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Supplementary Methods

Sequencing and Data Generation

PacBio HiFi whole-genome sequencing

At Pacific Biosciences

DNA was sheared to 20 kb with a Megaruptor 3. Libraries were prepared with SMRTbell Express
Template Prep Kit 2.0 and size-selected with SageELF to the target size (15 kb, 19 kb, 20 kb).
Libraries were sequenced on the Sequel Il System with Chemistry 2.0.

At University of Washington

At all steps, DNA quantity was checked with fluorometry on the DS-11 FX instrument (DeNovix)
with the Qubit dsDNA HS Assay Kit (Thermo Fisher) and sizes were examined on FEMTO Pulse
(Agilent Technologies) using the Genomic DNA 165 kb Kit. Libraries were all prepared for
sequencing according to the protocol ‘Procedure & Checklist — Preparing HiFi SMRTbell Libraries
using the SMRTbell Express Template Prep Kit 2.0’ and loaded on Sequel Il instruments (PacBio).

Run m64076_201016_191536.ccs and m64076_201013_225902.ccs

DNA was isolated from Coriell cell line NA24385 using a modified Gentra Puregene method
and sheared using gTUBE (Covaris, Inc.) to 25 kb mode size. After SMRTbell generation, material
was size-selected on a SageELF system (Sage Science) using the “0.75% 1-18kb” program and
fraction 3 (mode size 20 kb) supplemented with fraction 4 (mode size 28 kb) selected for
sequencing. The pooled library was bound with Sequencing Primer v2 and Sequel || Polymerase
v2.0 and sequenced on two SMRT Cells 8M using Sequencing Plate v2.0, diffusion loading, four-
hour pre-extension, and 30 hour movie times.

Run m54329U_201103_231616.ccs

DNA was obtained from PacBio and sheared using Megaruptor 3 (Diagenode, Inc.) twice using
settings 30 and 31 to a mode size of 25 kb. After SMRTbell generation, material was size-selected
on a SageELF system (Sage Science) using the “Waveform 200” program and fraction 3 with a
mode size of 19.5 kb was selected for sequencing. The library was bound with Sequencing Primer
v2 and Sequel Il Polymerase v2.0 and sequenced on one SMRT Cell 8M using Sequencing Plate
v2.0, diffusion loading, two-hour pre-extension, and 30 hour movie time.

Run m64076_210309_014547

DNA was obtained from PacBio and sheared using Megaruptor 3 (Diagenode, Inc.) twice using
settings 30 and 31 to a mode size of 21 kb. After SMRTbell generation, material was size-selected
on a PippinHT system (Sage Science) using the “0.75%, DF 6-10kb high-pass 75E” high-pass
program with a 10 kb lower cut. Recovered library with a mode size of 20 kb was bound with



Sequencing Primer v5 and Sequel Il Polymerase v2.2 and sequenced on one SMRT Cell 8M
using Sequencing Plate v2.0, predictive loading target 0.85, no pre-extension, and 30 hour movie
time.

Run m64076_210310_104300

HiFi SMRTbell library was prepared at PacBio following protocol ‘Procedure & Checklist —
Preparing HiFi SMRTbell Libraries using the SMRTbell Express Template Prep Kit 2.0’. Genomic
DNA was fragmented with a mode of ~18 kb using the Diagenode Megaruptor 3. Library was size
selected using Sage Science Pippin HT. Polymerase-bound SMRTbell complexes were
generated using Sequencing Primer v5 and Sequel Il Polymerase v2.2. Library was sequenced
on a PacBio Sequel Il with no pre-extension, 30 hour movies, and a 0.85 predictive loading target
using Sequel Il sequencing Plate 2.0.

At Washington University in St. Louis

Run m64043_210311_174418

HiFi SMRTbell library was prepared following protocol ‘Procedure & Checklist — Preparing HiFi
SMRThbell Libraries the SMRTbell Express Template Prep Kit 2.0’. Genomic DNA was fragmented
with a mode of ~18 kb using the Diagenode Megaruptor 1. Library was size selected using Sage
Science ELF 1-18 kb cassette. ELF fractions 2 and 3 were combined for sequencing. Polymerase
bound SMRTbell complexes were generated using Sequencing Primer v5 and Sequel I
Polymerase v2.2. Library was sequenced on a PacBio Sequel Il with no pre-extension, 30 hour
movies, and a 0.85 predictive loading target using Sequel Il sequencing Plate 2.0.

Run m64043_210313_013127

HiFi SMRTbell library was prepared following protocol ‘Procedure & Checklist — Preparing HiFi
SMRThbell Libraries the SMRTbell Express Template Prep Kit 2.0’. Genomic DNA was fragmented
with a mode of ~18 kb using the Diagenode Megaruptor 3. Library was size selected using Sage
Science Pippin HT. Polymerase bound SMRTbell complexes were generated using Sequencing
Primer v5 and Sequel Il Polymerase v2.2. Library was sequenced on a PacBio Sequel Il with no
pre-extension, 30 hour movies, and a 0.85 predictive loading target using Sequel Il sequencing
Plate 2.0.

ONT whole-genome sequencing

All of the Oxford Nanopore Technologies (ONT) sequencing generated in Jarvis et al. (Jarvis et
al. 2022) were re-used in this assembly and validation. In brief, HG0002 was run on PromethlON
and GridION sequencing instruments. The GridION uses MinlON flow cells and the PromethlON
uses PromethlON flow cells. Both flow cells employed the same ONT R9.4.1 sequencing
chemistry. PromethlON sequencing prepared libraries with the unsheared sequencing library
prep protocol and used 28 PromethlON flow cells to generate a total of 658x coverage (assuming
3.1 Gb genome size) and ~51x coverage with 100kb+ reads (Shafin et al. 2020). GridlION
sequencing prepared libraries with the Ultra-Long sequencing library prep protocol and used 106
MinlON flow cells to generate a total of ~52x coverage (assuming 3.1 Gb genome size) and ~15x
coverage of 100kb+ reads (M. Jain, Koren, et al. 2018). Later, remora methylation calling was



performed on some of the runs (labeled in STable 1) using Guppy 6.1.2 using the following
command line:

guppy basecaller -i {input} -s {save} -c
dna r9.4.1 450bps modbases 5Smc cg sup prom.cfg -x "cuda:all" -r

Pacbio Iso-Seq cDNA sequencing

RNA was extracted from three cell lines from HG002 were used to generate Iso-Seq reads; from
EBV-immortalized lymphoblastoid cell line (GM24385), iPSC of the EBV-immortalized
lymphoblastoid cell line (GM26105), and iPSC derived directly from Peripheral Blood
Mononuclear Cells (GM27730). All of these cells were made by and are available from the Coriell
Institute for Medical Research. The corresponding Iso-Seq data is available in the NCBI
Sequence Read Archive with accession numbers SRR18074967, SRR18074968, and
SRR18074969, respectively.

Raw subreads were generated on Pacbio Sequel Il instrument using chemistry version
10.1.0.119528 and SMRTLink version 10.1.0.119588. Each sample was generated with a 2 hour
pre-extension and a total movie length of 30 hours. The subreads were collapsed and processed
with CCS tool v6.0.0 to generate the consensus reads. Subsequently, adapters were removed
from the collapsed reads using Lima v1.10.0 with --dump-clips option to output the clipped
barcode regions in a separate file. An average of 85% of the CCS reads passed lima filters. The
processed reads were assembled using IsoSeq3 v3.2.2 with --require-polya flag to require full
length (FL) reads that have a poly(A) tail with at least 20 bp. The primer sequence is used in this
step to detect concatemers. An average of 99% of the demultiplexed reads passed refine filters.
Subsequently, IsoSeq3’s cluster tool was applied to produce unpolished isoforms. Two FL reads
were considered the same isoform if they have less than 100 bp difference in their 5’ start, less
than 30 bp difference in 3’ end, and less than 10 bp difference in internal gap with no limit on the
number of gaps. Finally, IsoSeq3’s polish tool produces polished isoforms. The polish step
generates consensus sequences that are divided into high quality (HQ) and low quality (LQ). HQ
isoforms have predicted accuracy of 99% or more, while LQ isoforms have predicted accuracy of
less than 99%. Both HQ and LQ isoforms must be supported by two or more FL reads. After
polishing, more than 99.6% of the unpolished isoforms were HQ.

The CCS reads were generated using the following pbcromwell v1.2.0 command:

pbcromwell run pb ccs \
-e {input.subreadset.xml} \
—-—nproc 8 \
--config {cromwell.conf} \
--output-dir {results dir} \
-—overwrite \
--tmp-dir /spacel/tmp/$PBS JOBID

The demultiplexed reads were generated using the following Lima v1.10.0 command:



lima \
--isoseqg \
—-—dump-clips \
-3 24 \
{input.hifi reads.bam} \ # input CCS reads
{input.IsoSegPrimers Express SMRTLink6.0.fasta} \
{output.demux.bam}

IsoSeqgPrimers_Express_ SMRTLink6.0.fasta is the following:

>5p IsoSeq Express Primer
GCAATGAAGTCGCAGGGTT

>3p IsoSeq Express Primer
AAGCAGTGGTATCAACGCAGAGTAC

The full-length, non-chimeric (FLNC) reads were generated using the following IsoSeq3 v3.2.2
refine command:

isoseqg3 refine \
--require-polya \
{input.demux.5p--3p.bam} \
{input.IsoSegPrimers Express SMRTLink6.0.fasta} \
{output.flnc.bam}

The unpolished clustered reads were generated using the following command:

isoseqg3 cluster \
-3 32\
{input.flnc.bam} \
{output.unpolished.bam} \

The polished clustered reads were generated using the following command:
isoseqg3 polish \

-3 16 \

{input.unpolished.bam} \

{input.subreads.bam} \
{ouput.polished.bam}

Assembly

This section gives an overview of the assembly pipeline used in this study, focusing on
modifications to the methods presented in Nurk et al. (Nurk et al. 2022). While the integration of
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the “single-copy node bridging” strategy for ONT-based repeat resolution (described below)
represents the only major modification to our original approach, a few improvements were also
introduced throughout the pipeline (including graph construction and pruning procedures).

Graph construction and pruning

As in Nurk et al., reads were first subjected to homopolymer compression and (most) residual
errors self-corrected based on >99% identity overlaps. The overlaps were then recomputed and
alignment differences falling within microsatellite arrays were masked, after which any overlaps
with remaining observed differences were discarded.

Reads longer than 4 kb (after homopolymer compression) and “perfect overlaps” (with no non-
masked differences) at least 2 kb long were then used to build Myers’ string graph with modified
code from the miniasm codebase.

Instead of further applying miniasm graph processing, estimated coverage values were then
assigned to the graph nodes, and a custom set of pruning procedures was applied to obtain the
assembly graph. Notable changes in this phase compared to the version used in CHM13 study
(Supplements of (Nurk et al. 2022)) include:

e Improved accuracy of the HiFi self-correction procedure with updates to the codebase.

e Exclusion of reads longer than 18 kb (after homopolymer compression) from the string
graph construction to prevent formation of gaps due to exclusion of reads contained within
uncharacteristically long reads (see Fig. 5 of Hui et al. 2016 (Hui et al. 2016) and Fig. S11
of (Nurk et al. 2022)). This step excluded 3% of all considered reads (those longer than 4
kb)

e Added condition to prevent the removal of genomic links during “weak edge pruning” (Nurk
et al. 2022). The pipeline used progressive 3-4-5-6 kb thresholds on the overlap size with
the last two iterations enabling an additional check that blocks the removal of any weak
edges leading in/out of the node if all the edges leading in/out of this node were going to
be removed (leaving the node a dead-end).

e Additional heuristics for non-genomic edge removal. We implemented additional local
criteria for the removal of “unusable” edges, i.e. edges that can not be used by any
candidate traversal, satisfying node multiplicity constraints. Similar criteria were used for
the manual graph pruning in the CHM13 study (see FigS4 and its caption in Nurk et al.
2022). The procedure is as follows: First, some graph nodes are classified as “single-
copy”, meaning their sequence occurs in the genome exactly once, and some as “reliable”
meaning that they are unlikely to represent sequencing or methodological artifacts. This
is done primarily based on the node length or estimated coverage (with some additional
basic checks for consistency between adjacent node assignments). We assume that the
assembly graph is complete (in the sense that genomic traversal exists) and that node
classification is correct, and consider an edge / connecting a single-copy node u with a
reliable node v (Supplementary Fig. 1a). If / is also the only edge incident to that side of
v, then any other edge e incident to the same side of u as / is necessarily unusable and
can be removed from the graph. Indeed, the genomic path must traverse v, which can be



done only via edge /, which in turn means that edge e can not be genomic, since node u
is used by the underlying genome traversal only once. To make the procedure more robust
to graph artifacts and incorrect node assignments, we only removed an edge e if it was
deemed unusable while considering both of its incident nodes (unique nodes u and u’ on
Supplementary Fig. 1b), leaving application of the basic “one-sided” criteria to the
discretion of the manual pruning stage. Supplementary Fig. 1c¢ illustrates the application
of the “two-sided” criteria to the common case of a subgraph corresponding to a ‘spanned’
copy number two repeat.

e More conservative handling of bubble structures. Bubble removal procedures are useful
for cleaning the assembly graph from the impacts of recurrent sequencing errors and
polymorphic differences within the cell population. At the same time they can lead to a
loss of genomic variation between the repeat copies. To prevent such repeat
‘homogenization”, automated bubble handling was mostly limited to cases where
estimated coverage of the start/end nodes of the bubble suggested that the subgraph
represented a single-copy genomic region. We also switched to analysis of “simple
bubbles”, where one of the alternatives is represented by a single node, as a primary
strategy for handling bubbles encoding non-trivial sequence differences. It allowed us to
naturally introduce extra conditions on the ratio of estimated coverages between the
alternatives. The basic super-bubble removal procedure (Nurk et al. 2022), not using
coverage estimates, was still launched to handle some residual artifacts of the string graph
construction process, but was triggered only if the start/end bubble nodes overlapped
(based on node length and overlap sizes) and the length difference between alternative
paths didn’t exceed 50 bp.

Automated procedures were too conservative (and unsophisticated) to effectively remove many
non-genomic edges and nodes, in particular within the areas affected by considerable sequencing
biases (including some HSAT arrays). Relevant graph components were subjected to extensive
manual pruning, which took into account node lengths and estimated coverage, overlap sizes, as
well as the broader graph context.

u I v u’ r v’
[ T L]
e e
[ [ L]
v I u v I u v / u
a b c

Supplementary Fig. 1 | Basic heuristics for unusable edge removal around single-copy graph nodes.
Bidirected (Bandage-style) representation of the assembly graph is used in which undirected edges can be
incident to either of the two sides of the node. “Reliable” nodes are shown in green, “single-copy” nodes in
dark blue, and “unusable” edges in red. a. Minimal subgraph providing the evidence for edge e being
unusable. Edge /is the only edge incident to its side of v, otherwise additional incident edges are not shown.
Note that no requirements are imposed on the subgraph on the other side of e. b. Subgraph providing “two-

9



sided” evidence for edge e being non-genomic. Many cases with only “one-sided” evidence were later
processed during manual pruning. ¢. Example of a repeat with copy number two, where each copy is
spanned by some reads (forming the reliable nodes v and v’). Nodes and edges that allow removal of one
of the unusable cross-edges are labeled consistently with panel b. The other unusable red edge can be
removed in the same way by considering the unlabeled pair of single-copy nodes.

Using ONT read alignments for tangle resolution

As a first step toward resolving the remaining graph tangles, we aligned homopolymer-
compressed ONT reads directly onto the assembly graph using GraphAligner v1.0.13 (Rautiainen
and Marschall 2020). GraphAligner’s behavior and parameters were fine-tuned to produce more
accurate alignments (“-x vg -b 50 --multiseed-DP 1 --X-drop 1000000 --precise-clipping 0.9 --
multimap-score-fraction 1 --min-alignment-score 10000”). Alignments covering less than 90% of
the read sequence or having average identity below 90% were discarded. In an attempt to ignore
typically less reliable alignment margins, each alignment path was then ‘trimmed’ on both sides
to ensure 5 kb minimal extension beyond the overlaps into the first/last remaining path nodes.
Note that path trimming has a side effect of “normalizing” the alignment path representation.
Indeed, while aligning to the graphs with non-trivial node overlaps, GraphAligner can represent
the same alignment path in different ways.

Filtered ONT alignment paths were then used to untangle the graph by an approach we refer to
as “single-copy node bridging” (reminder that a node is called “single-copy” if it appears in
genomic graph traversal exactly once). The same procedure is also integrated in Verkko, with the
only major difference being that the reliable single-copy node classification procedure had not yet
been implemented when this assembly was performed (and it also might need considerable
modifications to work reliably with the string graphs rather than multiplexed MBG graphs). Instead,
here we identified the single-copy node candidates using simple criteria based on node length
and estimated coverage values, and then curated the list by inspecting the assembly graph.

The bridging procedure analyzes how ONT alignment paths traverse each of the subgraphs
enclosed between the set of single-copy nodes, which we refer to as “tangles”. For a more detailed
description, see the section “ONT resolution” in Rautiainen et al. (Rautiainen et al. 2022). Briefly,
it first computes the number of times each source/sink pair is “bridged” by the ONT alignment
paths (i.e. the pair appears as adjacent in the alignment paths, while ignoring non-single-copy
nodes). If the count is less than half of the support of some other pair involving the same source
or sink, then this evidence is dropped as alignment noise. Otherwise, we consider the nodes to
be potentially adjacent in the genome and identify the connecting path with the highest frequency
across the ONT alignments. This path, as well as any other connecting path with at least half as
much support, is considered to be a potential bridging path for those single-copy nodes. If all
single-copy nodes bordering the tangle belong to at least one bridging path then the tangle is
resolved: all its “inner” (not single-copy) nodes are removed and the bordering nodes are
connected via new nodes corresponding to the bridging paths.

The updated procedure used in Verkko improves the resolvable component condition,
additionally checking if all the nodes and edges of the component that seem reliable are used by
some bridging path. Here we instead manually checked that all the reliable-looking nodes of the
manually pruned graph were incorporated into the result of the repeat resolution process.
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Due to various reasons (insufficient node sequence quality, suboptimal alignments, etc.), ONT
read alignments produced by GraphAligner were sometimes insufficient to provide reliable
evidence for resolving repeats in the regions of very high underlying sequence similarity.
Examples include some of the P3 ampliconic palindrome regions in Extended Data Fig. 1b.

