dbSNP datasets—are available for
download at https://github.com/marbl/CHM13. The assembly is also
available from NCBI and EBI with GenBank accession GCA_009914755.4.
Annotation and associated resources are also browsable as ‘hsl’
from the UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/
hgTracks?db=hub_3671779_hsl), the Ensembl Genome Browser (https://
projects.ensembl.org/hprc/) (assembly name T2T-CHM13v2.0) and
NCBI data-hub (https://www.ncbi.nlm.nih.gov/data-hub/genome/
GCF_009914755.1/). Potential assembly issues are listed and can be
tracked at https://github.com/marbl/CHMI13-issues. 1IKGP and SGDP
short-read alignments and variant calls are available within AnVIL
athttps://anvil.terra.bio/#workspaces/anvil-datastorage/AnVIL_T2T_
CHRY. Original data from the Gerton lab underlying this manuscript
can be accessed from the Stowers Original Data Repository at http://
www.stowers.org/research/publications/libpb-2358. Sequencing data
used in this study are listed in Supplementary Table 1.

Code availability

Custom codes developed for data analysis and visualization are avail-
ableathttps://github.com/arangrhie/T2T-HGO0O2Y, https://github.com/
snurk/sg_sandbox and https://github.com/schatzlab/t2t-chm13-chry
and are deposited with Zenodo™”’. Software and parameters used are
stated in the Supplementary Methods with further details.
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Extended DataFig.1|Assembling the Xand Y chromosomes of HG002.
a.Chromosome X and Y components of the assembly string graph built from
HiFireads, detected based on node sequence alignments to T2T-CHM13 and
GRCh38references. Eachnodeis colored accordingto the excess of paternal-
specific (blue) and maternal-specific (red) k-mers, obtained from parental
Illuminareads, indicatingif they exclusively belong to chromosome Y or X,
respectively. Most complicated tangles arelocalized within the heterochromatic
satelliteregionontheY g-arm. The Xand Y subgraphs are connected in PAR1
and PAR2. Graph discontinuities are due to alack of HiFi sequence coverage in
theseregions caused by contextual sequencing bias, with 9 out of 11 observed
breaks falling within PAR1on either chromosome (5 out of 5 for chromosome Y).
Note that for visualization purposes the length of shorter nodes is artificially
increased making the extent of the tangles appear larger thanreality.b. The
effects of manual pruning and semi-automated ONT read integration is
illustrated from top tobottom. Top, zoomed in view of atangle encoding the

S PAR2
\

TEL

I Maternal
I Paternal
I Unknown
[ Multi-copy

=== Disconnected

P1-P3 palindromicregioninY (approx.22.86-27.08 Mb, see Fig. 4). Middle,
corresponding subgraph following the manual pruning and recompaction.
Nodes excluded from the curated “single-copy” list for automated ONT-based
repeatresolution are showninyellow. Three hairpin structures are highlighted,
which form almost-perfectinverted tandem repeats encompassing the entire
P3and two P2 (red) palindromes. Node outlines in the palindromes are colored
accordingtothe palindromicarmsasinFig.4.Bottom, corresponding subgraph
following therepeatresolution using ONT read-to-graph alignments. Remaining
ambiguities were resolved by evaluating ONT read alignments to all candidate
reconstructions of the corresponding sub-regions. c. PAR1subgraphlabeled
withHiFiread coverage oneachnode. Gaps (green edges) and uneven node
coverage estimates indicate biases in HiFi sequencing across the region.
Figure1shows anenrichment of SINE repeats and non-B DNA motifsin PAR1
that may underlie the sequencing gapsinthisregion.
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Extended DataFig.2 | Validationand polishing of the T2T-Y. a. Evaluation

and polishing workflow performed on T2T-CHM13vl1.1autosomes + HGO02 XY
assemblies. b. Venn diagram of the k-mers from the parents and child. On the
left, hap-mers'® represent haplotype specific k-mersinherited by the child.
Thedarker outlined circleinside the child k-mers represent single-copy k-mers
(k-mers occurringoncein the assembly and single-copy in the child’s genome).
Right figure shows an example of the paternal specific, “single-copy” and
“marker” k-mers. The marker setincludes both multi-copy and single-copy
k-mers specific to the paternal haplotype that wereinherited by the child. Unlike
polishing the nearly haploid CHM13 assembly”, both single-copy k-mers and
marker k-mers were used for the marker-assisted alignments to HGO02 XY. This
helped align more reads within repetitive regions to the correct chromosome
for evaluation during polishing. Right panel shows counts of the k-mersand
coverage of HiFi and ONT reads using the marker-assisted Winnowmap2