Similarly to the CHM13 study, those remaining regions were resolved by a brute-force strategy,
which evaluated all candidate paths from a particular graph region. To make the analysis more
reliable, instead of straightforwardly concatenating graph node sequences (in turn obtained by
concatenating individual homopolymer-compressed read sequences), we generated the
consensus sequences for all candidate reconstructions (followed by homopolymer compression).
ONT reads exhibiting substantial differences in alignment quality to different candidate
reconstructions were identified using minimap2 (-x map-ont) (Li 2018, 2). Alignment reports for
these reads were then inspected to select the best-supported candidate. In the most ambiguous
cases, edlib-aligner (Sosié and Siki¢ 2017) (with parameters -l -m HW -k 40000) was used to find
optimal semi-global alignments of the relevant reads onto the candidate reconstructions or vice
versa, depending on the situation.

Using parent-specific markers to inform PAR1 reconstruction

Identification of chromosome walks through the PAR1 subgraph presented a unique challenge.
A high level of fragmentation in the subgraph representing PAR1 led to unreliable alignments of
ONT reads onto the graph (as well as unreliable scoring of the alignments to alternative
reconstructions). In particular, when two underlying homologous regions were similar, with one
being broken in the graph, GraphAligner would prefer threading all the reads through the single,
continuous alternative. Luckily, since the two walks that we needed to recover belonged to ChrX
and ChrY we were able to use parent-specific markers, instead of ONT read alignments, to inform
their reconstruction. Indeed, we expect ChrY sequences to have only paternal-specific markers
and ChrX sequences to have only maternal-specific ones. Parent-specific k-mers (k=30) were
collected from (homopolymer-compressed) parental lllumina reads using meryl and then
identified within node sequences of the assembly graph using Merqury hampers.sh (Rhie et al.
2020). Nodes having >90% of the overall assigned markers from the particular parental class
were assigned as maternal or paternal. Along with the graph structure, those node assignments
were enough to identify the walks through each of the components shown on Extended Data Fig.
1c. After consensus sequences for all walks were generated, the relation between the draft
contigs were identified based on alignments to the ONT-based assembly (see next section).

Gap patching and contig stitching

Both ChrX and ChrY were split across multiple connected components in the assembly graph.
Discontinuities observed here originated from the issues that HiFi sequencing exhibit in certain
microsatellite array regions, in particular ones enriched with (GA)-di-nucleotide repeats (Nurk et
al. 2020). HiCanu’s consensus module was used to generate contigs for the sub-walks identified
across all relevant connected components. To combine those draft contigs reliably into the
complete reconstructions, we used a previously-generated Flye v2.7-b1585 (Kolmogorov et al.
2019) assembly of trio-binned ONT reads, which had been polished by medaka and Merfin

11



(Formenti et al. 2022). Draft contigs were then aligned to the Flye assembly with minimap2 to
identify the adjacencies along with the missing sequence. Note that since our draft contigs ended
at the regions of sequencing biases, rather than unresolved genomic repeats, we were able to
unambiguously identify all underlying adjacencies between the contigs.

Inferred gaps between the draft contigs were directly filled by the corresponding Flye assembly
sequences. In cases where minimap2 alignments indicated that draft contigs overlapped, the
contigs were joined according to an optimal alignment of the flanking 10 kb regions
(mismatch/indel penalty of 300), identified using the parasail library (Daily 2016). We additionally
checked that identified overlap sizes closely matched the ones inferred from the alignments
against the Flye assembly. Apart from one gap of 20.4 kb in the PAR1 of ChrX, all other gaps
were below 7 kb and all re-joined overlaps were below 3 kb (2.7 kb).

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). Note that after finishing the T2T-Y assembly,
the entire assembly procedure was re-engineered and updated in the Verkko assembler
(Rautiainen et al. 2022). Re-assembly of the HG002 genome with Verkko was able to replicate
the T2T-Y assembly, further validating our original reconstruction (with the exception of the P5
inversion error described in the main text, which Verkko correctly assembled).

Error detection and polishing

For detecting errors and making corrections, we used lllumina WGS 2x250bp reads, a separate
set of HiFi reads, and a subset of the ONT reads that were re-basecalled with Guppy v5.0.7 (data
marked as Validation in Supplementary Table 1). The assembled HG002-X and HG002-Y
(HG002XYv2.0) were appended to CHM13v1.1 autosomes to generate a reference fasta for
mapping. Both ChrX and ChrY sequences were targeted for polishing.

The overall evaluation and polishing pipeline is similar to that used for polishing the initial T2T-
CHM13 assembly (v0.9-v1.1) Mc Cartney et al. (Mc Cartney et al. 2022), but with adjustments
made to account for the presence of both the maternal (X) and paternal (Y) haplotypes and a few
updates to the specific tools used in each step (Extended Data Fig. 2a).

Sequencing read alignment

lllumina reads were aligned with bwa v0.7.17 (Li and Durbin 2009) using the bwa alignment
pipeline available at https://github.com/VGP/vgp-assembly/tree/master/pipeline/bwa. Primary
read alignments to chrXY were extracted and de-duplicated using samtools v1.9 (Li et al. 2009)
with the following commands:

samtools view -hb -FO0x104 -@12 illumina.bam chrX chry >
illumina.pri.XY.bam

samtools collate -o namecollate.bam illumina.pri.XY.bam
samtools fixmate -m namecollate.bam fixmate.bam
samtools sort -o positionsort.bam fixmate.bam
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samtools markdup positionsort.bam illumina.pri.XY.mkdp.bam
samtools index illumina.pri.XY.mkdp.bam

Primary alignments

HiFi and ONT reads were aligned with Winnowmap v2.03 (C. Jain et al. 2022, 2) using the
Winnowmap alignment pipeline available at https://github.com/arangrhie/T2T-
Polish/tree/master/winnowmap. In brief, this pipeline aligns the long-reads after downweighting
the most repetitive 0.02% of 15-mers present in the reference. The aligned bam file is then filtered
to only contain primary alignments using samtools v1.9 (view -FOx104 -@12 -hb). Primary read
alignments to ChrX and ChrY were extracted and further used for polishing and evaluation.

Marker assisted alignments

To obtain conservatively mapped reads supported by paternal or maternal haplotypes, we
generated marker-assisted alignments. First, 21-mers from lllumina WGS of HG002, HG003
(paternal), and HG004 (maternal) were collected with meryl v1.3 (Rhie et al. 2020). Inherited,
haplotype specific 21-mers (hapmers) were collected using Merqury (Rhie et al. 2020). Given the
k-mer frequency distribution of HG002, we inferred k-mer frequency over 15 had higher probability
for being a “single-copy in the genome” vs. “error’ in HG002 using Genomescope2 (Rscript
genomescope.R -i HG002.k21.hist -0 gs2 --fitted_hist), with an inferred “single-copy” peak at 32
(Formenti et al. 2022). We defined an upper-bound as peak*1.5, where the k-mers start to occur
at higher probability as belonging to the “two-copy” region in the genome. The “single-copy marker
k-mers” were then obtained by intersecting the k-mers occurring only once in the assembly to
ensure the marker is unique in both the genome and in the assembly.

Unlike the single-copy marker k-mers used for validating CHM13 (Nurk et al. 2022; Mc Cartney
et al. 2022), an additional set of marker k-mers was collected including multi-copy k-mers that
were unique to a specific haplotype/chromosome, e.g. multi-copy k-mers from the father were
excluded from the ChrX set but included in the ChrY set (and vice versa for the mother). In fact,
most of the haplotype-specific duplications or multi-copy kmers observed were on ChrY, due to
its unique sequence composition (Extended Data Fig. 2b).

Meryl 21-mer dbs were generated using the following command lines:

$SMERQURY/ submit build.sh 21 HGO002.fofn HGO002
SMERQURY/ submit build.sh 21 HGO03.fofn pat
SMERQURY/ submit build.sh 21 HGO04.fofn mat

Inherited, haplotype specific k-mers were obtained using the following command lines:
SMERQURY/trio/hapmers.sh mat.meryl pat.meryl HG002.k21.meryl
Single-copy kmers, occurring as single-copy in the genome were obtained using:

meryl less-than 48 [ greater-than 15 HG002.k21l.meryl/ ] output
HG002.k21.single.meryl
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Collection of k-mers in the assembly was performed with:

meryl count k=$k $fa output S$prefix.meryl

Exclusive, single-copy kmers with no k-mers from the other haplotype were collected with:

meryl difference HGO002.k21.single.meryl pat.hapmer.meryl output
HG002.k21.single.mat.meryl
meryl difference HG002.k21.single.meryl mat.hapmer.meryl output
HG002.k21.single.pat.meryl

Single-copy marker kmers, similar set used in Mc Cartney et al. are obtained with:

[ intersect HGO002.kS$Sk.single.mat.meryl [ equal-to 1
Sprefix.meryl ] ] mat.hapmer.meryl output $single.mat.meryl
meryl intersect [ intersect HG002.kS$k.single.pat.meryl [ equal-to 1
] pat.hapmer.meryl output S$single.pat.meryl

meryl intersect

Sprefix.meryl ]

Multi-copy marker kmers are obtained by this time doing a union with haplotype-specific, multi-
copy kmers:

intersect HGO002.kS$k.single.mat.meryl [ equal-to 1
mat.hapmer.meryl output S$Smarker.mat.meryl
intersect HGO002.kS$k.single.pat.meryl [ equal-to 1
pat.hapmer.meryl output Smarker.pat.meryl

meryl union [
Sprefix.meryl ] ]
meryl union [
Sprefix.meryl ] ]

Finally, wiggle tracks for visualization and validation were generated:

meryl-lookup -wig-depth -sequence ../assembly/$name.X.fasta -mers
$single.mat.meryl > S$single.wig
meryl-lookup -wig-depth -sequence ../assembly/$name.Y.fasta -mers
Ssingle.pat.meryl >> S$single.wig

meryl-lookup -wig-depth -sequence ../assembly/$name.X.fasta -mers
Smarker.mat.meryl > Smarker.wig
meryl-lookup -wig-depth -sequence ../assembly/$name.Y.fasta -mers
Smarker.pat.meryl >> Smarker.wig

Polishing

We polished the initial HG002XYv2.0 assembly in three major steps aiming to polish: 1) short
nucleotide variant (SNV)-like errors (v2.1), 2) telomeric and sub-telomeric end sequences, correct
structural variant (SV)-like and remaining SNV-like errors (v2.6), and 3) the remaining errors in
the telomere (v2.7). Evaluation was performed after each round of polishing (Extended Data Fig.
2a).

Short nucleotide variant (SNV) errors were polished in two rounds. The first round used variant
calls from HiFi and Illumina “Hybrid” mode of the DeepVariant v1.2 (Poplin et al. 2018) and ONT
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Pepper-Margin pipeline of the DeepVariant (Shafin et al. 2021). Then, each variant set was filtered
with Merfin v1.1 (Formenti et al. 2022) similarly as in Mc Cartney et al.. Unlike the CHM13
assembly polishing, we observed that the inclusion of all “PASS” ONT variants (including indels
and multi-allelic variants) increased the overall assembly quality, as Merfin was able to filter false-
positive calls. Therefore, for both Hybrid and ONT modes, variants were filtered only for the
“PASS’” filter flag in the output VCF and filtered with Merfin. In addition, we used the experimental
“better” mode in Merfin for polishing, because the autosomes in this reference originate from
CHM13 (not HG002) and this breaks Merfin’s assumption that copy-number differences observed
in the reads vs. entire assembly (K*) represent errors.

The second round of SNV error correction was performed after observing insertion biases
compared to the HPRC-HG002v1 maternal and paternal assembly as well as compared to the
GIAB truth set for HG002 (Details described in “Variants called from assembly with respect to
GRCh38 and GRCh37” section). Also, we found false-negative error calls after applying the
“better” mode, which was too stringent and removed all true variant calls where both the reference
path and the alternate path were supported neutrally by k-mers. This motivated the development
of “loose” mode, however relying on the more confident variant call set, and only discards variants
when applying the edit would increase the number of error k-mers.

Telomere sequence correction and SV calls were simultaneously targeted for polishing with the
second round of SNV error correction on HG002XYv2.1. First, telomere length was estimated
using the longest aligned ONT read anchored to the closest “marker” k-mer. Sequences with
>40% of telomeric motifs were replaced with a perfect telomeric model sequence (repeating the
6-mer canonical telomeric TAACCC motif at p-arm or GGGTTA at g-arm). This version was
named HG002XYVv2.2, and was polished for 4 more rounds using Racon v1.4.3 (Vaser et al. 2017)
to return any true variants within the telomeres. All edits made to v2.2 were kept in respect to v2.1
for the combined polishing (v2.1 to v2.6).

Second, SV errors were identified using multiple SV callers and subjected to manual inspection,
similarly as in Mc Cartney et al.. In total, 101 SVs were called by the SV callers and subjected to
curation. A majority of the SV calls were false-positives due to excessive read coverage in the
primary alignment, or were affected by low-coverage due to sequencing biases in one platform.
Additionally, the HPRC-HG002v1.0 assembly-based comparison revealed 1 additional SV-like
error. All SV error correction candidates required the support of at least 1 single-copy marker
within a reasonable distance on either side of the SV. Collectively, 2 SV sites on the X and 2 on
the Y were chosen for further correction, which included small and large base error correction.
Among them, 3 were correctable with HiFi reads, 1 lacked HiFi coverage and was only correctable
with ONT reads. All the flagged large errors were located at the PAR1 region, due to the lower
HiFi coverage.

Combining the telomere patches, SV-edits, and SNV-edits, HG002XYv2.1 was polished to
HGO002v2.5 and re-evaluated.

Later, a developmental version of the HPRC validation and polishing pipeline Flagger v0.1
(https://github.com/moabinasri/flagger/tree/v0.1) (Liao et al. 2022) was run using the ONT reads
on the HG002XYv2.1 assembly, accounting for sequencing biases in the HSat region. After
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manual inspection, we confirmed 2 SNPs from the ONT variant calling pipeline required
correction. Re-combining these two edits with the edits above, HG002XYv2.1 was polished to
v2.6 and re-evaluated.

In the meantime, a developmental version of Verkko was run on the HiFi reads and ONT reads
with an updated consensus module. The newly generated sequence had better read-to-assembly
support on the Xp and Yp subtelomeric sequences, and was used to replace these regions.

Below we provide detailed description and parameters used in each step.

Small (SNV) error correction on v2.0

SNVs were called using DeepVariant v1.2 on lllumina reads using “lllumina” mode, lllumina and
HiFi reads using the “Hybrid” mode, and on ONT reads using “ONT” mode using the following
command lines:

# DeepVariant for Illumina

run deepvariant --model type=WGS --ref=v2.fasta --reads=input.bam --
output vcf=illumina.pri.XY.mkdp.vcf.gz -
output gvcf=illumina.pri.XY.mkdp.gvcf.gz --num shards=72

# DeepVariant for hybrid Illumina & HiFi
run_deepvariant \
--model type "HYBRID PACBIO ILLUMINA" \
--ref v2.fasta \
--reads input.bam \
--output vcf "${OUTPUT DIR}"/"${OUTPUT VCF}" \
--num_shards "S${THREADS}" \
--regions chr20 \
--intermediate results dir "${OUTPUT DIR}"/intermediate results dir

# DeepVariant for ONT
run pepper margin deepvariant call variant \
-b input.bam \
-f v2.fasta \
-o "S{OUTPUT DIR}"/pepper deepvariant output \
-p "${OUTPUT PREFIX}" \
-t "S{THREADS}" \
—--ont

DeepVariant calls for lllumina were used for further evaluation. Hybrid and ONT calls were filtered,
normalized, and merged with bcftools v1.10.2, hap.py v0.3.14 and a custom python script (Mc
Cartney et al. 2022) using the following command lines:

# Filtering
bcftools view —-f "PASS" -0z $HYBRID_DV_VCF > $HYBRID_DV
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bcftools index SHYBRID DV
bcftools view —f "PASS" -Oz $ONT DV _VCF > $SONT DV
bcftools index $SONT DV

# Normalize with HAPPY
hap.py \

${HYBRID DV} \

$S{ONT DV} \

-r S$S{REF} \

-0 ${HAPPY_OUTPUT_PREFIX} \
--pass-only \

--engine vcfeval \
--threads "${THREADS}"

# Merge

python3

$tools/T2T polishing scripts/polishing merge script/vcf merge t2t.py \
-vl ${HYBRID_DV} \

-v2 ${ONT DV} \

-hv ${HAPPY_OUTPUT_PREFIX}.VCf.gZ \

-0 "${MERGE_VCF_OUTPUT}"

bcftools index $SMERGE VCF OUTPUT

# Split to chrX and chrY to apply Merfin

MERGE X=$MERGE X.vcf.gz

MERGE _Y=$SMERGE Y.vcf.gz

bcftools view -Oz $MERGE VCF OUTPUT chrX > $MERGE X
bcftools view -Oz $MERGE VCF OUTPUT chrY > $MERGE Y

To filter out spurious variants, we collected k-mer sets of HG002 excluding paternal (for X) or
maternal (for Y) k-mers and applied Merfin v1.1 for polishing each chromosome individually. First,
lllumina k-mers were collected using k=21 from HG002, HG003 (paternal) and HG004 (maternal)
WGS reads using Meryl v1.3 and Merqury v1.3 (Rhie et al. 2020). Next, haplotype specific k-mers
were excluded and filtered from HG002 k-mers. Then, GenomeScope2.0 (Ranallo-Benavidez,
Jaron, and Schatz 2020, 2) was used for estimating k-mer coverage and obtaining the probability
table and used in Merfin. The following command lines were used:

# Build

SMERQURY/ submit build.sh 21 HGO002 reads.fofn HG002
SMERQURY/ submit build.sh 21 HGOO03 reads.fofn pat
SMERQURY/ submit build.sh 21 HG004 reads.fofn mat

# Collect haplotype specific k-mers (hapmers)
SMERQURY/trio/hapmers.sh mat.meryl pat.meryl HG002.k21.meryl
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# exclude maternal and paternal k-mers, and only use k-mers with
frequency greater than 1

meryl greater-than 1 [ difference HG002.k21l.meryl mat.hapmer.meryl ]
output HG002.k2l.no mat.gtl.meryl

meryl greater-than 1 [ difference HG002.k21l.meryl pat.hapmer.meryl ]
output HG002.k2l.no pat.gtl.meryl

# k-mer coverage obtained with GenomeScope2.0

Rscript $tools/genomescope?2.0/genomescope.R -k 21 -1

HG002.k21.no mat.gtl.hist -o HG002.k2l.no mat.gtl.gs --fitted hist
# Model converged het:0.00308 kcov:32.6 err:0.000577 model fit:1.1
1en:2923221256

Kmercov: 32.58

Rscript $tools/genomescope?2.0/genomescope.R -k 21 -1

HG002.k21.no pat.gtl.hist -o HG002.k2l.no pat.gtl.gs --fitted hist
# Model converged het:0.00301 kcov:32.6 err:0.000577 model fit:1.1
len:2916612912

Kmercov: 32.57

# Merfin using -better mode

merfin -polish-better -sequence chrX.fa -segmers chrX.fa.meryl -
readmers HG002.k21l.no pat.gtl.meryl -peak 32.57 -prob
HG002.k21.no pat.gtl.gs/lookup table.txt -vcf SMERGE X -output
chrX.merfin

merfin -polish-better -sequence chrY.fa -readmers

HG00Z2.k21.no mat.gtl.meryl -peak 32.58 -prob

HG002.k21.no mat.gtl.gs/lookup table.txt -vcf SMERGE Y -output
chrY.merfin

Lastly, the consensus was generated using the following command lines:

for chr in chrX chrY; do

bcftools view -0z —--threads 8 $chr.merfin.polish.vcf >
Schr.merfin.polish.vcf.gz

bcftools index S$Schr.merfin.polish.vcf.gz

bcftools consensus -H1 S$chr.merfin.polish.vcf.gz -c
Schr.merfin.polish.chain -f $chr.fa > $chr.merfin.fasta
done

The polished XY was then combined again with CHM13v1.1 autosomes for additional polishing
(noting hereafter HG002v2.1 for brevity).
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Telomere correction on HG002v2.1

Telomere correction was performed in 3 steps: 1) replace the error-prone assembled sequence
with model telomeric sequences, 2) re-introduce true variants near or inside the telomeres, and
3) refine the telomere length.

For estimating the length of the model telomeric sequence (100% canonical telomeric repeats),
ONT and HiFi marker assisted alignments passing the closest expected hap-mer (i.e. maternal
for the X, paternal markers for the Y) were retrieved from the pairwise alignment file (.paf) and
the largest number of soft-clipped bases was taken as the telomere length.

# collecting largest clipped bases on the p-telo

zcat hg002XYv2.1 ont guppy 5.0.7.markersandlength.paf.gz \
| awk -v chr=Schr hamper=S$pos 'S$6==chr && $9>hamper && $8<5' \
| awk '{print $2-$4}' | sort -nr

zcat hg002XYv2.1 hifi.markersandlength.paf.gz \
| awk -v chr=Schr hamper=S$pos 'S$6==chr && $9>hamper && $8<5' \
| awk '{print $2-$4}' | sort -nr | head -nl

# on the g-telo

zcat hg002XYv2.1 ont guppy 5.0.7.markersandlength.paf.gz \
| awk chr=$chr hamper=S$pos 'S$6==chr && $8<hamper && $9>154343790"' \
| awk '{print $2-$4}' | sort -nr | head -nl

zcat hg002XYv2.1 hifi.markersandlength.paf.gz \
| awk chr=$chr hamper=S$pos 'S$6==chr && $8<hamper && $9>154343790"' \
| awk '{$2-$%4}' | sort -nr | head -nl

As expected, the longest spanning reads were obtained from the ONT reads. From each end
of the chromosomes, the closest canonical telomeric sequence position was selected towards the
end of the regions annotated to contain >40% of telomeric sequence motifs (“last non-telomeric
position” for brievity).

The model sequence was generated from the closest length to the clipped + last non-telomeric
position, and used to replace the assembled sequence from the beginning (end) of the
chromosome to the last non-telomeric position for the p (q) arm.

After re-aligning the HiFi and ONT reads with Winnowmap, reads were filtered to generate the
marker-assisted alignments. No supplementary alignments were used. Each telomeric end was
then subjected to polishing. After visual inspection, regions for polishing were defined where there
was inconsistency between the reads and the assembly. Unless the HiFi sequencing depth was
very low (e.g. Yp-telo), model sequences were in general in good agreement with both HiFi and
ONT reads, except for the sub-telomeric region, where the true sequence diverged from the
model. In these cases, HiFi reads spanning the closest hap-mer were extracted and the Racon
v1.4.3 “liftover” branch was applied using the "L" option to output edits in VCF. The VCF was post-
filtered to include edits only on the selected region.
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racon -t 20 telo hifi.filt.fq telo hifi.sam v2.2.XY.fasta -L
v2.2.XY.racon > v2.2.XY.racon.fasta

After initial polishing, the Yqg-telo region still showed sequence discrepancies when comparing
the spanning reads to the polished consensus, and this region was iteratively polished and re-
evaluated 3 more times.

At the final round, both the spanning HiFi and ONT reads were aligned to the polished
intermediate consensus to refine the beginning (end) of the model sequence in the p (q) arm. The
end position of each chromosome was chosen as the most distal base supported by at least 2
HiFi or ONT reads and were trimmed back so that the first (last) base began (ended) with the
canonical telomeric repeat unit.

The resulting polished telomere edits were mapped back to v2.1 to determine the boundaries,
then added to the SV edits.

Large (SV) error correction on HG002v2.1

The HiFi and ONT primary alignments were re-generated on HG002v2.1 to call structural
variants (SVs) using Sniffles v1.0.12a (Sedlazeck et al. 2018) and cuteSV v1.0.12 (T. Jiang et al.
2020). For Sniffles we used default parameters (see below “sniffles”). For cuteSV we used both
default and suggested parameters (see code below, “cuteSV” and “cuteSV-sug”) for either HiFi
or ONT data, which adjusts the “max cluster bias” and the “ratio of merging” for insertions and
deletions. cuteSV also utilizes a reference genome, which in this case consisted of the ChrX and
ChrY assembilies. Finally, all SV calls were merged using SURVIVOR v1.0.7 (Jeffares et al. 2017)
using the following options: a maximum distance between breakpoints of 1 kb, a minimum caller
support of one, taking into account the SV type and a minimum SV size of 50 bp (see code below,
“survivor”).

fsniffles

sniffles \
--mapped reads hg002XY-[HiFi|ONT]-v2.1l.bam \
--vcf hg002XY-[HiFi|ONT]-v2.l-sniffles.vcf

#cutesSv

cuteSVv \
hg002XY-[HiFi|ONT]-v2.1.bam \
hg002XY-v2.1.fasta \
hg002XY-[HiFi|ONT]-v2.1l-cuteSV.vcf \
cuteSV-tmp-cuteSV \
—-—genotype

#cuteSvV-sug: ONT

cuteSVv \
hg002XY-ONT-v2.1.bam \
hg002XY-v2.1.fasta \
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hg002XY-ONT-v2.1l-cuteSV-suggested.vecf \
cuteSV-tmp-cuteSVsugONT \

--max cluster bias INS 100 \
--diff ratio merging INS 0.3 \
--max cluster bias DEL 100 \
--diff ratio merging DEL 0.3 \

—-—genotype
#cuteSV-sug: HiFi
cutesv \

hg002XY-HiFi-v2.1l.bam \
hg002XY-v2.1.fasta \
hg002XY-HiFi-v2.1l-cuteSV-suggested.vcf \
cuteSV-tmp-cuteSVsugHiFi \

--max_cluster bias INS 1000 \
--diff ratio merging INS 0.9\
--max_cluster bias DEL 1000 \

--diff ratio merging DEL 0.5 \

—-—genotype

# make survivor file list
1s hg002XY-*.vcf > survivor file list.txt

#survivor

MAX DIST BREAKPOINTS=1000 # Max distance between breakpoints (0-1

# percent of length,
MIN SUPP CALLER=1
USE TYPE=1

# (l==yes, else no)
USE STRAND=0

# (l==yes, else no)
UNUSED PARAMETER=0
MIN SV SIZE=50

# into account.
SURVIVOR merge \

1- number of bp)
# Minimum number of supporting caller
# Take the type into account

# Take the strands of SVs into account

# Disabled.
# Minimum size of SVs to be taken

survivor file list.txt \
${MAX DIST BREAKPOINTS} \
${MIN SUPP CALLER} \

${USE_TYPE} \
${USE_STRAND} \

$ {UNUSED PARAMETER} \

${MIN SV _SIZE} \

hg002XY-HiFi-v2.1l-mergeSV.vct

The final SV set contained 21 variants on ChrX and 80 on ChrY. We manually inspected the
HiFi and ONT primary and marker-assisted read alignments to validate the SV calls. A large
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cluster of false-positive SVs was found on the HSat arrays caused by mapping biases in the ONT
reads. Three SV-like regions were identified to be correctable, one on ChrX and two on ChrY.
The SV calls also identified mis-assembilies in the telomeric sequences, which required additional
investigation.

Alternatively, the HG002v2.1 ChrX and ChrY assemblies were also compared against HPRC-
HGO002v1.0 (Jarvis et al. 2022). Using dipcall v0.3 (Li et al. 2018) with minimap v2.20 (parameter
-z200000,10000) to align the two assemblies and call variants. After careful examination of the
HiFi and ONT read alignments in the vicinity of variants, we found most of the regions had been
correctly assembled in HG002v2.1; however, we did detect one region on ChrX that required
further correction.

All four regions flagged for correction were located in PAR1, the coordinates of which were
estimated by aligning ChrY to ChrX using Mashmap2 v2.0. We obtained a one-to-one alignment
with percent identity >95% at 5 kb segments with options --filter_mode one-to-one -pi 95. The
PAR1 and PAR2 regions were identifiable with identity over 98.5%.

For each SV correction candidate region, we extracted read alignments from the marker-
assisted alignments. We tried Racon v1.6.0 “liftover” branch and Flye v2.9 in both polishing mode
and consensus mode to generate patches for each locus, and then chose the best concordance
patch after re-aligning the reads. In brief, we used Racon with HiFi read alignments using options
to produce edits in VCF format (-t24 reads.fq reads.sam asm.fa -L asm.out). Flye polish mode
was run with HiFi reads using --out-dir out --pacbio-hifi reads.bam --polish-target asm.fa options
or ONT reads using --out-dir out --nano-hq reads.bam --polish-target asm.fa options. Flye
consensus mode was run with HiFi reads using --threads 24 --out-dir out --pacbio-hifi reads.fq
and with ONT reads using --threads 24 --out-dir out --nano-hq reads.fq. The resulting polished
sequence patch was used as a target for re-aligning the HiFi and ONT reads using Winnowmap?2
as described above. After manual inspection, the best concordant patch was chosen. Patch
sequences were aligned to the sequence of HG002XYv2.1 using Winnowmap2 -x asm5 -t 24 --
MD -a options, and simple differences (edits) were called using dipcall v0.3 (Li et al. 2018)
dipcall/dipcall.kit/htsbox pileup -vcf asm.fa in.bam. One region was missing a large replacement
sequence because of the soft-clipped assembly alignment, which has been manually recovered
after extracting coordinates from the alignment in the patch sequence. The final edits within the
SV-error region were collected for further polishing (Supplementary Table 2).

Variants called from HPRC assembly with respect to GRCh38 and GRCh37

As part of the polishing evaluations, we evaluated the accuracy of variants called from the
HG002-X and HG002-Y assemblies aligned to GRCh38, comparing small variants to a HiFi
DeepVariant callset from the precisionFDA Truth Challenge V2 and a scaffolded trio-hifiasm
assembly from >100x HiFi reads (Jarvis et al. 2022). To evaluate the accuracy of insertions and
deletions >=50bp, we also aligned the HG002v2.1 assembly to GRCh37 and compared its
structural variant calls to the GIAB v0.6 SV benchmark.

Variants on ChrX and ChrY were called from HG002XY v2.1, v2.5 and v2.7 assemblies using
dipcall v0.3 (Li et al. 2018). We used the -z200000,10000 parameter with minimap2 to improve
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alignment contiguity, as it has previously been shown to improve variant recall in regions with
dense variation like the Major Histocompatibility Complex (Chin et al. 2020). The assembly was
treated as “male”, using the ChrX assembly for its maternal haplotype and the chromosome Y
assembly for its paternal haplotype.

Small variant evaluation was performed using hap.py v3.15 (https://github.com/lllumina/hap.py)
and the HGO002 ChrX/Y callset output from dipcall as “truth”. We compared small variants from a
GRCh38 HiFi DeepVariant callset from the precisionFDA Truth Challenge v2 (N. D. Olson et al.
2022) and a GRCh38 dipcall callset from a scaffolded trio-hifiasm assembly from >100x HiFi reads
(Jarvis et al. 2022). Targeting was not used for the comparison of the HiFi DeepVariant callset
as there was no associated region file. Targeting however was performed for the comparison of
the trio-hifiasm callset using the associated dipcall region file (dip.bed). For better comparisons
of complex variants, hap.py was run using vcfeval (https://github.com/RealTimeGenomics/rtg-
tools). Variant calls were stratified using GIAB stratifications v3.0
(https://doi.org/doi:10.18434/mds2-2499), stratifying true positive, false positive, and false
negative variant calls in challenging and targeted regions of the genome. Small variant evaluation
was performed for all callsets.

To evaluate accuracy of insertions and deletions 250 bp, we also aligned the v2.1 assembly to
GRCh37 and compared the assembly’s variants to the GIAB v0.6 SV benchmark (Zook et al.
2020). Evaluation was performed with truvari bench v3.1.0 (English et al. 2022) for the HG002
ChrX/Y callset following multiallelic split of alleles in dipcall output using bcftools norm.
Comparisons were constrained to regions of the GIAB v0.6 SV benchmark using the '--
includebed’ parameter. Additional parameters (--multimatch —passonly -r 2000 -C 2000) were
used to account for differences in the representation of multiallelic variants and matching variants

in long tandem repeats.

The evaluation on v2.1 revealed a strong 1-bp insertion bias in the assembly that could be
potentially further polished at a 2nd round of SNV correction. All variants from the evaluation were
projected back to v2.1 assembly for further investigation (here, HPRC variants for brevity).

Homopolymer and 2-mer evaluation

In order to reduce possible lllumina or HiFi sequencing biases in the HPRC variants, we
intersected the calls with DeepVariant calls made with lllumina, HiFi, and Hybrid mode on v2.1
and named them as “HPRC-lllumina” and “HPRC-Hybrid” variant set, respectively). The variants
on v2.1 were called in the same way as in the first round of SNV error correction. The intersected
variant indel length difference was then compared against the homopolymer and 2-mer length
differences in the HiFi and lllumina reads aligned at each variant. This step was performed using
the runlength code to compute the run length matrix from the CHM13 assembly evaluation
(https://github.com/arangrhie/T2T-Polish/tree/master/runlength) (Mc Cartney et al. 2022).
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First, we applied a “PASS” filter to both variant sets in order to remove unreliable reference calls
from each intersected variant set, and compared the run length difference observed in HiFi and
lllumina reads. Regardless of the DeepVariant mode used, we observed that the HiFi reads
suggested a 1-bp insertion bias in the assembly (assembly has an extra base), while the Illlumina
reads were more in agreement in the homopolymers. In contrast, the 2-mer microsatellite length
suggested a 1-bp deletion bias (assembly is missing one base) in both the HPRC-lllumina and
HPRC-Hybrid sets, with mixtures of inconsistently supported variants.

In order to apply a more conservative criteria, we chose variants called as homozygous in
addition to the “PASS” filter, and compared the run length differences again. With this criteria, the
homopolymers showed a cleaner peak in the HPRC-Illumina data and supported the 1-bp
insertion bias, as was seen in the HiFi reads. The 2-mer length difference also had a cleaner
agreement between the HiFi and lllumina reads, with fewer inconsistent variants.

We confirmed, by applying the “PASS” and heterozygous filter, that the majority of the
inconsistent homopolymer and 2-mer patterns were observed in both HiFi and lllumina reads.
Therefore, we decided to use the “PASS” and “Homozygous” filter and prepared the candidate
variants for further filtering with Merfin.

Less conservative filtering with Merfin

Because the small errors we are trying to fix are more likely to be called correctly given the shorter
length of the variant, we chose to include the HPRC-lllumina version of the variants in case there
was a conflict with the HPRC-Hybrid. However, given that some variants are only accessible with
the HiFi reads, we appended variants specific to HPRC-Hybrid set to the candidate set. The
merging process was performed with bcftools v1.3 (Danecek et al. 2021). Before obtaining the
candidate variant set, we excluded all regions previously curated in telomere and SV correction
steps. The merged SNV edits were run with Merfin “loose” mode using the same 21-mer dbs as
in the first iteration. This mode ensures that the variants are excluded only if the suggested
correction increases the number of missing Illumina k-mers (error k-mers). Lastly, the telomere
edits and SV edits were merged into v2.1_sv_edits.vcf, and the Merfin polished edits as
v2.1_snv_edits.vcf. Both vcfs were appended as v2.1_to v2.5.vcf, and used for building the v2.5
consensus.

# Concatenate the X and Y calls
for DV in illumina hybrid
do
bcftools concat -0z hprc $DV.sv masked.PASS.HOM.X.vcf.gz
hprc $DV.sv _masked.PASS.HOM.Y.vcf.gz >
hprc $DV.sv _masked.PASS.HOM.vcf.gz
bcftools index hprc S$DV.sv masked.PASS.HOM.vcf.gz
done

# Intersect

bcftools isec -p isec hprc illumina.sv masked.PASS.HOM.vcf.gz
hprc hybrid.sv _masked.PASS.HOM.vcf.gz
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# Hybrid-only calls

cd isec

bcftools view -0z 0001.vcf > hybrid only.vcf.gz
bcftools index hybrid only.vcf.gz

# Concat

cd ..

DV=illumina plus hybrid

VCF=hprc $DV.sv _masked.PASS.HOM.vcf.gz

bcftools concat -0z -a hprc illumina.sv _masked.PASS.HOM.vcf.gz
isec/hybrid only.vcf.gz | bcftools sort -Oz - > $VCF

bcftools index $VCF

# Merfin
./merfin loose.sh $VCF v2.1.XY.fasta HG002.k2l.no pat.gtl.meryl
HG002.k21.no mat.gtl.meryl 2> merfin loose.$DV.log

HPRC Flagger pipeline on v2.1

An updated version of Flagger (https://github.com/mobinasri/flagger) was developed after we
found substantial sequencing biases in HiFi and ONT reads, which affected Flagger's coverage-
based evaluation. This updated pipeline is identical to v0.1 release, except for step 2. More details
are given in Liao et al. (Liao et al. 2022) and ‘“Incorporating HSATs biases”
(https://github.com/mobinasri/flagger/tree/v0.1/docs/flagger#2-incorporating-hsats-coverage-
bias).

Flagger reported 3 unreliable blocks, with two possible SNV corrections called from ONT reads.
However, there were 6 additional variants having inconsistent results or not enough support from
the marker-based HiFi or ONT alignments that were disregarded.

These two SNV corrections were again added to the merged SV and SNV edits from v2.1, and
used to build the v2.6 version of the HG002 XY assemblies.

Telomere correction on v2.6

To polish the telomeres, we selected HiFi reads from the marker-assisted mappings that aligned
to the p-arm telomere of chromosomes X and Y as performed on v2.1. These reads were re-
mapped with winnowmap v2.03:

winnowmap -ax map-pb assembly.fasta reads.fastg > reads.sam

and the consensus was polished with racon v1.4.3 using the command:

racon reads.fastg assembly.fasta polished.fasta -w 50000 -e 0.02
This process was repeated for three rounds.
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The ChrX telomere still showed indels post polishing so we instead used consensus from a
verkko assembly which had better agreement with the reads. For ChrX, the sequence from
coordinates 4701 to 5692 was replaced with a 2000 bp sequence and for ChrY the sequence
from 1114 to 15797 was replaced with a 14722 bp sequence.