Genomic position

alignment, in addition to alignments from VerityMap, which uses locally
unique k-mers for anchoring thereads. c. Aggregated Strand-seq coverage
profileacross all 65 libraries on GRCh38-Y (top) and T2T-Y (bottom). Each
barrepresentsread countsinevery 20 kbbinsupporting the referencein
forward direction (light green) or reverse direction (dark green). Multiple
spikesinreverse direction (black asterisks) in GRCh38-Y indicate inversion
polymorphismsrelative to HG002, likely due to differences between the
haplogroups. Such spikesin coverage are not observed on T2T-X and T2T-Y,
which confirm the structural and directional accuracy of the HGOO2 assemblies.
A3 kbinversion ofthe unique sequence between the PS palindromic arms was
identified as erroneousin T2T-Y (red asterisk), but was confirmed tobe
polymorphicinthe population and left uncorrected in this version of the
assembly.
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Extended DataFig.3|Largestructural differences between T2T-Y and
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repeats and mirror repeats. Enrichment of non-B DNA sequences were also
observedinthe PARregion. Notably, the TSPY gene array is enriched for G4
and Z-DNA motifs, asshownin Extended Data Fig. 6b.
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Extended DataFig. 6 | Phylogenetic tree analysis of the ampliconic TSPY
gene family and pattern of non-BDNA structure. a. Phylogenetictree
analysis using protein-coding TSPYs from a Sumatran Orangutan (Pongo abelii)
and aSilvery gibbon (Hylobates moloch) as outgroups confirmed 7SPY2 (distal
tothearray) and TSPY copies within the array originated from the same branch,
distinguished from the rest of the TSPY pseudogenes. Rectangular inset shows
acartoonrepresentation of the simplified tree. Numbers next to the triangles

indicate the number of TSPYgenesin the same branch.b. G4 and Z-DNA
structures predicted foratypical TSPY copy inside the TSPY array. All TSPY
copiesinthearray have the same signature, with one G4 peak present ~-500
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indicates amore stable G4 structure, with scores over 19 considered stable
(dottedline).



a SDs <05% [ 95-98% 98-99% [l >=99%
TUEIN AN OO N | O [/ NN DN W
NAt8534 | u
NAtosso | ML “
Nazosoo f MM L -
HGoooss | "
o HGoos12 A g . = "
€
O Heotsos | by "
§ HGO1596 A i . -
T hHeozo11 A -
HGo2492 | Wy "
HGosooo [ M .
HGo3oes M... . - A
HGosa71 | M . i "
HGos732 & . . .
NA19239 A. . Ak - - e s
I I 1 I 1
22 23 24 25 26
GRCh38-Y
b c
lcc mwc Sister chromatid
Strand state ww Il Undetermined exchange event (SCE)
—= 1ib20306
I— o =
—et =
: Z 1ib20378 [
. = s
— i _—
g . - i L
b = 1ib20391
k] —
==
8 —TF:
o - .
g , : —  1ib20432 "Im
'g - ; "l
S :
7 i
§ - ; 1ib20458 “H
5] . M.“l I
4 -
: : > 1ib20487
—————— : .
' n . A 0
start end start end
GRCh38-Y T2T-Y

Extended DataFig.7|Recurrentinversionsidentified with Strand-seq.
a.Fiveoutof15individuals have theinverted variantas presentin HGO02 at the
P3 palindrome (white arrow). Although inversions across P1-P2 (yellow and red
arrows) are difficult to confirm with Strand-seq because of the high sequence
similarity between the palindromic arms, different orientations are observable
inthesesamples.b. Strand states for 65 Strand-seq libraries of HG0O02.
Depending onthe mappings of directional Strand-seq reads (+ reads: ‘Crick’, C,
-reads: ‘Watson’, W), reference sequence was assigned in three states: WC, WW,
and CC. WC, roughly equal mixture of plus and minus reads; WW, all reads
mapped in minus orientation; CC, allreads mapped in plus orientation. Changes
instrand state along asingle chromosome are normally caused by adouble-
strand-break (DSBs) that occurred during DNA replication’*®inarandom
fashionand werefer to them as sister-chromatid-exchanges (SCEs, yellow