Evaluation

Polishing and evaluation are tightly inter-dependent. As such, part of the evaluation procedure
overlapped steps performed in the “Polishing” section and is described in detail. Here, we are
providing details not covered in the “Polishing” section. Each evaluation method is summarized
in Extended Data Fig. 2a (left panel).

Merqury

The 21-mers from HGO002 lllumina reads and the hapmers from HG003 and HG004 generated
in “Polishing, Marker assisted alignment” section were re-used for running Merqury v1.3. The
entire trio-mode pipeline was run on the lllumina reads for HG002v2.0-v2.7 to obtain QV estimates
and evaluate haplotype switches (Supplementary Table 3). Likewise, the 21-mers of the HG002
HiFi reads were obtained using the same k-mer building pipeline in Merqury as in the “Marker
assisted alignment” section. A hybrid k-mer db was created using the Illlumina and HiFi 21-mers,
after excluding the unique k-mers observed in each k-mer databases. The HiFi and Hybrid k-mers
were also used to evaluate QVs on all assemblies. We note that because of the highly repetitive
nature of ChrY, it is more likely for an error k-mer in the assembly to match by chance with a true
k-mer in the reads (e.g. a k-mer induced by a one base deletion error in the assembly may actually
exist somewhere else in the genome). Thus, the k-mer-based QV estimates are expected to be
slightly inflated for more repetitive chromosomes. The corrections applied between v2.5-v2.7 were
minor (2 SNPs and edits at the repetitive telomeric sequences), and the QV estimates from v2.6
and v2.7 were identical to v2.5 even though the read-to-assembly agreement was improved.

The hybrid k-mer db was obtained with:

meryl greater-than 1 illumina.k2l.meryl output illumina.gtl.meryl

meryl greater—-than 1 hifi val.k2l.meryl output hifi val.gtl.meryl

meryl union-sum illumina.gtl.meryl hifi val.gtl.meryl output
hybrid.meryl

The hapmer wiggle tracks and error (asm_only) wiggle tracks are used for visually inspecting
possible switch errors or true base-pair errors in each assembly version.

Coverage analysis

We used the Winnowmap primary and marker assisted alignments for performing coverage
analysis. Coverage based issues observed in HiFi and ONT reads were detected using the
issues.sh  script from Mc Cartney et al. (htips:/qgithub.com/arangrhie/T2T-
Polish/tree/master/coverage). In short, this script generates regions with excessive clippings or
low support from a given alignment. The low support regions are further annotated when it
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overlaps with a hybrid error-kmer at the same position “Low_Error” or overlaps with regions
enriched (>80%) for 2-mer microsatellite repeat. In addition, this script generates alignment
coverage statistics and multiple alignment summary tracks in wiggle format such as
minimum/maximum/average/median of coverage, read-to-assembly identity, mapping quality
(MQ), reads per strand, number of clipped reads in every 1024 bp window by default. All of the
median wiggle tracks were used in addition to the clipping track for evaluation.

The resulting issues.bed file from the marker-assisted alignment of HiFi and ONT reads were
further investigated for cataloging potential remaining issues (Supplementary Table 2).

VerityMap

Following Supplementary Note 7 of Nurk et al. 2022 (Nurk et al. 2022), we performed
orthogonal validation of the assembly using VerityMap v2.1.0-alpha,
https://github.com/ablab/VerityMap (Bzikadze, Mikheenko, and Pevzner 2022). VerityMap first
identifies all rare k-mers in the assembly, carefully selects a small subset of rare k-mers (solid k-
mers), finds locations of solid k-mers in each read, and constructs a compatibility graph (Bzikadze,
Mikheenko, and Pevzner 2022) with the vertex-set formed by all matches between the selected
solid k-mers shared by a read and the assembly. Then, VerityMap finds an optimal path in this
graph, uses this path for read mapping, and finds misassembly breakpoints using these
mappings. In more mathematical terms:

Let ar and br (aa and ba) be occurrences of solid k-mers a and b in the read R (contig A) such
that ar precedes br (aa precedes ba). We define d(ar, br) (d(as, ba)) as the distance between ar
and brin R (aa and bain A). We refer to the pair of as and ar (ba and bgr) as a match ay (bm) and

define diff(aM, bm) = |d(aR,bR) - a’(aA,bA)l.

VerityMap detects approximate locations of misassembly breakpoints: for example, a deletion
of length L in an assembly typically triggers a pair (am, bum) with a surprisingly large difference

diff(am, bm) = L, where ay and by represent solid k-mers flanking the deletion breakpoint in such

a way that ay (bm) precedes (follows) the deletion breakpoint. If nearly all reads covering k-mers
a and b show a systematic bias in values of diff(au, buv), then an indel of approximate size diff(au,
bu) is likely contained between as and ba. We refer to each read that shows systematic bias in
values of diff(am, bu) as a discordant read and report the fraction of discordant reads connecting
each pair of solid k-mers in the assembly. If only a fraction MinHetFraction (default value = 30%)
of reads containing both a and b are discordant, the region between as and ba might contain a
heterozygous site.

Supplementary Fig. 2 shows analysis of discordant HiFi and ONT reads mapped to the assembly
of chromosome Y in HG0O02. All putative events were further manually inspected in IGV v2.14 .1
for validity. Specifically, a putative heterozygous position at ~59.1 Mb reported by HiFi reads is
flanked by a drop in coverage reported by both VerityMap and Winnowmap. Since ONT reads do
not show any coverage abnormalities in this region, and no ONT reads are discordant in this
region, this heterozygous position might be spurious and explained by HiFi coverage drop-out in
Supplementary Fig. 3. Manual analysis of read mappings at position ~40 Mb reveals a potential
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misassembly (Supplementary Fig. 4): all but two HiFi reads are clipped and numerous ONT
reads report indels of various lengths. HiFi read mappings produced by Winnowmap show
reduced coverage in this region and enrichment of nucleotide positions with reference base
differing from the read consensus base.
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Supplementary Fig. 2 | VerityMap validation. The x-axis is chromosome position and the y-axis is percent
deviated reads (0-100%). Left (right) subfigure corresponds to mapping of HiFi (ONT) reads.
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Supplementary Fig. 3 | VerityMap validation of ChrY around 59.1 Mb using long-read mapping.
Mappings of HiFi reads are produced by VerityMap (top), of ONT reads — by VerityMap (middle), of HiFi
reads by Winnowmap (bottom). Both Winnowmap and VerityMap indicate a drop in HiFi coverage depth.
Only three HiFi reads mapped by VerityMap show ~2.5kb deletions in assembly. No mapped ONT reads
support these deletions.
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Supplementary Fig. 4 | VerityMap validation of ChrY around 40 Mb using long-read mapping.
Mappings of HiFi reads are produced by VerityMap (top), of ONT reads by VerityMap (Middle), of HiFi reads
by Winnowmap (bottom). Little support in HiFi VerityMap and WinnowMap suggests possible misassembly
in this region

Second-most frequent allele with NucFreq

The chromosome-wide second-most frequent alleles observed in the HiFi reads and blocks of
enriched second alleles were obtained using NucFreq v0.1 (Mitchell R. Vollger et al. 2022; Mc
Cartney et al. 2022). NucFreq was run using the following commands to collect regions where the
second most frequent allele from the HiFi marker-assisted Winnowmap alignments had an allelic
frequency over 30% and sites 1 kb adjacent to one another were merged:

python3 NucPlot.py --n HiFi --height 4 -y 100 -t 16 --bed all.bed --obed

hifi.marker.nucfreg.bed --minobed 2 hifi.pri.bam hifi.png

cat hifi.marker.nucfreq.bed \
| awk 'NR>1 {print $0"\t"100*$5/($4+$5) }! | awk  '"SNF>30' \
| bedtools merge -d 1000 -i - > hifi.marker.nucfreq.30.mrg.bed

Strand-seq evaluation

Strand-seq data were generated as previously described (Sanders et al. 2020; Ebert et al.
2021). Raw FASTQ files from 65 Strand-seq libraries were aligned to both the GRCh38 reference
assembly (GCA_000001405.15) and the T2T-CHM13v1.1 + HG002XYv2.7 assembly using the
BWA aligner v0.7.17-r1188 (Li and Durbin 2009). Next, each BAM file was processed using the
R package breakpointR (Porubsky, Sanders, Taudt, et al. 2020) using the following parameters:
windowsize = 2000000, binMethod = 'size', pairedEndReads = TRUE, min.mapq = 10, genoT =
'binom', background = 0.1, minReads = 100. Results of this analysis were used to generate
directional composite files as previously described (Sanders et al. 2016; Porubsky, Sanders,
Hops, et al. 2020), using breakpointR function “synchronizeReadDir” (Ebert et al. 2021). In order
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to detect recurrent changes in strand directionality we ran breakpointR again on such composite
files with the following parameters: windowsize = 50000, binMethod = 'size', pairedEndReads =
TRUE, min.mapq = 10, genoT = 'binom', background = 0.1, minReads = 50. Putative assembly
errors would be detectable in composite files as regions where reads overwhelmingly map in
minus orientation indicative of a misorientation or unresolved inversion. Putative collapses in the
assembly would be visible as regions where reads map in both the minus and plus orientation.

Integrity with HGO03Y

Additionally, to check the integrity of the HG002 cell line versus its original source, we compared
against the HG0O03 cell line, which was derived from the father of the HG002 donor. If the structure
of the Y chromosome in HG002 and HGO0O03 is in agreement, then it is very likely that no structural
variants arose during cell culture (otherwise, the exact same variants would have had to
independently arise in both lines). To test this, we collected all publicly available long-read data
from both HG002 and HGO003, which included older HiFi and ONT UL data from HG003 and more
recent HiFi (Revio) instruments. Data from HG003 was mapped to the T2T-CHM13+Y assembly,
and HG002 to T2T-CHM13 autosomes + HG002v2.7XY as done for polishing and validation.

We observed no evidence for large structural variation between the T2T-Y assembly and any
of the additional HG002 or HGOO3 sequencing data (Supplementary Fig. 5). Also, the
HSat1/HSat3 coverage bias observed in our sequencing data disappears (e.g. see the uniformity
of HGO03 HiFi coverage tracks). The newer HG0O03 HiFi (Revio) data shows even better
agreement with the HG002 assembly than the older HG002 HiFi data, and the number of sites
flagged as potential assembly issues is fewer when using the newer data. Thus, given the
agreement of the HG003 sequencing data mapped to the T2T-HG002-Y assembly, we conclude
that the T2T-Y assembily is a faithful reconstruction of a human Y chromosome.

HG0O03 GIAB HiFi data is available to download at: https://ftp-
trace.ncbi.nim.nih.gov/ReferenceSamples/giab/data/AshkenazimTrio/HG003 NA24149 father/
PacBio CCS 15kb_20kb chemistry2/CHM13v2.0/GIAB 5mC CpG/

HGO003 ONT UL data was generated by HPRC and is available to download at: https://s3-us-
west-2.amazonaws.com/human-
pangenomics/index.html?prefix=NHGRI UCSC panel/HG003/nanopore/Guppy 4.2.2/

HGO002 and HGO003 HiFi Revio data is available to download at:
https://downloads.pacbcloud.com/public/revio/2022Q4/
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Supplementary Fig. 5 | Mapping coverage and issue tracks for various read sets from HG003 and
HGO002. Datasets from HGO0O03 are labeled on each track with “HG003”. The rest are from HG002. All 3
available replicates of HG002 HiFi (Revio) datasets were merged and is shown in one track. Bottom track
displays 2-mer microsatellites in each non-overlapping 128 bp window.

Chromosome spreads and Fluorescent In-Situ Hybridization (FISH)

GM24385 (HG002) lymphoblastoid cells (LCLs) were obtained from Coriell and cultured at 37°C
in 5% CO2 in RPMI 1640 medium (Corning) supplemented with 15% FBS and 1X Glutamax
(Gibco). For chromosome spread preparation, cells were arrested in mitosis by the addition of
Karyomax colcemid solution (0.1 ug/ml, Life Technologies) to the growth medium for 6 hours.
Cells were collected by centrifugation at 200g for 5 minutes and incubated in 0.4% KCI swelling
solution for 10 minutes. Swollen cells were pre-fixed by the addition of freshly prepared Methanol:
Acetic acid (3:1) fixative solution (~100 pL per 10 ml total volume). Pre-fixed cells were collected
by centrifugation at 200 g for 5 minutes and fixed in Methanol: Acetic acid (3:1) fixative solution.
Spreads were dropped on a glass slide and incubated at 65°C overnight. Before hybridization,
slides were treated with 1mg/ml RNAse A (1:100 from Qiagen) in 2xSSC for at least 45 minutes
at 37°C and then dehydrated in a 70%, 80%, and 100% ethanol series for 2 minutes. Denaturation
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of spreads was performed in 70% formamide/2X SSC solution at 72°C for 1.5 minutes and
immediately stopped by immersing slides in ethanol series pre-chilled to -20°C.

The probe for HSAT1B/DYZ2 was generated by PCR using HG002 genomic DNA as a template,
KAPA Taq polymerase (Kapa Biosystems), and 50uM Biotin-11-dUTP (Jena Bioscience). Primer
sequences: forward - CGCAGCCTAATAACGTGTGGGCTTG, reverse -
AATAAAACATAACCATGAAACCTAC. Genomic DNA for PCR was isolated using DNeasy Blood
& Tissue Kit (QIAGEN) according to the manufacturer’s instructions. The Y centromeric alpha
satellite probe (DYZ3) conjugated to TexasRed was from Cytocell, caté LPEOYcR. The
fluorescently labeled oligonucleotide HSAT3/DYZ1 probe 5’FAM-(AATGG); was synthesized by
IDT.

Labeled DNA probes were denatured in a Hybridization buffer (Empire Genomics) by heating
to 80°C for 10 minutes before applying to denatured slides. Spreads were hybridized to probes
under HybriSlip hybridization cover (GRACE Biolabs) sealed with Cytobond (SciGene) in a
humidified chamber at 37°C for 72 hours. After hybridization, slides were washed in 50%
formamide/2X SSC 3 times for 5 minutes at 45°C, then in 1x SSC solution at 45°C for 5 minutes
twice, and at room temperature once. Biotin detection was performed using 2 ug/ml Streptavidin
- Cy5 (ThermoFisher) in PBST for 3 hours. Slides were then washed in PBST 3 times, rinsed
with double deionized H20O, air-dried, and mounted in Vectashield containing DAPI (Vector
Laboratories).

Z-stack images were acquired on the Nikon TiE microscope equipped with 100x objective NA
1.45, Yokogawa CSU-W1 spinning disk, and Flash 4.0 sCMOS camera. Image processing was
performed in FIJI.

Comparison to GRCh38Y

Y haplogroup identification

Both T2T-Y and GRCh38-Y were aligned to the hg19 ChrY sequence with samtools pileup (Li
et al. 2009) to identify SNPs. The software yhaplo v1.1.2 uses phylogenetically significant SNPs
to build a tree and then compares that to the ISOGG database to determine the haplogroup
(Poznik 2016). The following command was used to determine the haplogroup:

vhaplo -i /path/input.txt

The Y haplogroup of the 1000 Genomes Project (1KGP) samples were assigned following
Poznik et al. (Poznik et al. 2016) if available. For the samples not present in the initial 1,244 set,
we used Y-SNP haplogroup hierarchy finder (Tseng et al. 2022) using reliable (“PASS”) variants
called on GRCh38-Y.
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Alignments between GRCh38 and HG002 Y assemblies

SafFire

Alignments between the GRCh38-Y and T2T-Y assemblies for the purposes of visualization with
SafFire were generated with the following minimap2 v2.24 command:

minimap2 -t 8 -c¢ --egx -x asm20 --secondary=no -s 25000 -K 8G \
{input.ref} {input.query} > {output.paf}

The PAF was then processed with rustybam v0.1.29 (10.5281/zen0do.6342176) using the
following set of commands:

rb trim-paf {input.paf} \
| rb break-paf --max-size 5000 \
| rb orient \
| rb filter --paired-len 100000 \
| rb stats —--paf \
> {input.for.saffire}

and then visualized using SafFire v0.2 (10.5281/zenodo.6376287). DupMasker (Z. Jiang et al.
2008) and dna-brnn (Li 2019) annotations were generated using Rhodonite v0.12
(10.5281/zen0do.6036498).

LASTZ

The T2T-Y sequence was aligned to GRCH38-Y using LASTZ v1.04.15 (Harris, Robert S.
2007). Both sequences had been softmasked by the NCBI's assembly submission pipeline using
WindowMasker. LASTZ was run in two stages: first to identify filtered ungapped high-scoring
sequence pairs (HSPs), second to extend those HSPs to alignments, allowing gaps. Filtering
excluded alignments with identity below 80%, ungapped alignments with fewer than 400 matched
bases, and gapped alignments with fewer than 1,000 matched bases.

The commands used were:

lastz hg002Y.fasta hg38Y.fasta --ungapped --filter=identity:80 --
filter=nmatch:400 --hspthresh=36400 --

format=general-:namel, startl,endl,name?2,start?2,end2, strand2, nmatch >

hg38Y onto hg002Y.anchors

lastz hg002Y.fasta hg38Y.fasta --segments=hg38Y onto hg002Y.anchors --
filter=identity:80 --filter=nmatch:1000 --allocate:traceback=800M --
format=general :namel, zstartl, endl, name?2, strand2, zstart2+,end2+, nmatch, lengthl
,1d%,blastid% --rdotplot+score=hg38Y onto hg002Y.dots > hg38Y onto hg002Y.dat

Alignments were post-processed to identify, for each position along T2T-Y, the alignment with the
highest identity containing that position. This was accomplished using genodsp
(http://github.com/rsharris/genodsp) and the following command:

cat hg38Y onto hg002Y.dat | grep -v ""#" | awk '{ print $1,$2,83,810 }' >
hg38Y onto hg002Y.identity.dat
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echo "" | genodsp --uncovered:show --precision=3 --chromosomes=hg002Y.lengths
= maxwith hg38Y onto hg002Y.identity.dat >
hg38Y onto hg002Y.hg002Y best identity.dat

The alignment dotplot and best identity were plotted using R (https://github.com/arangrhie/T2T-
HGO002Y /tree/main/alignments/lastz). Regions along T2T-Y were colored according to their class.

Sequence identity was derived from LASTZ alignments, by averaging the identity, over positions
that have alignments, of the best alignment through that position. Identity was computed from
matches and mismatches only (gaps were ignored): m/(m+mm).

Pangenomics Research Tool Kit (PRG-TK)

To visualize the big structural differences of the three ChrY assemblies (GRCh37-Y, GRCh38-
Y, and T2T-Y), we use Pangenomics Research Tool Kit v0.4.1 (Chin et al. 2022) to construct the
principal bundles that represent the contiguous conserved stretch of sequences among
pangenome contigs. Twenty-four contigs over 800 kb from HPRC year one release are used to
construct the minimizer anchored pangenome graph with parameters w=128, k=56, r=12, and
min_span=28. Two hundred nineteen bundles are identified. In figure Extended Data Fig. 3c, we
show the sequences of the three assemblies as compositions of the bundles to compare the large-
scale rearrangement of the ~30M euchromatin region of ChrY.

Gene annotation

CAT and Liftoff gene annotation

Because we had gene annotations for CHM13 (Nurk et al. 2022), the CAT annotation was
performed as in CHM13, but for the ChrY. Briefly, a Cactus v2.0.5 (Armstrong et al. 2020)
alignment to GRCh38 was generated with chimp as an outgroup. Iso-Seq reads were aligned and
assembled with Stringtie2 (https://github.com/skovaka/stringtie2, commit 647ab51) (Kovaka et al.
2019, 2), aligned to the assembly with TransMap (as part of Cactus) (Stanke et al. 2008), and
used as input for CAT along with the GENCODEvV35 (Frankish et al. 2021) annotation.

The following Liftoff v1.6.1 command was run to map genes from the Gencode v35 Y
chromosome assembly to the T2T Y chromosome assembly:

liftoff wv2.7.Y.fasta grch38.fa -g gencode.v35.annotation Y.gff3 -
copies -sc 0.95 -polish

The Liftoff output was intersected with the CAT annotation using BEDtools intersect (Dale,
Pedersen, and Quinlan 2011) to isolate genes that Liftoff mapped to ChrY that were not in the
CAT annotation. Liftoff identified 166 additional genes, of which 152 were extra paralogs of genes
already in the CAT annotation and 14 were newly identified.
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RefSeq gene annotation

The de novo annotation of T2T-CHM13v2.0 was performed as previously described for other
vertebrate genomes (Rhie et al. 2021; Pruitt et al. 2014), in parallel with the annotation of
GRCh38.p14, and released with NCBI Homo sapiens Annotation Release v110. The annotation
of protein-coding and long non-coding genes was derived from the alignments of RefSeq-curated
sequences and primary evidence to the repeat-masked genome. A total of 82,862 curated RefSeq
transcripts (with NM_or NR_ prefix), 345,700 cDNAs, 8.65 million ESTs, 9.7 billion RNA-Seq
reads, and 83 million PacBio IsoSeq and Oxford Nanopore reads from over thirty distinct tissues
were retrieved from SRA and tentatively aligned to the assembly using Splign v2.1.0 (Kapustin et
al. 2008) or minimap2 v2.17 (Li 2018, 2). Similarly, 63,836 known RefSeq proteins (NP__ prefix)
and 149,352 GenBank proteins were aligned to the genome using ProSplign (NCBI C++ Toolkit
r645952).

A total of 20,011 protein-coding genes and 20,716 non-coding genes were annotated on T2T-
CHM13v2.0. The vast majority of protein-coding genes (96.3%) and 38.4% of non-coding genes
were derived from the placement of curated RefSeq sequences, while the rest were annotated by
Gnomon (NCBI C++ Toolkit r645952) based on primary evidence alignments (see details in (Rhie
et al. 2021)).

BUSCO v4.1.4 (Seppey, Manni, and Zdobnov 2019) was run in “protein” mode on the longest
protein per coding gene. Among the 13780 models in the primates_odb10 lineage dataset, 99.4%
were identified as complete (98.8% single copy and 0.7% duplicated copy), 0.1% were found to
be fragmented and 0.5% were missing.

RefSeq Liftoff gene annotation

The RefSeq Liftoff gene annotation was created by using the Liftoff program v1.6.3, with options
-copies -sc 0.95 -polish -exclude partial -chroms to map across all human genes in RefSeq
annotation release v110 from the GRCh38.p14 genome to the T2T-CHM13v2.0 assembly.

Ensembl gene annotation

A subset of the genes from GENCODE v38 (Frankish et al. 2021) were mapped to the T2T
assembly via a 2-pass alignment process. The subset did not include readthrough genes nor
genes on patches or haplotypes, and only one copy of the genes on the ChrX/Y PAR region (only
one copy, ChrX, is modeled in the Ensembl representation of the PAR genes).

Firstly, for each reference gene, the sequence of the underlying genomic region was retrieved
(including intronic regions), with an additional 500 bp upstream and downstream flanking regions.
These were treated as pseudo-long reads and were aligned to the target genome using minimap2
v2.17-r941 (Li 2018) using the ONT settings to allow variability between the reference and target
regions. The following command was used:

minimap2 --cs --secondary=no -x map-ont [genome index] [input file] >
[alignment file]
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The top hit of the reference region to the target was taken and the equivalent region in the target
genome was calculated. If the top hit did not cover the full reference region, the shortfall in
coverage was calculated based on the missing 5'/3’ sequence and the region in the target genome
was adjusted to take the length of the missing sections into account (allowing for issues stemming
from gaps/indels or divergent regions).

Once the initial region was identified through minimap2, the two regions were aligned via
MAFFT v7.475 (2020/Nov/23) (Katoh and Standley 2014). For each gene, the corresponding
exons were retrieved and the coordinates were projected through the alignment of the two
regions. Transcripts were then reconstructed from the projected exons. For each transcript, the
coverage and identity when aligned to the parent transcript from GRCh38 were calculated.

If the resulting transcript had either a coverage or identity <98%, the parent transcripts were
aligned to the target region using minimap2 in splice-aware mode, with the high quality setting for
Iso-Seq/cDNA style transcripts enabled. The maximum intron size was set to 100 kb by default,
for genes with introns larger than 100 kb in the reference annotation, this value was adjusted to
1.5x their max intron size (to allow some variability).

minimap2 --cs --secondary=no -G [max intron size] -ax splice:hg -u b
[genome index] [input file] > [sam file]

For each transcript mapped to the target genome, we then assessed the quality of the mapping
based on aligning the original reference sequence with the newly identified target sequence.
Again, if the coverage or identity of the aligned sequence was <98%, the reference transcript
sequence was re-aligned to the target region using Exonerate v2.0 (Slater and Birney 2005).
Exonerate, while slower than minimap2, has the ability to handle very small exons and also can
incorporate CDS data to preserve the CDS (introducing pseudo-introns as needed). The following
command was used:

exonerate -options --model cdna2genome --forwardcoordinates FALSE --
softmasktarget TRUE --exhaustive FALSE --score 500 --saturatethreshold 100 --
dnawordlen 15 --codonwordlen 15 --dnahspthreshold 60 --bestn 1 --maxintron
[max intron size] -coverage by aligned 1 -—querytype dna -—-targettype
[target type] -—-query [query file] --target [target file] -—annotation

[annotation file] > [output file]

Transcripts that still failed the coverage and identity cut-offs using all three approaches were
aligned across the whole genome minimap2. This was done to account for rare cases where the
target region identification may have been incorrect (perhaps due to a large insertion or an
inversion affecting the region). At this point there was generally a single best model for each
transcript, defined as the model with the highest combined coverage and identity of all approaches
used.

Once the primary mapping process was completed, we searched for potential recent
duplications and collapsed paralogues. To search for recent duplications, we took the canonical
transcript of each gene (the longest transcript in the case of non-coding genes, or the transcript
with the longest translation followed by the longest overall sequence for protein coding genes),
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and aligned it across the genome using minimap2 in a splice-aware manner. Mappings that
overlapped with existing annotations from the primary mapping process on the target genome
were removed. For new mappings that did not overlap existing annotations, the quality of the
alignment was then assessed by aligning the mapped transcript sequence to the corresponding
reference transcript to calculate the coverage and percent identity of the mapping. For these
mappings different coverage and percent identity cutoffs were required based on the type of
transcript mapped. The cutoffs for retaining transcripts were as follows with %coverage
and %identity listed, respectively: protein coding (95, 95), long non-coding (90, 90), small non-
coding (95, 95), pseudogene (80, 90).

In order to collapse potential paralogues, where two or more loci in the reference genome map
to fewer loci in the target genome, we clustered overlapping genes of the same type (based on
exonic overlap) and then collapsed any redundant transcript structures at each locus where the
overlap occurred. Non-redundant transcript structures were merged into a single representative
gene in the case of protein-coding genes with coding-exon overlap.

Overall, 59,620 of 59,668 (99.92%) genes were mapped from the GENCODE v38 subset to the
T2T assembly.

Iso-Seq analysis

The generated HQ (Full-length high quality) transcripts, all HQ datasets were mapped to
GRCh38.p13 as well as T2T-CHM13v2.0 using three different long read alignment tools: uLTRA
v0.0.4.1 (Sahlin and Makinen 2021), deSALT v1.5.5 (Liu et al. 2019) and minimap2 v2.24-r1122
(Li 2018, 2). Next, we ran the cDNA_cupcake v28.0.0
(https://github.com/Magdoll/cDNA_Cupcake) workflow to collapse the redundant isoforms from
bam, followed by filtering the low counts isoforms by 10 and filter away 5' degraded isoforms that
might not be biologically significant.

#UuLTRA

align --prefix prefix --isoseqg --t 4 --index index dir/
GRCh38.v33pl3.primary assembly.fa HG002.polished.hqg.fastg.gz results dir/
#deSALT

aln -T -o HGOO2.sam -t 4 -x ccs HGOO2.polished.hqg.fastg.gz

#minimap?2

minimap2 -t 8 -ax splice:hg -uf --secondary=no -C5 -06,24 -B4
GRCh38.v33pl3.primary assembly.fa HG002.polished.hqg.fastqg.gz

To obtain the list of isoforms that are unique to the T2T-CHM13v2.0 genome, we compared the
mapping of isoforms between GRCh38 and T2T-CHM13 (https://github.com/unique379r/bioinfo-
scripts). We performed this for each replicate of HG002 (NA27730, NA26105 and NA24385). The
genomic isoforms as well as ChrY-specific isoforms were generated for further analysis and
interpretation. We also generated a merged set of unique T2T-CHM13 isoforms using the
agat_sp_merge_annotations.pl script in the AGAT module
(https://www.doi.org/10.5281/zenodo.3552717). The program uses the Omniscient parser that
takes care of duplicated names and fixes other oddities found across the files. Merged statistics
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are shown in Supplementary Fig. 6 for all chromosomes and in Supplementary Fig. 7 for

chromosome Y.
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Supplementary Fig. 6 | Number of isoforms found on all chromosomes across the mapping tools.
Numbers shown are the union set from the 3 different alignment methods.
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Supplementary Fig. 7 | Number of isoforms found on the Y chromosome across the mapping tools.
Numbers shown are the union set from the 3 different alignment methods.

Ampliconic gene copy number validation

As an additional validation of the T2T-Y assembly, we estimated the copy number of ampliconic
genes in the assembly, and compared this to results previously published, for the same individual
(Vegesna et al. 2019). The published results had derived estimates from two independent
methods: 1) ddPCR and 2) computationally using AmpliCoNE commit ¢54d9a8,
https://github.com/makovalab-psu/AmpliCoNE-tool (Vegesna et al. 2019) on lllumina reads for
HGO002 from Genome In A Bottle (Zook et al. 2014). To estimate copy number in the assembly,
we used AmpliCoNE on simulated lllumina reads extracted from the assembly.

Repeat annotation

Segmental duplications

Segmental duplication (SD) annotations were created using the same methods as in Vollger et
al. without modification (Mitchell Robert Vollger [2021] 2022). In brief, SDs in T2T-CHM13v2.0
were identified using SEDEF (Numanagic et al. 2018) after repeat masking with Tandem Repeats
Finder (Benson 1999) and RepeatMasker (Arian FA, Hubley, Robert, and Green, P 2015). The
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code is deposited on Zenodo (https://zenodo.org/record/5499093) and made available as a
Snakemake pipeline.

Repeat model discovery and annotation

Repeat model discovery with RepeatModeler and loci identification with RepeatMasker

To assess previously unannotated repetitive regions of ChrY, a RepeatMasker4.1.2-p1 run was
completed on the T2T-Y assembly using the Dfam 3.3 library (J. Storer et al. 2021) with the
following settings: sensitive setting (-s), using the species tag of human (-species human) and the
NCBI BLAST-derived search engine RMBlast (-e ncbi): $ RepeatMasker -s -species human -e
ncbi. These regions were then hard-masked and a RepeatModeler2.0.1 analysis was performed
on the remaining (unmasked) regions. The resulting repeat model consensuses were extended
and subjected to two subsequent levels of filtering:

1. Removal of duplicate models based on a 2% divergence value using a custom perl script
2. Removal of models corresponding to repeat families already found in the Dfam database
using cross_match analysis

Since the RepeatModeler2.0.1 algorithm implements a random sampling of the genome, the
remaining repeat model consensuses were used as a library for a secondary RepeatMasker run
to collect all associated instances for each model across the T2T-Y assembly.

Discovery of new satellite models

Satellites and tandem repeats were initially annotated in the above RepeatMasker run, based
on a combination of alignments to known satellite sequences in the RepeatMasker library and
associated screening with Tandem Repeats Finder (TRF) (trf409.linux64). While RepeatModeler2
identified some new satellites, it is specifically designed for interspersed repeats rather than
tandem repeats and therefore, large sections of chrY were left unannotated for tandem repeats
that may actually be present.

We expanded annotation coverage of these missing repetitive regions using two methods:
ULTRA v1.0 (D. Olson and Wheeler 2018) and NTRprism v1.0.0 (Altemose et al. 2022). The first,
ULTRA, is an open-source tool that can annotate and provide statistically consistent scoring for
very large repeat units (up to a repeat period of 4000), arbitrarily-long repetitive regions, and
ancient repeats that have highly decayed repetitive signals. ULTRA v1.0 was run with a repeat
periodicity of 1000 on the unmasked ChrY. The second, NTRprism, creates a Nested Tandem
Repeat (NTR) “spectrum” indicating the most abundant tandem repeat periodicities across a given
sequence. The higher the score the more likely they are to be present in higher copy numbers
and with higher homogeneity. NTRprism v1.0.0 was run in 50 kb bins with a 0.01 column sum
score threshold on the unmasked ChrY.

We focused on unannotated regions/gaps greater than 5 kb, which were identified via BEDtools
v2.29.0 (Quinlan and Hall 2010) by subtracting both repeat annotations (first: using Dfam library,
second: using pre-filtered RepeatModeler consensuses) from the entire T2T-Y sequence. These
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gaps were manually curated in a UCSC Genome Browser session to check for any feature
annotation overlap (e.g. gene annotations). Tandemly repeated sequences for each gap were
detected and assessed with a combination of ULTRA, NTRprism, and the TRF v4.09 GUI version
using default parameters (Benson 1999) to determine the best monomer consensus for a given
satellite model.

The repeat discovery and annotation pipeline was originally run on the entire CHM13 genome,
including ChrX and its PAR regions. When running the pipeline on T2T-Y alone, we detected
satellites (arrayed tandem repeats) in the PAR regions of ChrY that we had not annotated in
CHM13. Following re-annotation of CHM13 and HG002-X with the additional ChrY-derived repeat
models, these ChrY-derived satellites were in fact found in the ChrX PARs, as expected
(Supplementary Table 15). There are a few reasons these ChrY-derived satellites were
undetected in the initial screen of CHM13, including a combination of the following:

1. RepeatModeler is designed to detect interspersed repeats, not tandem repeats present at
a single locus and/or with low copy number or high sequence variability

2. The models ascertained from RepeatModeler are derived from a random sample of the
genome, and therefore the output of every program run is slightly different

3. RepeatModeler and TRF are both more sensitive when run on a smaller sequence, such
that the sample of the genome reflects a higher portion of the total sequence, so more
satellites were detected when run on the single ChrY compared to the full CHM13 genome

Note, however, that regardless of these considerations, RepeatModeler should not be run in
parallel on different chromosomes, as the models this practice would produce would not
accurately represent the models in the genome as a whole.

Manual curation of previously unknown repeat models

Following the production of a secondary RepeatMasker annotation set (using the pre-filtered
RepeatModeler consensus), curation steps were implemented to refine previously unknown
repeat models. Multiple sequence alignment (MSA) plots of the RepeatModeler consensus
sequences aligned to the T2T-Y assembly were used to assess the divergence across associated
instances. Overlaps with CAT/LiftOff gene annotations, segmental duplications, and tandem
repeats found within gaps were manually curated. RepeatModeler consensuses were screened
as potential composite subunits through pattern recognition in both the UCSC browser and
RepeatMasker output, while Bedtools closest (-k 2 -iu -io -D ref) and (-k 2 -id -io -D ref) was used
to assess the neighboring repeats and their frequency increasing the likelihood that they were
part of a larger repeat, or composite. This curation led to the generation of a final repeat library of
previously unknown or unannotated satellite monomers (n=14) and subunits of composites (n=15)
(Supplementary Table 11).

Compilation and polishing of T2T-Y repeat annotations

The compilation pipeline laid out in Hoyt et al. (Hoyt et al. 2022) 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 pipeline involves a third RepeatMasker run on the original hard-
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masked ChrY (masked using Dfam library only) using a library which included the Dfam database
plus all additional entries (new models from T2T-CHM13 and these ChrY analyses). This third
repeat annotation and the first Dfam library only repeat annotation were then processed through
a final processing script resulting in a high confidence repeat masker annotation track for the
UCSC genome browser.

The direct activity of Transposable Elements (TEs) over long stretches of evolutionary history
accounts for a large proportion of the human genome. The annotations of TEs form a fossil record
whereby the recursive insertion of TEs within other TEs can be disentangled and visualized. In
2015, we developed a specialized visualization for the UCSC genome browser (Rosenbloom et
al. 2015) to specifically address the hierarchy and fragmentation present in TE annotations. The
annotation glyphs provided a visual language for simultaneously representing the relative position
of fragments of a single TE insertion within the genome and the relative location of these
fragments within the sequence of the full-length TE family. Our track was designed to work for
UCSC hosted genomes only, and was initially applied to two assemblies (hg38 and mm10). For
the T2T and Dfam (J. Storer et al. 2021) projects we developed a trackHub-aware version of our
visualization with expanded features for managing the visualization and optionally filtering results.
The TE annotations on the T2T assemblies were prepared using a new tool from the
RepeatMasker 4.1.3 package (rmToTrackHub.pl) to generate a trackHub for the visualization.