Strand | Crick
(Il 1N NN NN
[ W

Watson

I N
NA18534
NA19650
NA20509
HG00096
HG00512
HG00731
HG01505
HG01596
HG02011
HG02492
HG03009
HG03065
HG03371
HG03732
NA19239

| N 3
' v

'

|

i
P

v

v

ErE F B L E

3

Bemm
 EE 1

'

FEI EY

kE k FbREE

-~

LB

T
27 Mb

23 24 25 26
T2T-Y
(e—— ad
N N
. - il
“I“ ‘h Aol
’l lml‘"h P VO
= o = L
- y O
20 40 60 Mb

T2T-Y

thunderbolts). Recurrent changein strand state over the same regionin
multiple Strand-seq cellsindicates misassembly. Similarly, collapsed or
incomplete assembly of a certain genomicregion will resultinarecurrent
strand state change as observed for GRCh38-Y (blackarrowheads). In contrast,
T2T-Y shows strand state changes randomly distributed along each Strand-seq
library with no evidence of misassembly or collapse. c. Strand-seq profile of
selected libraries over T2T-Y summarized inbins (bin size: 500 kb, step size:

50 kb). Teal, Crick read counts; orange, Watson read counts. As ChrY is haploid,
reads are expected to map only in Watson or Crick orientation. Light gray
rectangles highlight regions where SCEs were detected in the heterochromatic
Yql2despite alower coverage of Strand-seq reads. Amodified breakpointR
parameter was used (windowsize =500000 minReads =20) inorder torefine
detected SCEs presented in panelband c.



Article

a NTRprism tandem repeat periodicities detected across chrY
& 6000
a
el
2
5]
2 4000
§ N E—— mtmsmmsmmm = msmm e e 4 mmmem =ma = s = = | «— DYZ1, HSat3(AS6),
=3 _ 3.6 kb repeat
.E . —ees — e e e ———— +— DYZ2 HSat1B,
] 2000 2.4 kb repeat
= .
o
el
o .
T R . . - .
| I ||l TTIT ETITTE ETTH TEETTITETTHENE]T «—— Satellite DNAs
0 17/ \ 20 \ 30 40 50 60 B oSat HOR
Position (Mb) mon. / div. a-satellite
DYZ3 smaller, DYZ17 DYZ19 DYZ18 smaller, BSat
(centromere) Alu-containing HSat3(A3) 125 bp HSat3(A4) Alu-containing B HSat1B
171 bp Hsat3(A4) 1.3&5.6kb repeat 2.8 kb repeat Hsat3(A4) HSat3
aSat repeat arrays repeats array Other satellites
b ; c ) )
" Yq exact wordmatch dotplot, word size 2000 Reconstruction of recent expansion events
604 Hsat3 (DYZ1) lterative, nested, tandem duplications,
HSat1B (DYZ2) consistent with unequal exchange
554 Possible ancestral sequence
50+ [ ] 4 Tandem duplication of purple region (650 kb)
> 45 [ 1|
. l Tandem duplication of orange region (2 Mb
E [ E— p ge region (2 Mb)
40 B |
HE El
[—— y — Tandem duplication of blue region (4.6 Mb)
35.]
30 # Nl N Il Current sequence
: §  —( E— [ |
| |
25 R s oo — —
25 30 35 40 45 50 55 60Mb i ii
EE Em | ]
== | - ~
— _ - ~
T2T-Y - - R
d HSat1B subarray i vs ii ivsi . - ~ .
= 7 Reconstruction of recent finer-scale
= S s contraction/expansion events
% Q/ K ° Possible ancestral sequence
5 : L B
@ 500 . | — |
(‘;“' . 500 lDeIetion of yellow region (115 kb)
2 » ii vs ii
2 |
8 S Ly ]
g 3 4 lTandem duplication of red region (45 kb)
e
8 Y
o ENEE current sequence (70 kb net shorter)
0k T
0 500 0 500
T ] [

Coordinates on HSat1B array ii (kb)
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Software and code

Policy information about availability of computer code

Data collection AWS command line interface (aws-cli) v1.14.36 was used to retrieve data from the s3://human-pangenomics bucket.

Data analysis Custom codes developed for data analysis and visualization are available at https://github.com/arangrhie/T2T-HG002Y, https://github.com/
snurk/sg_sandbox, and https://github.com/schatzlab/t2t-chm13-chry. Software and parameters used are stated in the Supplementary
Methods with more details.