The same three-step repeat annotation pipeline (1. RepeatMasker (Dfam library only), 2.
RepeatMasker (Dfam library + new repeat models), 3. compilation pipeline) was applied to
GRCh38-Y as well. Repeats were summarized using buildSummary.pl (J. M. Storer et al. 2021)
at the class and family level (Table 1, Supplementary Table 12) and at the subfamily level for
new repeats (Supplementary Table 11) in both T2T-Y and GRCh38-Y.

Composite repeats

Composite elements were defined and characterized as described in Hoyt et al. 2022 (Hoyt et
al. 2022) as: a repeating unit consisting of three or more repeated sequences, including TEs,
simple repeats, composite subunits, and/or satellites, that is found as a tandem array in at least
one location in the genome.

Following the generation of our high confidence repeat masker track with the inclusion of
composite subunits, three composite repeats were identified, each of which associates with a
gene: TSPY, RBMY, and DAZ. The TSPY and RBMY composite units are structured with one
gene per composite unit, so that an array of composite units includes multiple genes. The DAZ
composite units are different in that an entire array falls within one gene. BLAT v36.5 (Kent 2002)
was used to locate other composite unit copies across HG002 chrY and cross-reference them
with their associated gene annotations (CAT/liftoff). Supplementary Table 18 only reports those
copies that are associated with genes (protein-coding or pseudogenes), but fragmented and/or
diverged copies were also found without genes for TSPY and RBMY (not DAZ). Generation of
the composite consensuses was completed by searching HG002-chrY sequence for full-length
composite insertions via BLAT with an exemplar locus as the search query. The insertions were
then iteratively aligned using alignAndCallConsensus.pl (J. M. Storer et al. 2021) to the exemplar
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locus, producing a consensus sequence for each of the three composites. There was sequence
diversity of DAZ composites across the gene family, with the main diversity occurring within DAZ3
and DAZ4, but a single consensus was sufficient to find the copies, so a single consensus was
included.

Identification of full-length TEs

The active families in the human genome for SINEs, LINEs, and retroposons are AluY, L1Hs,
and SVA_E/F, respectively; the recently active family in the human genome for ERVs is HERV-
K. Identification of these potentially active, full length TEs across T2T-Y and GRCh38-Y was done
by following the methods laid out in Hoyt et al. 2022 (Hoyt et al. 2022). Full length elements and
ERYV structural category counts and locations can be found in Supplementary Table 12.

T2T-Y liftOver analysis

Liftover chains were generated from Minimap2/NEXTflow (See below “Curated liftover
chains”) sequence alignments between GRCh38-Y and T2T-Y. A bed file was generated from
the T2T-Y RepeatMasker output and a liftOver (https://genome.ucsc.edu/cgi-bin/hgLiftOver) was
performed to the GRCh38-Y assembly. Subsequent analyses were performed on both the unlifted
and lifted TEs as laid out in Hoyt et al. 2022 (Hoyt et al. 2022) with the exception of identification
of liftover errors instead of polymorphisms. The chm13v2-unique_to _hg38.bed (https://s3-us-
west-2.amazonaws.com/human-pangenomics/T2T/CHM13/assemblies/chain/v1_nflo/chm13v2-
unique _to hg38.bed, as plotted in Fig. 1) was used to define syntenic regions with GRCh38. Full
stats are provided in Supplementary Table 13, with data summarized in Supplementary Fig. 8.

43



lifted (n=31,166)
_ not full match
full match (n=30,367) (n=799)

Retroposon I In=22
sneH | | n=300 '
LINE - | | n=s03 !
| ona -| [ <0
0 25 50 75 100
DNA - n=36 % of TE class unlifted
TrrrrrrTrrrprrrrrrrTT] Polymorphic (syntenic)

0 25 50 75 100
% of TE class without full match

Bl Specific to HG002 chrY

Bl Noclassmatch M Liftover alignment errors

Class match Highly diverged
Family match and/or short loci

Supplementary Fig. 8 | TE liftover between T2T-Y and GRCh38-Y. A minority of T2T-Y TEs (~20%; Top
- red) were unable to be lifted to GRCh38. (Red-boxed highlight) Stacked bar plot showing percentage of
TEs by class (DNA, LTR, LINE, SINE, and Retroposon) that were unlifted from T2T-Y gap-filled regions
(non-syntenic, red) versus syntenic regions (gray). Out of the TEs that were able to be lifted (top, yellow),
a minority did not have a full match (~3%; middle, blue); a full match being no change in annotation. (Blue-
boxed highlight) Stacked bar plot showing percentage of lifted TEs by class broken down further into
discordance categories as follows: 1) no TE class match (dark blue), 2) class match, but family change
(yellow), 3) family match, but subfamily change (light blue), 4) liftover alignment errors (dark purple), and
5) highly diverged sequences and/or short fragments (light purple). The first two categories (dark blue and
yellow) encompass the most notable differences in lifted TE annotations between T2T-Y and GRCh38-Y.
Number of TEs per category shown across figure as n. Full stats included in Supplementary Table 13.

Satellite annotation

Centromeric Satellite (Cen/Sat) annotations were generated as in (Altemose et al. 2022), with
a few refinements tailored to ChrY satellites. Rather than restrict the satellite annotation to the
region surrounding the centromere, we annotated satellites across the entire chromosome. First,
major satellite types were extracted from the RepeatMasker tracks generated for this
chromosome, merging features of the same satellite type within 10 kb of each other. However,
for HSat2 and HSat3, a specialized annotation tool was used
(https://github.com/altemose/chm13 hsat, from (Altemose et al. 2022). Alpha satellite
annotations were replaced with the more exact annotations described below. DYZ19 was
annotated by RepeatMasker as a 265 kb LTR12B element, consistent with the derivation of its
125 bp repeat from an LTR, as described by (Skaletsky et al. 2003). HSat1B was defined by
merging RepeatMasker annotations “HSATI”, “AT-rich”, and “AluY” in the Yq region. Because
there were frequently small gaps in RepeatMasker annotations between contiguous blocks of
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HSat3 and HSat1B (aka DYZ1 and DYZ2), the exact boundaries between these blocks were later
refined manually using alignments to consensus sequences as a guide. Other CenSat track
boundaries were manually refined to eliminate overlaps. The “pericentromeric region” was defined
at the boundaries of the alpha satellite HOR array £5 Mb. Within this region, any gaps between
satellite annotations were labeled as “ct” for “centric transition.”

Cytoband annotation

The cytoband track for T2T-Y was produced by first using liftOver on the cytoband track from
hg38, but only 4 of the band boundaries lifted over properly (q11.21-q11.221, g11.221-q11.222,
g11.222-911.223). The remaining band boundaries were placed either using the CenSat
annotation (described below) or by taking the 1 kb sequence at the boundary from GRCh38 and
using BLAST to locate it in T2T-Y (for p11.32-p11.31, p11.31-p11.2, 911.223-911.23). The p11.2-
p11.1, p11.1-9g11.1, and g11.1-q11.21 boundaries were placed at the beginning, midpoint, and
end of the alpha satellite HOR array, respectively. The q11.23-q12 boundary was placed at the
proximal end of the DYZ18 (HSat3) array.

Transduction analysis

We utilized the same approach as Hoyt et al. (Hoyt et al. 2022) to identify putative DNA
transductions mediated by retroelements. Briefly, 100 bp upstream and 3 kb downstream of L1s
and SVAs annotated in T2T-Y were searched to detect the target site duplications (TSD) and 3’
transduction signatures (for 5 SVA transductions, 3 kb upstream of the elements was
investigated) using a modified version of TSDfinder (https://github.com/IOB-Muenster/TSDfinder
v1.0) (Szak et al. 2002). Then, we removed transductions residing in segmental duplications and
masked the transduced sequences using RepeatMasker v4.1.2-p1 (Arian FA, Hubley, Robert,
and Green, P 2015) with -q -species human -xsmall parameters. To find the potential progenitor
of each transduction within T2T-CHM13v2.0 and GRCh38, the offspring sequences were aligned
to the corresponding databases containing 3 kb sequences downstream of full-length L1s and
SVAs (as for 5 SVA transductions, 3 kb upstream of all SVAs were used regardless of their
length) using BLAST v2.11.0 (Altschul et al. 1990) with the following command:

blastn -query transducedSequences.fa[masked] \
-db 3KbDownStreamFullLengthRetroTEs.fa \
-task blastn -evalue 0.05 -max target segs 5 -perc identity 90

Next, a locus was considered a likely source if all of the following criteria were met in the BLAST
results: a) hit and subject had the same orientation, b) query and subject were at least 90%
identical, c) at least 30% of the query length was aligned, and d) the start coordinates of each
query-subject were within 20 bp of each other. Finally, to produce the final call set, the remaining
transductions were subjected to manual curation.
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Non-B DNA motif annotation

To predict sequence motifs with the potential to form alternative DNA structures (non-B DNA),
we used nBMST (https://github.com/abcsFrederick/non-B_gfa commit 1c8f963) (Cer et al. 2012)
for repeat motifs (A-phased, direct, inverted, and mirror repeats and STRs) and Z-DNA motifs and
we removed motifs with a spacer larger than 15 bp (Zou et al. 2017; Svetec Mikleni¢ et al. 2020).
We used Quadron with default parameters to detect G4-motifs
(https://github.com/aleksahak/Quadron commit 19047e3) (Sahakyan et al. 2017), which also
yields a score that predicts the stability of a predicted G4 structure, based on a machine-learning

algorithm using empirical datasets. Motifs with a Quadron score 219 are considered stable, and
those with <19 unstable, respectively. We then intersected this non-B motif annotation with other

existing annotations of T2T-Y (gene annotations, satellite repeats, and CpG islands) using
bedtools intersect (Quinlan and Hall 2010).

Data visualization

For Figure 1, alignment of GRCh38-Y and T2T-Y visualized with SafFire (Mitchell Robert
Vollger [2021] 2022). Segmental duplications (SDs) are colored by duplication types defined in
DupMasker (Z. Jiang et al. 2008). IGV v2.14.1 was used to draw ideograms, sequence classes,
palindromes, inverted repeats, and AZF annotation from Supplementary Table 21-22. BEDtools
v2.29.0 (Quinlan and Hall 2010) map was used to calculate density (-o count) per 100 kb window
across each gene type: protein-coding and pseudogenes (based on CAT/Liftoff annotations).
BEDtools coverage was used to calculate bp coverage per 100 kb window across each repeat
class from RepeatMasker to represent repeat density across T2T-Y. Similarly, BEDtools coverage
was used to calculate bp coverage per 100 kb window for non-B DNA motifs. BEDtools map was
used to calculate average (-o mean) methylation frequency per 100 kb window (based on HG002
Nanopore and HiFi methylation data). Rideogram v.0.2.2 (Hao et al. 2020) was used to generate
these visualized tracks as well as the three composite repeat tracks. GraphPad Prism v9.1.0
(“GraphPad Prism Version v9.1.0 for Windows, GraphPad Software, San Diego, California, USA.
Last Accessed: 2022-11-28.” n.d.) was used to generate the TE composition per sequence class
plots (corresponding to Supplementary Table 14, Extended Data Fig. 4, and Supplementary
Fig. 6, respectively).

TSPY gene family analysis

TSPY copy number estimation from SGDP

Copy number estimates of the TSPY gene was performed as in Vollger et al, 2022 (Mitchell R.
Vollger et al. 2022). In brief, we applied the fastCN v0.2 pipeline (Pendleton et al. 2018), which
uses sequence read-depth as a proxy. Short-read sequence data were processed into 36 bp non-
overlapping fragments and mapped to a masked T2T-CHM13v2.0 reference using mrsFAST
v3.4.2 (Hach et al. 2010) with a maximum of two substitution mismatches not allowing for indels.
Masking was determined by TRF v4.09 and RepeatMasker v4.1.2-p1. Read-depth across the
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genome was corrected for GC bias and copy number was determined using linear regression on
read-depth versus known fixed copy number control regions. Finally, integer genotypes for TSPY
were generated by taking a weighted average of the copy number estimates from windows
overlapping the locus. A snakemake pipeline for creating this reference and processing short
reads into copy number can be found here: htips://github.com/mrvollger/fastCN-smk
(doi:10.5281/zen0do.8136270).

Phylogenetic tree analysis of the TSPY genes

To understand the relationship between the TSPY gene copies across T2T-Y, a phylogenetic
analysis was performed. All curated protein-coding and pseudogene TSPY copies (including
introns) from the CAT/Liftoff and RefSeq/Liftoff annotations were used. For outgroup rooting of
the tree, TSPY sequences were used from Hylobates moloch (accession # NW_022611649.1)
(Escalona et al. 2023) and Pongo abelii (accession # KP141780.1) (Cortez et al. 2014). Alignment
was carried out in MAFFT v7.471 (Katoh and Standley 2014) using custom parameters based on
manually inspected alignment results, primarily an iterative alignment with the L-INS-i method.
Phylogenetic analysis was run in RAXML-NG v0.9.0 (Stamatakis 2014) using the GTR+I+G model
based on 10 parsimony-based starting trees. Rapid bootstrap approximation was run to generate
200 bootstrap replicates using the University of Connecticut Health Center server. Consensus
bootstrap values were then mapped to the highest likelihood phylogeny in Geneious v2019.2.3
(Geneious n.d.) and visualized in FigTree v1.4.4(“FigTree. Last Accessed: 2022-11-28.” n.d.).

Centromere analysis

HOR haplotype and SVs
HGO002 cenY analysis

The HG002 T2T-Y assembly was processed using the standard alpha-satellite (AS) tools as
described in Altemose et al. (Altemose et al. 2022) and the standard panel of UCSC Browser
tracks was built as follows (Supplementary Fig. 9):

1. The SF-track shows alpha-satellite (AS) monomers indicating to which AS supra
chromosomal family (SF) each monomer belongs.

2. The HOR-track shows all monomers which belong to AS higher-order repeats (HORs) and
indicates which monomer of which HOR each one is.

3. The structural variant, or StV-track shows each copy of the S4CYH1L HOR in the cenY
active array and indicates whether each copy is a regular complete copy or
deleted/rearranged.

4. The AS strand track shows whether AS runs along the forward or reverse strand, indicating
occasional inversions and/or different AS direction in different sequence domains.
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These tracks can be viewed in the UCSC Human Genome Browser:
https://genome.ucsc.edu/s/fedorrik/T2T_dev

hsats Y 1(A4) [l
Annotation of ASat HOR monomers (T2T CHM13 v2.0, HMMs 170222)
iants in active HORs (T2T CHM13 v2.0, 170222)
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Supplementary Fig. 9 | Representation of HG002 active HOR array structure, HOR haplotypes and
SVs in UCSC Browser tracks. a. The tracks listed in the section above are shown in “dense” mode; b.
The SV track is shown in “pack” mode which shows every HOR copy with numbers. 34mers are gray,
36mers are light blue, 44mer is green and the complete 46mer is dark blue.

The S4CYH1L (DYZ3) AS HOR was re-examined and re-defined for this paper to take into
account its polymorphic variants both known from the old literature and revealed by the recent
complete assemblies. In the previous definition, the HOR which belonged to SF4 (Shepelev et al.
2015) consisted of 34 monomers present in the most numerous and common HOR variant (Tyler-
Smith and Brown 1987). The longer and much less frequent version of the HOR known from the
old literature (Tyler-Smith and Brown 1987) and found in HG002 has 36 monomers, so that the
34mer may be considered a deleted variant of this 36mer. Finally, at both flanks of cenY arrays
in both HG002 and RP11 (see below), even longer HOR copies are present (one copy on each
side) which have 10 additional monomers (42mer on the left and 46mer on the right). The 46mer
was judged to be the longest evolutionarily-relevant variant and was used as a canonical HOR
with its monomers numbered from 1 to 46, and the shorter variants were considered to be deleted
variants of this canonical HOR. Commonly in indel variants, the shorter versions feature various
hybrid monomers where the in/del border does not align with an arbitrary monomer start site (see
(Uralsky et al. 2019; Altemose et al. 2022) for details). Then the structure of 34mer would appear
as S4CYH1L.1-15_26-31_32/34_35-46 (notation as in (Altemose et al. 2022)), the structure of
36mer as S4CYH1L.1-15_26-46, the structure of 42mer as S4CYH1L.1-31_32/34 35-44, and the
complete 46mer as S4CYH1L.1-46 (Supplementary Fig. 10). Monomer S4CYH1L.32/34 is a
hybrid which has a part of monomer 32 on the left end and a part of monomer 34 on the right end,
and is the result of the deletion of two monomers in a canonical sequence. Note that in cenY the
HOR array runs along the reverse strand, so if the monomer order in the track is read in a standard
manner (from left to right) the monomers would appear in the reverse order (from 46 to 1). Finally,
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on the extreme right flank, a solitary monomer 46 (1mer) followed the complete 46mer. The HORs
were numbered from left to right and the complete array had 55 HORs as follows: 34mer - 48,
36mer - 4, 42mer - 1, 46mer - 1, 1mer - 1. The order of HORs can be seen in the StV track. The
resulting structure of the AS array in HG002 cenY was revealed as shown in Supplementary Fig.
9.
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Supplementary Fig. 10 | The new definition of S4CYH1L (DYZ3) HOR. The figure shows the right flank
of the HG002 active HOR array. As the HORSs run in reverse direction, the monomer numbers should be
read from right to left. The leftmost HOR (#55) which has only one monomer (monomer 46), the next HOR
(#54) is full-length (monomers 1 through 46), HOR#53 is 34mer with 15_26 junctions and 32/34 hybrid.

A summary of the HG002 cenY HOR structure is as follows:

1. The HOR array runs along the reverse strand, as well as the flanking SF4 non-HOR
sequences, but two small pieces in the left non-HOR flank are inverted and go in the
forward orientation (Supplementary Fig. 9a).

2. The left non-HOR AS flank has ~60 kb of AS and is made of SF4 (yellow) and SF6 (brown)
in about equal proportions. It is disrupted by multiple L1 elements and by a large (114 kb)
chunk of the non-AS sequence which is a part of SD that also overlaps almost all the left
non-HOR AS flank. The region is shared to various degrees with acrocentrics (mainly with
cens 14 and 15, but also cens 9, 20, etc.). The inverted regions are mostly covered by
SDs. The small chunk of SF4 monomeric AS not covered by SD and adjacent to the HOR
array has insertion of a cluster of L1PA3 fragments, which has a small piece of AS inside.

3. The right non-HOR flank is just ~5 kb long, is made of SF4 and is disrupted only by a
single Alu repeat at chrY:10883788-10884095 (T2T-CHM13v2.0 coordinates here and
onwards).

4. AS in the arms. There is possibly a very small (42 bp) isolated chunk of an SF4 (Ga)
monomer in the long arm at chrY:17477617-17477658 and a chunk of an ancient la
monomer at chrY:240673-240779, in the short arm. Also, there is a large (994 kb) AS-
containing SD at chrY:18,362,322-19,356,689. The latter has the red, orange and lilac
ancient AS families (Ca, Ba and Ja, respectively) totaling ~50 kb disrupted by multiple TEs
and is shared with cen 12 which is probably a home site of this sequence, as it is included
in the broader AS context there. The identities with cen12 are low-end and only partially
recognized in the SD track. The SD is a palindrome, so the AS is represented by 2
symmetrical and almost identical pieces in opposite orientations, ~50 kb long each.

5. StVs. The HOR array occupies the region chrY:10565751-10882579 (316,829 bp) and
lists 55 HORSs (including the one at the right end containing just one monomer). 48 of these
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are the predominant 34mers, and the two flanking long HORs (42mer on the left and a
complete 46mer on the right) were described above. That leaves four copies of 36 mer
S4CYH1L.46-26_15-1 (HORs 42-45) which are located as a single tandem cluster at
chrY:10804299-10828806. This could be an island of the older (since it is longer) cenY
HORs which represents the second generation of the HOR evolution by sequential
truncation, the first being the long HORs of the flanks and the third being the classical
34mers. Thus, the story starts from the 46mer, which first lost 10 monomers to produce
the 36mer, and then another 2 monomers to produce 34mer.

. HOR-haps. We have extracted all 54 HORs from the array and built the whole-HOR
phylogenetic trees, as described in Altemose 2022 (Altemose et al. 2022), to assess HOR
haplotypes. We were able to sort the HORs into 3 main haplotypes (Supplementary Fig.
9a), and 32 full-length 34mers (Supplementary Fig. 9b) were used to construct a HOR-
hap HMMER-based tool as described in Altemose et al. (Altemose et al. 2022) for cenX.
The HOR-haps predicted by this tool in cenY are shown in the HOR-hap track (Fig. 3).
Briefly, there are two main domains, the red on the left and the blue on the right of about
equal length. Additionally, the 36mers and the four HOR copies located symmetrically
around the 36mer island (two on each side) apparently belong to the third HOR-hap
(green). Next, the consensus HORs were generated from each set of HORs
(Supplementary Data 1: Y_HOR-hap cons) and compared. It appears that there are two
major haplotypes, red and green-blue, and two less distinct sub-haps, green and blue
(Supplementary Fig. 9¢). Only a few diagnostic positions discriminate the 3 HOR-hap
consensus sequences as follows (the HOR-hap which differs from the other two is shown
in parenthesis): positions 219 (red), 759 (red), 2367 (blue), 3011 (red), 3063 (green), 3592
(green), 3762 (green), 3890 (blue), 5722 (red) and 5747 (blue). The intra-array average
divergence in the green HOR-hap is dramatically higher (1.5%) than in red and blue HOR-
haps (0.35% and 0.32%, respectively), which suggests it is the ancestral variant from
which first the blue 34mer and then the red 34mer were generated. This aligns with the
fact that the sequence of 36mers matches the green HORhap.
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Supplementary Fig. 11 | HOR haplotype analysis in HG002. a. A complete minimum evolution tree
showing 54 HORs, which were cut to align with 34mer was built using the “pairwise deletion option” in
MEGAS. The flanking long HORs and 36mers are marked by squares (44mer is red, 46mer is blue and
36mers are green). Assignment of the 44mer to the red branch indicates its complex rearrangement (see
4 in the RP11 section). b. This tree shows only the complete 34mers which were used to build the HMMER-
based HOR-hap tool. A number of HORs which sat close to the root branches were filtered out because
they could have been hybrid HORs which would obscure the classification. This tree is shown in Fig. 3 in
the main text. ¢. Minimum evolution tree of HOR-hap consensus sequences made from the dataset shown
in b.

RP11 cenY analysis

The RP11 chrY centromere was described in Jain et al. 2018 (M. Jain, Olsen, et al. 2018). Its
main contig is MF741337 but it lacks the AS edges of the centromere. Therefore we have merged
additional contigs to it as follows: ULGL01000015.1[1 to 331091] + MF741344[136833 to 85827]
+ MF741337[1 to 280254] + MF741339[115015:end].

The RP11 cenY assembly (four contigs) seems to have some SNP-like errors. We have
extracted the HOR sequences of RP11 and HG002 and built a multiple alignment. There are six
positions where all the HG002 HORs have one nucleotide and all the RP11 HORs have another
nucleotide or deletion. Three out of these six positions (1672, 1441, 162) are in areas where one
nucleotide repeats several times and RP11 repeats are one nucleotide shorter than HG002
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repeats. Positions 5808 and 7408 are single-nucleotide substitutions and position 6170 is a
deletion in the RP11 HORs.

To check if these differences were real, we have created k-mers including these positions for
both RP11 and HGO002 variants and checked for them in the illumina WGS reads of RP11
(SRR6819611). The oligos from RP11 have 0 or 1 hits while the oligos from HG002 have
hundreds of hits (Supplementary Table 19). So, we consider these positions to be errors in the
ONT consensus calling which is not unexpected, since the work in Jain et al. 2018 (M. Jain, Olsen,
et al. 2018) was done during the early days of long-read sequencing and used only the sequences
of the whole BACs sequenced in a single read for consensus calling. Since such long reads were
infrequent, the sequence was most likely not well polished. Therefore, we chose not to use the
RP11 sequence for full-fledged analysis similar to the one we did for HG002, but only annotated
the sequence with the tools developed for HG002.

The RP11 assembly was studied the same way as reported for HG002 above and the same set
of tracks was generated (Supplementary Fig. 10). The HORhaps were established using the
HGO002-based tool. The RP11 cenY tracks can be viewed here:
https://genome.ucsc.edu/s/fedorrik/rp11.cenY

Note that the StVs in the RP11 active array were previously partially studied in Jain et al. 2018
(M. Jain, Olsen, et al. 2018), but this study did not include the extreme flanks of the active array.
Also, Vlahovi¢ et al. 2019 (Vlahovi¢, Glundi¢, and Paar 2019) have studied the StV content of
cenY in the hg38 assembly which included the cenY reference model derived from HuRef (Miga
et al. 2014) and some flanking traditional contigs derived from RP11.

A summary of the RP11 HOR structure is as follows:

1. The HOR array runs along the reverse strand, as well as the flanking SF4 non-HOR
sequences, but two small pieces in the left non-HOR flank are inverted the same way as
in CHM13.

2. The left non-HOR AS flank seems to be structured the same way as in T2T-Y (HG002).

The right non-HOR flank seems to be the same as in T2T-Y.

4. StVs. The long HOR on the left flank is different in that it is a HOR with monomers 1-44
(i.e. a complete HOR just missing the two monomers at the end). In HG002, it was a HOR
with a 2-monomer deletion (marked by 32/34 hybrid and the complete absence of mon
33) typical of the 34mer. Its structure was S4CYH1L.1-31_32/34 35-44. This suggests
that the 44mer left flank HOR in RP11 has the unperturbed ancestral structure and the left
flank 42mer in HG002 is somehow rearranged in an unclear manner. Also, the 36mers
are completely absent in RP11, instead there are nine 35mers with duplicated monomer
31/32 (Supplementary Fig. 11), with the structure S4CYH1L.1-15_26-
31_31/32_32/34_35-46 marked by 31/32 hybrid. The duplicated sequence is as follows:
TAAAAACTACACAGAAGCATTCTGAGAAACTTCTCAGTGATGTGAGCATTCTTCTCA
CAGAGTTGAACTATCTTTTGATTGAGCAGTTTTGAAACACTGTTTTTTTTAGAATCTG
CAAGTGAATATTTGGAGCCTTTTGGGTCTTATTGTGGAAAAGGAAATATCTTCACAT
AAAAAC
The right-flank long HOR 1-46 is the same as in HG002.

w
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5.

Insertion of 4bp in RP11. 10 HORs in RP11 have 4 bp insertion (INS) in monomer 6 (5 TG
dinucleotides instead of 3, revealed by CTTCTTTGTGATGTGTGTGTGTATTC 26mer).
No HORs with INS are observed in HG002. The control probe for this region is a 22mer
with just 3 TG dinucleotides (CTTCTTTGTGATGTGTGTATTC; probe C1) which
appeared to be not specific to cenY and gave multiple hits in autosomes which could be
clearly seen upon screening of female genomes (80-100 hits per SRA project or 5-10 hits
per diploid asm in 25 women screened; Supplementary Table 19). Thus a longer 31mer
probe was devised by adding 5 bp on each end
(GTATGAATACACACATCACAAAGAAGTTTCT,; probe C2). Notably, two INS occur in
35mers and one in 44mer long HOR on the left flank. Thus, the INS does apparently
appear in three different structural backgrounds. The likely explanation is that 35mers and
44mer with INS in RP11 are in fact hybrid HORs which fused a part of HOR with mon6
(which contains the INS) with the downstream parts which are the signatures of 35mer
and 44mer. An alternative explanation is the repeated independent formation of the INS.
HOR-haps in RP11. The cenY RP11 sequence was annotated using the HMMER-based
HOR-hap tool built using the HG002 HOR alignment as described above (see Fig. 3 in
the main text). It appears that the blue and green HORs are almost completely absent,
and the centromere is formed by the red HOR array.

HGO002 versus RP11 comparison summary. The above analysis shows that despite the
similar number of HORs and similar non-HOR flanks and flanking HORs the bodies of the
active arrays differ dramatically in HG002 versus RP11. These differences are
summarized in Supplementary Table 20. Specifically, the HOR-hap composition is
different, as only the red haplotype is shared. Moreover, out of 43 red HORs in RP11, 10
have the INS and 9 have 35mers. As both features are absent in HG002, it is clear that
the red region occupied by these HORs is not shared between the two centromeres. That
leaves only two small featureless regions in RP11 (see Fig. 3 in the main text) which could
be shared. As many cenYs are known to be much longer than the ones in HG002 and
RP11 (Miga et al. 2014), one may hypothesize that the two centromeres are the deleted
derivatives of a much longer one ancestral to both, with only a little or no overlap between
the two derived deleted variants. Further studies of complete cenY assemblies are needed
to prove or disprove this proposition.

160,000 200,000] 450,000 500,000| 650,0001 600,000 650,000 700,000

| | Perfect Matches to Short Sequence (CTTCTTTGTGATGTGTGTGTGTATTC) |
| | | Il | |
ASat StV
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ASat SF

mEnl
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Supplementary Fig. 12 | RP11 centromere, active HOR array structure, HOR haplotypes and SVs.
Tracks are shown the same way as in Supplementary Fig. 9. The short match track (perfect match of INS
k-mer) indicates the positions of the HORs with 4 bp insertion. In StV track, the orange boxes indicate
35mer HORSs, the dark blue box on the right side is 46mer, and the black box on the right side is an intact
44mer 1-44 (different from the rearranged one in HG002). Graphics from this figure were used to create
RP11 panels in Fig. 3 in the main text.
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Supplementary Fig. 13 | The structure of the 35mer HOR. a. The Browser for RP11. The StV, HOR, SF
and HOR-hap tracks are shown, as described above. The monomer structure of the HOR should be read
from right to left, as the HOR is on the reverse strand. The 31/32 hybrid monomer (followed by 32/34 hybrid
characteristic of the 34mer) is the signature of a 35mer. As the resulting sequence goes 31 _32/31_32/34,
it indicates the out-of-register duplication of a monomer which contains parts of monomers 31 and 32. Also,
note that the yellow color in the SF-track indicates SF4, note that monomer 10 in the S4CYH1L is almost
always recognized as SF5 (R2 class), which is very close to SF4. The HOR-hap track at the bottom shows
that the 35mer is recognized as a red HOR-hap. b. The Browser for HG002. The black bar at the bottom
indicates the region duplicated in a 35mer.

The HMM files for the HMMER-based HumAS-HMMER-HOR classification tool and for
S4CYH1L HOR-hap classification tool are provided in Supplementary Data 2-3 (Y_HOR HMM
and Y_HOR-hap HMM), respectively. The former contains a single HMM with profiles for
classification of all human AS HORs, it is identical to the one published in Altemose et
al.(Altemose et al. 2022) except the profiles for S4CYH1L which were updated from 34mer to
46mer HOR.

CENP-A

The CENP-A CUT&RUN data was aligned to the T2T-CHM13v2.0 assembly as previously
described in Altemose et al. (Altemose et al. 2022). The alignments were filtered using the single-
copy k-mer locus filtering method as described in Hoyt et al. (Hoyt et al. 2022) through the use of
the UCSC GenomeBrowser tool overlapSelect. This filtering method is dependent upon location
and requires that a given read alignment overlap an entire single copy k-mer, in this case 51-mer
(with the parameter “-overlapBases=51"), in the T2T-CHM13v2.0 assembly in order to be
retained.

Stained glass plot of the DYZ3 array

To generate the StainedGlass plot of the DYZ3 array, we first extracted the sequences
corresponding to the DYZ3 array and surrounding regions (chrY:10350001-10950000). Then, we
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ran StainedGlass v0.4 with the following command: ./StainedGlass.sh --config
sample={sample_name} fasta={fasta_path} mm_f=30000 window=5785 --cores {num_of cores}
make_figures. To adjust the color scale in the plot, we used a custom R script to redefine the
breaks in the histogram and its corresponding colors. That script is publicly available here:
https://eichlerlab.gs.washington.edu/help/glogsdon/Shared with_Arang/HG002 chrY StainedGl
ass_adjustedScale.R. The command used to generate the new plot is:
HGO002_chrY_StainedGlass_adjustedScale.R -b {output_bed} -p {plot_prefix}.

Epigenetic profile

ONT NanoNOMe sequencing data

HG002 NanoNOMe data generated in Gershman et al. (Gershman et al. 2022) was used in this
study. Raw sequencing data can be accessed on the Sequence Read Archive BioProject with
accession number PRJINA725525 (Supplementary Table 1).

ONT NanoNOMe alignments

Sequencing reads were indexed with f5¢ v0.5 (Gamaarachchi et al. 2020) with the “index”
command with “--iop 3 -t 48” settings. For alignment, high frequency k-mers were computed using
meryl v1.3 (Rhie et al. 2020) for both T2T-CHM13v2.0 and T2T-CHM13v1.1 autosomes +
HG002XYv2.7 references with the following commands:

meryl count threads=48 k=15 output merylDB 20 chml3v2.0.fa.gz
meryl print greater-than distinct=0.9998 merylDB 20 >
chml3v2.0 repetitive kl1l5.txt

meryl count threads=48 k=15 output merylDB 27 chml3vl.l hg002XYv2.7.fasta
meryl print greater-than distinct=0.9998 merylDB 27 >
chml3vl.1l HGO002XYv2.7 repetitive kl1l5.txt

HG002 nanoNOME reads were aligned using Winnowmap v2.03 (C. Jain et al. 2022, 2) with
the k-mers computed above and alignments were converted from SAM to BAM and sorted using
samtools v1.9 (Li et al. 2009). The alignments were indexed using samtools. The following
commands were used for both sets of alignments:

winnowmap -t 48 -W {genome} repetitive kl5.txt -ax map-ont {genome fasta}
{nanonome fastqg} |

samtools view -@48 -Sb |

samtools sort -@48 -o {bam}

samtools index -@48 {bam}

Alignments were then merged using the samtools “merge” command with default settings and
the combined BAM file was indexed using samtools as above. The combined BAMs were then
filtered to retain primary alignments and a list of primary reads greater than 20 kb (as done in
(Gershman et al. 2022)) was created for future filtering with the following commands:
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samtools view -@48 -h -b -F 256 -F 2048 {combined bam} >
filtered {combined bam}

samtools view -@48 filtered {combined bam} |

awk 'length($10) > 20000" |

cut -fl > {genome} 20kb readIDs.txt

ONT Nanopolish CpG and GpC methylation calling

Nanopolish v0.13.2 from the “nanonome” branch
(https://github.coml/jts/nanopolish/tree/nanonome) was used to call methylation on HGO002
nanonome data (Simpson et al. 2017). CpG and GpC methylation was called simultaneously with
the four-state “cpggpc” model (Lee et al. 2020) for each FASTQ using the following command:

nanopolish call-methylation \
--progress \

-b filtered {combined bam} \

-r {fastg file} -g {genome fasta} \

-q cpggpc \
-t 48 > {methylation calls}.tsv

Methylation calls for each FASTQ were combined and reads greater than 20 kb with primary
alignments were retained using the read list generated above. CpG and GpC calls were
processed separately with a log-likelihood ratio (LLR) cutoff of —1.5/1.5 for CpG methylation and
a LLR cutoff of -1/1 for GpC methylation (Gershman et al. 2022). Using custom scripts
(https://github.com/timplab/nanopore-methylation-utilities) methylation calls were made, TSVs
were converted to BedGraphs, BedGraphs were sorted, compressed, and indexed, then
aggregated methylation frequencies were produced. The following commands were used for each
genome:

python3 ./nanopore-methylation-utilities/mtsv2bedGraph.py \
-9 cpg \
-c 1.5\
--nome \
-i {cpg methylation calls}.tsv \
-g {genome fasta} > cpg meth.tmp
sort cpg meth.tmp -kl,1 -k2,2n | bgzip > cpg meth.bed.gz
tabix -p bed cpg meth.bed.gz
python3 ./nanopore-methylation-utilities/parseMethylbed.py \
frequency -i cpg meth.bed.gz > cpg meth.freq

python3 ./nanopore-methylation-utilities/mtsv2bedGraph.py \
-q gpc \
-c 1.0 \
--nome \
-i {cpg methylation calls}.tsv \
-g {genome fasta} > gpc meth.tmp
sort gpc_meth.tmp -kl,1 -k2,2n | bgzip > gpc_meth.bed.gz
tabix -p bed gpc meth.bed.gz
python3 ./nanopore-methylation-utilities/parseMethylbed.py \
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frequency -i gpc _meth.bed.gz > gpc meth.freq

ONT Remora CpG methylation calling and processing

HG002 ONT nanopore sequencing data was re-basecalled using Guppy v6.1.2 using
dna_r9.4.1_450bps_modbases_5mc_cg_sup_prom.cfg model with the following command:

guppy_ basecaller -i input -s save -c
dna r9.4.1 450bps modbases 5mc_cg sup prom.cfg -x "cuda:all" -r

Resulted unaligned BAM files containing methylation calls (modbams) were downloaded from the
Human Pangenome Reference Consortium (https://s3-us-west-2.amazonaws.com/human-
pangenomics/index.html?prefix=NHGRI_UCSC panel/HG002/nanopore/ultra-long/). Modbams
were converted to FASTQ files while retaining the modbam MM and ML tags using samtools
v1.15.1 using the following command:

samtools fastg -@48 -T Mm,M1 {input.bam} > {output.fastq}

FASTQ files were aligned to both T2T-CHM13v2.0 and HG002XYVv2.7 genomes using Winnomap
v2.03 as above for nanoNOMe data with the addition of the “-y” parameter which retains the MM
and ML tags. The alignments were then converted to sorted BAMs containing only primary
mappings and indexed. The following commands were used:

winnowmap -t 48 \

-W {genome} repetitive kl15.txt \

-ax map-ont -y {genome_ fasta} {mod fastg list} > {output.sam}
samtools view -0@24 -Sb -F 256 -F 2048 {output.sam} |

samtools sort -@24 -T {temporary directory} - > {output.bam}

samtools index -@48 {output.bam}

Aggregated methylation percentages at all CpGs were then calculated using modbam2bed v0.6.2
(https://github.com/epi2me-labs/modbam2bed) with bases with >0.8 probability called
“‘methylated” and bases with <0.2 probability called “unmethylated.” Bed files were then converted
to a format similar to the “cytosine report” produced by the Bismark software v0.23.1dev (Krueger
and Andrews 2011). The following commands were used:

modbam2bed -t 48 \

-e \

-m 5mC \

--cpg \

-a 0.20 -b 0.80 \

{genome fasta} {output.bam} > {output.bed}

awk -v OFS='\t' '{{print $1,$3,$6,%$13,%$12,"C","CG"}}"' {output.bed} >
{output.bismark}

PacBio methylation calling

The probability of methylation for each CpG site in HiFi reads was assigned using primrose
v1.3.0 in SMRT Link v11.1 available at https://www.pacb.com/support/software-downloads/. with
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default parameters. Reads were aligned with pbmm2 v1.9.0
(https://github.com/PacificBiosciences/pbmmz2). The percent of methylated reads at each
reference genome position was calculated using pb-CpG-tools v1.1.0
(https://github.com/PacificBiosciences/pb-CpG-tools) with “-p model’. Resulting modbams were
re-processed identically to Remora-called ONT data to collect comparable (“native”, to distinguish
from pb-CpG-tools results) Bismark-like aggregated methylation data, with probability thresholds
of <20% for unmethylated and >80% for methylated.