All sequencing data generated were downloaded from s3://human-pangenomics/. ONT R9 UL reads were re-basecalled with Guppy v6.1.2.
Throughout all analysis, bwa v0.7.17, Winnowmap v2.03, samtools v1.9, minimap2 v2.17-26 and bedtools v2.20.0-v2.30.0 were used for
aligning short or long reads.

Source code and scripts used for assembly graph construction, pruning, semi-automated repeat resolution and consensus can be found in
https://github.com/snurk/sg_sandbox (commit ver. 19ee5e306f83f8eb5f5abac6a3477e2f925b375e), which also utilized GraphAligner v1.0.13,
and later released in Verkko. HiFi gaps were patched with Flye v2.7-b1585. Note that after finishing the T2T-Y assembly, the entire assembly
procedure was re-engineered and updated in the Verkko assembler.

Polishing was performed using codes and scripts in https://github.com/arangrhie/T2T-Polish v1.0 release.

We used Genomescope2, Meryl v1.3, Merqury v1.3, DeepVariant v1.2, Merfin v1.1, Racon v1.4.3 and v1.6.0, Flagger v0.1, bcftools v1.10.2,
hap.py v0.3.14, Sniffles v1.0.12a, cuteSV v1.0.12, SURVIVOR v1.0.7, dipcall v0.3, Flye v2.9, VerityMap v2.1.0-alpha, NucFreq v0.1, and IGV
v2.14.1 for polishing and validation. For Y haplogroup identification, we used yhaplo v1.1.2 and Y-SNP haplogroup hierarchy finder (http://
forensic.mc.ntu.edu.tw:9000/DNAToolWeb/YHGSearch, based on ISOGG Tree 11 Jul 2020 Version 15.73 release).

For alignments between GRCh38 and HG0O02Y, we used rustybam v0.1.29, SafFire v0.2, Rhodonite v0.12, LASTZ v1.04.15 and PRG-TK v0.3.4.
Gene annotation was performed with Cactus v2.0.5, Stringtie2 commit 647ab51, Liftoff v1.6.1~v1.6.3, BUSCO v4.1.4, Splign v2.1.0, ProSplign
and Gnomon from NCBI C++ ToolKit r645952, MAFFT v7.475 (2020/Nov/23), and Exonerate v2.2.0.

Iso-Seq alignments were performed using uLTRA v0.0.4.1, deSALT v1.5.5, cDNA_cupcake v28.0.0.
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Repeats were annotated using RepeatMasker v4.1.2-p1-v4.1.3, RepeatModeler v2.0.1, TRF v409.linux64, ULTRA v1.0, NTRprism v0.22-v1.0.0,
kalign v3.3.2, HMMER with HMM v3.3.2, GraphPad Prism v9.1.0, and BLAT v36.5. Transduction analysis was performed with TSDfinder v1.0,
RepeatMasker v4.1.2-p1, and BLAST v2.11.0. Non-B DNAs were annotated using nBMST commit 1c8f963 and Quadron commit 19047e3).
Methylation analysis was performed with Nanopolish v0.13.2, modbam2bed v0.6.2, primrose v1.3.0, pbmm?2 v1.9.0, pb-CpG-tools v1.1.0,
Bismark v0.23.1dev,

Sequence class annotation utilized Gepard v2.1 and LASTZ v1.04.00.

TSPY copy number analysis used fastCN v0.2, mrsFAST v3.4.2, RepeatMasker v4.1.2-p1.

Phylogenetic tree analysis of the TSPY and AluYs were performed with MAFFT v7.471, RAXML-NG v0.9.0, Geneious v2019.2.3, and FigTree
v1l4.4.

Short-read variant calling benchmark and pipeline to call variants from the 1KGP and SGDP samples are using GATK v4.2.1.0-v4.2.4, XYalign
v1.15, beftools v1.16, IGVtools v2.14.1. Source code is available at https://github.com/schatzlab/t2t-chm13-chry, released as v1.0.0.

For creating CHM13-GRCh38 chain file, nf-LO v1.5.1, rustybam v0.1.29, paf2chain commit f68eeca), chaintools v0.1, SafFire commit aal6e43,
wfmash commit a36ab5f, rustybam commit f68eeca were used.

For lifting over dbSNP, ClinVar, and GWAS resources, GATK v4.1.9 and picard v2.23.3 was used.

ENCODE data were generated with Bowtie2 v2.4.1, samtools v1.10, Picard v2.22.1, deepTools2 v3.4.3, and MACS2 v2.2.7.1.

Genome Aggregation Database (gnomAD) release v3.1.2 was lifted over from GRCh38 to each assembly using CrossMap v0.6.1, and a
nextflow pipeline utilizing Ensembl Variant Effect Predictor (VEP) https://github.com/Ensembl/ensembl-vep/tree/release/108/nextflow
commit ch84684.

Human Y chromosome contamination analysis was performed with MUMmer v4.0, Meryl v1.3, seqrequester (commit r95 faSbdac1), and
Kronatools v2.8.
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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 and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio 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
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The T2T-CHM13v2.0 (T2T-CHM13+Y) assembly, reference analysis set, complete list of resources including gene annotation, repeat annotation, epigenetic profiles,
variant calling results from 1KGP and SGDP, gnomAD, ClinVar, GWAS, and dbSNP datasets are available for download at https://github.com/marbl/CHM13. The
assembly is also available from NCBI and EBI with GenBank accession GCA_009914755.4. Annotation and associated resources are also browsable as “hs1” from the
UCSC Genome Browser http://genome.ucsc.edu/cgi-bin/hgTracks?db=hub_3671779 _hs1, the Ensembl Genome Browser https://projects.ensembl.org/hprc/
(assembly name T2T-CHM13v2.0) and NCBI data-hub https://www.ncbi.nlm.nih.gov/data-hub/genome/GCF_009914755.1/ . Potential assembly issues are listed and
tracked at https://github.com/marbl/CHM13-issues. 1KGP and SGDP short read alignments and variant calls are available within AnVIL at https://anvil.terra.bio/
#workspaces/anvil-datastorage/AnVIL_T2T_CHRY. Sequencing data used in this study is listed in Supplementary Table 1.

Custom codes developed for data analysis and visualization are available at https://github.com/arangrhie/T2T-HG002Y, https://github.com/snurk/sg_sandbox, and

https://github.com/schatzlab/t2t-chm13-chry and deposited on Zenodo along with https://github.com/marbl/CHM13 and https://github.com/marbl/CHM13-issues
(https://doi.org/10.5281/zenodo.8136598). Software and parameters used are stated in the Supplementary Methods with more details.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender No human participants were recruited for this study.

Population characteristics No human participants were recruited for this study.
Recruitment No human participants were recruited for this study.
Ethics oversight No human participants were recruited for this study.

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

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.

|X| Life sciences |:| Behavioural & social sciences |:| 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 One sample was chosen for generating complete sequences of the X and Y chromosomes. To overcome challenges in genome assembly, a
well characterized reference sample, HG002 (GM24385), was chosen based on availability of its previously characterized genomic variation
data and its use as a National Institute of Standards and Technology (NIST) reference material.

Data exclusions  No data was excluded.

Replication Replication has been performed for the Yq satellite (DYZ1 and DYZ2) painting. The results of this experiment were successfully replicated using
two different sets of PCR probes. Fifteen large-field images containing at least 20 spreads were analyzed per condition. Assembly integrity was
also successfully confirmed with PacBio HiFi and ONT reads obtained from HG002 and its paternal cell line HGO03 (GM24149), sequenced at
different time points.
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Randomization Randomization is not applicable to the assembly of a reference genome because the genomic material is derived from one cell line
(GM24385).

Blinding Blinding is not applicable to this study. The reference material has been fully consented for its genomic data release. Known genotypes from
HG002 had to be used for validating the accuracy of the assembly.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Genome in a bottle reference material HG002 cell lines (GM24385, GM26105 and GM27730) were purchased from Coriell
Institute and used for sequencing and generating data used in this study. HG002 DNA is available as a reference material
from NIST, and the associated cell lines have been previously consented for both research use and commercial redistribution.
More details can be found at https://www.nist.gov/programs-projects/genome-bottle and https://www.coriell.org/1/
NIGMS/Collections/NIST-Reference-Materials.

Authentication Cell lines and DNA were obtained directly from authoritative sources (NIST, Coriell, and PGP) and the authenticity
subsequently confirmed by comparing assembly-based variant calls to the HG002 GIAB truth set and karyotyping.

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination. The final product of this study (T2T-Y assembly) was tested for
contamination, none was identified except the EBV used for immortalization, which was found as an external chromosomal
component, as expected.

Commonly misidentified lines No commonly misidentified cell lines were used in the study.
(See ICLAC register)
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