Whole genome bisulfite sequencing (WGBS) and Enzymatic Methyl-seq
(EM-seq) processing

WGBS and EM-seq data from HG002 (Foox et al. 2021) were downloaded from SRA with ffq
v0.2.1 (Galvez-Merchan et al. 2022). WGBS and EM-seq reads were trimmed using fastp v0.23.2
(Chen et al. 2018) according to (Foox et al. 2021) for these technologies. Reads were aligned to
the CHM13+HG002XYv2.7 genome that was combined with common bisulfite sequencing control
genomes, unmethylated lambda phage and methylated pUC19 plasmid. The combined genome
was prepared for Bismark v0.23.1dev (Krueger and Andrews 2011) analysis through the use of
the “bismark_genome_preparation” command with “--bowtie2 --genome_composition” as key
parameters. Trimmed reads were aligned using the “bismark” command with “--bam --bowtie2”
as key parameters. Alignments were deduplicated using “deduplicate_bismark” and methylation
bias was determined using “bismark_methylation_extractor.” Methylation data was extracted
using the script “bismark_methylation_extractor” and converted to aggregated methylation data
files using the scripts “bismark2bedGraph” and “coverage2cytosine.” This analysis was packaged
into a Snakemake pipeline (see Code availability for more details).

Analysis of methylation detection technologies

Methylation data from long-read and short-read technologies were compared in R (R Core
Team 2018). Custom R scripts (see Code availability below) used the R packages bsseq
(Hansen, Langmead, and Irizarry 2012), Biostrings (Pagés et al. 2022), the GenomicRanges
family of packages (Lawrence et al. 2013), GenomelnfoDb (Arora et al. 2022), gUtils
(“Mskilab/GUltils: R Package Providing Additional Capabilities and Speed for GenomicRanges
Operations. Last Accessed: 2022-11-28." n.d.), corrplot (https://github.com/taiyun/corrplot),
ggplot2 (Wickham, Danielle Navarro, and Thomas Lin Pedersen n.d., 2), readr (Wickham et al.

2022), rtracklayer (Lawrence, Gentleman, and Carey 2009), and tidyverse (Wickham et al. 2019).
For comparison between technologies, CpG sites were retained for analysis if the site was a
reference CpG site and if the site was covered by =5 reads and <200 reads in all samples
analyzed. Additionally “GCG” sites were excluded from correlation analyses due to the inability of

these sites to be accurately called in ONT nanoNOMe data (Lee et al. 2020). Both bigWig and

BED files containing aggregated methylation percentages for CpGs and GpCs were created in R
with custom scripts (https://github.com/arangrhie/T2T-HG002Y /tree/main/epigenetics). CpG and
GpC sites with no called reads were omitted from these files.
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Methylation summary files are available to download or load on IGV at https://s3-us-west-
2.amazonaws.com/human-
pangenomics/index.html?prefix=T2T/CHM13/assemblies/annotation/regulation/. Code for
methylation analysis can be found on GitHub (https://github.com/arangrhie/T2T-
HGO002Y /tree/main/epigenetics).

Centromeric Dip Region (CDR)

The Centromeric Dip Region (CDR) was annotated as previously described (Gershman et al.
2022). The CDR was manually annotated as the area where CpG methylation is lower than the
flanking active, alpha-satellite, higher order array (HOR) in the centromere. The HG002 cenY
CDR shows two “dips” in the average methylation percentage (Fig. 3), which is supported by
read-level methylation calls (Supplementary Fig. 14).
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Supplementary Fig. 14 | Centromeric methylation dips observed in ONT ultra-long reads. Ultra-long
nanopore reads mapped to HG002 cenY and visualized in IGV where unmethylated CpGs are blue and
methylated CpGs are red. Two distinct hypomethylated dips are visible at both consensus and single-
molecule resolution.
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Sequence classes on the Y chromosome

In order to differentiate between X-degenerate and ampliconic regions, we used either exact
boundaries of palindromes or intrachromosomal identity as defined in Skaletsky et al. (Skaletsky
et al. 2003) with adjusted borders based on the gene annotations. First, the repeat-masked ChrY
was split into 5 kb sliding windows with a step size of 1 kb. Each window was mapped back to the
T2T-Y chromosome v2.7 with the Winnowmap2 v2.03 (C. Jain et al. 2022). After excluding self-
alignments (windows where the distance between the window coordinates and the mapped region
was smaller than 5 kb), all alignments were required to span at least 1kb, and the identity between
the mapped sequence and the reference was calculated. For each window, the maximum identity
to any other window was calculated, and the windows with identity over 50% were considered
indicative of ampliconic regions if present consecutively.

Palindrome structure, P1-P3

The palindrome P1 underwent a rearrangement consistent with a single event of NAHR. For the
schematic representations in Fig. 4, amplicons from Teitz et al. (Teitz et al. 2018) were mapped
to GRCh38-Y and T2T-Y assemblies with Winnowmap2 v2.03 (C. Jain et al. 2022) and the
following commands:

meryl count k=15 output merylDB chrY hg002 v2.7.fasta
meryl print greater-than distinct=0.9998 merylDB > repetitive k15 HGO002.txt

winnowmap --MD --egx -W repetitive k15 HG002.txt -ax map-pb

chrY hg002 v2.7.fasta Y repeats.fasta >Y repeats on HG002.sam
winnowmap --MD --egx -W repetitive k15 HG002.txt -ax map-pb chrY.fa
Y repeats.fasta >Y repeats on hg38.sam

Palindrome structure, P4-P8

The approximate boundaries of palindrome arms were manually selected using Gepard v2.1
(Krumsiek, Arnold, and Rattei 2007), and further refined based on a self-alignment of palindrome
arms with adjacent flanks and the reverse complement of the same sequence using global
alignment with Stretcher (Rice, Longden, and Bleasby 2000) (Supplementary Table 20). This
enabled the extraction of arm sequences that were used to calculate the sequence identity
between palindromic arms.

Azoospermia Factor (AZF) region

For AZFa, the deletion is known to be caused by recombination between two HERV15
proviruses, and potentially deletes two genes: USP9Y and DDX3Y (Sun et al. 2000). Based on
the CAT/Liftoff gene annotation for the T2T-Y, we found the HERV15 surrounding the two genes
above. Sequences between the two HERV15s were used to determine the AZFa boundaries. The
length of the AZFa region was 791 kb, matching previous estimates of 800 kb. Boundaries of
AZFb and AZFc were defined by the amplicon units; by P5/proximal P1 deletion (yel3/yel1) and
by the b2/b4 deletion. In brief, we generated a self-dotplot of the T2T-Y assembly using word size
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of 100 with Gepard v2.1 (Krumsiek, Arnold, and Rattei 2007). Then, breakpoints were identified
as illustrated in Fig. 2 of Navarro-Costa et al. (Navarro-Costa, Plancha, and Gongalves 2010) as
shown in Supplementary Fig. 15.

chrY vs. chrY
Zoom: 19906 : 1

Word length: 100 GC ratio seql: 0.3931
Window size: @ GC ratio seq2: 0.3931
Matrix: DNA Program: Gepard (2.0)
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Supplementary Fig. 15 | Identifying AZFb and AZFc recombination breakpoints.

Pseudoautosomal region (PAR) and X-transposed region (XTR)

Initially, we ran LASTZ v1.04.00 (Harris, Robert S. 2007) to identify the PAR and XTR
coordinates on the ChrX and ChrY sequences. LASTZ was run between the unmasked T2T-
CHM13v1.1 X chromosome and T2T-Y chromosome, and between the HG002 X chromosome
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and HG002 Y chromosome. We ran LASTZ in two stages; in the first stage we identified ungapped
alignments that were then used in the second stage as anchors for gapped alignments. In the first
stage (ungapped alignment step), we filtered out short alignment by keeping anchors with 400 or
more matched bases and more than 85% sequence identity. In the second stage (gapped
alignment step), we retained alignments with at least 1000 matched bases, testing 96%, 97%,
98%, 99%, and 99.5% identify, showing only 96% and 97% because the PAR boundaries were
the same across all boundaries and the XTR differed only between 96% and 97%. We generated
and visually assessed the dotplots from these alignments to identify the start and end of the one-
to-one alignments (Extended Data Fig. 9a). Dotplots were generated in R (R Core Team 2018).
The full LASTZ commands with parameters:

lastz T2T chrY.fa[unmask] T2T chrX.fal[unmask] --ungapped \
--filter=identity:80 --filter=nmatch:400 --hspthresh=36400 \
--format=general-:namel,startl,endl, name?2, start?2,end?2, strand2, nmatch \
--progress=1 > t2t X onto Y.unmasked.anchors

lastz T2T chrY.fa[unmask] T2T chrX.fa[unmask] \
--segments=t2t X onto Y.unmasked.anchors --allocate:traceback=800M \
--filter=identity:96 --filter=nmatch:1000 \

format=general :namel, zstartl,endl, name?2, strand2, zstart2+, end2+, nmatch,
lengthl, id%,blastid% \
-—rdotplot=t2t X onto Y identityl00.unmasked.dots --progress=1 >

t2t X onto Y identity96.unmasked.lz

For PARs, the coordinates were the same across all identity filters while XTR was slightly
shorter when using the 97% identity filter compared to the 96% identity filter (Supplementary
Table 26). For the X chromosome XTR, there were only 8 base pairs separating the shorter and
longer XTR segment so we merged them as one region. The ChrX PAR and XTR coordinates
differed between the CHM13-X and HG002-Y alignment and HG002-X and HG002-Y alignment,
due to different lengths between CHM13-X and HG002-X; CHM13-X is 154,259,566 bp while
HG002-X chromosome is 154,349,815 bp.

Alternatively, we produced an additional set of alignments using HG002-X and HG002-Y and
CHM13-X. Alignment was performed with Minimap2 using the following code:

minimap2 -cxasm20 --cs -z10000,1000 chrX.fa chrY.fa

The resulting pairwise alignment was then filtered by identity > 95% and length > 10 kb. Here are
12 relevant alignment blocks (format: chrY, chrY-len, start, end, strand, chrX, chrX-len, start, end,
matching bases, length of alignment block):

chrY 62460029 3832 108018 + chrX 154259566 1 108464
99556 112676 <- PAR1l: blockl
chrY 62460029 108607 1328683 + chrX 154259566 109273 1307231

1167409 1246039 <- PAR1l: block2
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chrY 62460029 1370293 2458320 + chrX 154259566 1307341 2394410
1080607 1092832 <- PAR1l: block3 (end)

chrY 62460029 2727072 2883124 + chrX 154259566 87835350 87991293
153124 157354

chrY 62460029 2888377 3067662 + chrX 154259566 87996364 88173617
171009 183667

chrY 62460029 3067718 3340757 + chrX 154259566 88183921 88447036
259424 273751

chrY 62460029 3343080 4032012 + chrX 154259566 88536875 89223206
672016 694556

chrY 62460029 4165131 4182820 - chrX 154259566 89362279 89379978
17469 17735

chrY 62460029 4400137 5077740 + chrX 154259566 89931381 90624986
655850 707405 <- EDIT: minimap2 is missing alignment

chrY 62460029 5077744 5914561 + chrX 154259566 90736063 91570785
811002 850523

chrY 62460029 6201358 6400875 + chrX 154259566 87642550 87835359
186528 203117 <- this is translocated

chrY 62460029 62122809 62456509 + chrX 154259566 153925834 154259566
333087 333917 <- PAR2

The PAR and XTR coordinates from both tools were manually revised based on exact sequence
alignments to determine the boundaries (Supplementary Table 21).

Ygh heterochromatin region

Yqgh DYZ1/DYZ2

To produce Extended Data Fig. 8a, the ChrY sequence (except for Yq) was split into non-
overlapping 50 kb bins, and each bin was input into NTRprism v0.22 (Altemose et al. 2022);
parameters: 1 6000 10 6; https://github.com/altemose/NTRprism. In the Yq region, each entire
block of DYZ18, DYZ1, or DYZ2 was input into NTRprism. The top periodicity detected in each
bin/region was reported if its normalized column sum from the NTRprism output was greater than
0.01. The dotplots in the Extended Data Fig. 8b,d were produced using dottup, part of the
EMBOSS software package v6.6.0.0 (Rice, Longden, and Bleasby 2000).

To generate DYZ1 and DYZ2 consensus sequences, their repeat units were first extracted by
an in-silico digestion of the Yq region at the EcoRI recognition site for HSat3/DYZ1 and the Spel
recognition site for HSat1B/DYZ2. Resulting fragments were size filtered (keeping HSat3
fragments between 3400-3700 bp; HSat1B fragments between 2300-2500 bp), then a multiple
sequence alignment was produced for each family using kalign v3.3.2 (Lassmann 2020). HMMER
was used to convert this multiple alignment into a profile HMM v3.3.2 with hmmbuild command
(Wheeler and Eddy 2013), then nhmmer was used to scan across the Yq reference sequence
and identify additional sequence matches to this profile HMM, which may have been missed by
the in silico digestion approach. These matches were aligned and a second profile HMM was
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built, which was fed into nhmmer one more time, followed by alignment and building a third profile
HMM, from which a consensus sequence was emitted. This consensus was added to the multiple
alignment and fed into HMMER'’s esl-alipid command, from which each individual repeat unit’'s
percent identity to the consensus sequence was extracted and used to generate the plot in Fig.
5c.

Phylogenetic analyses of AluY repeats

To understand the relationship between the AluY instances across T2T-Y, particularly those
associated with HSat, a phylogenetic analysis was performed. AluY loci from RepeatMasker
annotations were subsampled (n=500) for each of the following groups across T2T-Y: HSat1B-
associated, HSat3-associated, and non-HSat-associated. To extend this analysis, those AluY loci
that were associated with HSat1B and HSat3 across the acrocentric chromosomes of CHM13
were also included (2,500 total AluY across the five groups). Lastly, to extend this analysis further
across the genome, AluY loci that were associated with HSat3 across non-chrY/non-acrocentric
chromosomes were included as well (n=140 total), but not for HSat1B since they are not found
associated beyond chrY and the acrocentrics. HSat annotations are part of the Cen/Sat track from
the “Satellite annotation” section. Since AluY was derived from AluSc8, this consensus was
included as the outgroup
(http://www.repeatmasker.org/AluSubfamilies/humanAluSubfamilies.html).  Alignment  was
carried out in MAFFT v7.471 (Katoh and Standley 2014) using custom parameters based on
manually inspected alignment results. Phylogenetic analysis was run in RAXML-NG v0.9.0
(Stamatakis 2014). Rapid bootstrap approximation was run to generate 100 bootstrap replicates
using the University of Connecticut Health Center server. Consensus trees were then generated
in Geneious v2019.2.3 (Geneious n.d.) and visualized in FigTree v1.4.4 (“FigTree. Last Accessed:
2022-11-28.” n.d.).

Short-read variant calling on T2T-CHM13+Y

Short-read alignment and variant calling pipeline used for the 1KGP and SGDP samples is
released in https://github.com/schatzlab/t2t-chm13-chry as v1.0.0.

Impact of masking PAR and XTR in variant calling

To assess variant calling and filtering strategies on the X and Y chromosomes, we simulated
paired-end sequence reads with a read length of 150 base pairs (bp) for 10 XY and 10 XX
individuals, using NExt-generation sequencing Analysis Toolkit (NEAT) software
(https://github.com/zstephens/neat-genreads, v3) (Stephens et al. 2016). Variants were inserted
from 10 XY and 10 XX European individuals from high coverage variant calls from 1KGP (Byrska-
Bishop et al. 2022) using the -v option in NEAT (Supplementary Table 25). NEAT requires a
reference genome to sample reads from, so we used the same reference genome that was used
in the generation of the 1KGP high-coverage GRCh38 VCFs
(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/GRCh38 reference _genome/GRC
h38 full_analysis_set plus decoy hla.fa). Additionally, we used the default sequencing error
model provided in the NEAT software. For the autosomes, mitochondrial DNA (mtDNA), and X
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non-PARs (females only) coverage was set to 20x. For the X and Y non-PARs in XY samples,
coverage was set to 10x each as both are haploid in a 46,XY genome and expected to have half
the sequencing coverage of a diploid autosome. PAR sequences were simulated as diploid on
the X chromosome for both XY and XX samples because the PAR variants in 1TKGP were called
only on the X chromosome. NEAT produces simulated FASTQs, along with a golden VCF with
the set of true positive variants and a golden BAM with a golden set of aligned reads.

We performed quality trimming and alignment on the simulated FASTQs. Using BBMap bbduk
v38.92 (Bushnell 2014), a high-performance tool for adapter and quality trimming, bases with a
Phred score of 20 were trimmed on both the left and right side of reads, reads shorter than 75bp
were discarded, and reads with average Phred quality below 20 were removed (bbduk trimming
parameters used: gtrim=rl trimg=20 minlen=75 maq=20).

Reads were mapped to a version of 1IKGP GRCh38 reference genome where the both X and Y
chromosomes were unmasked (default), and versions of 1KGP GRCh38 reference genome
informed by the sex chromosome complement (SCC) of the sample using bwa v0.7.17 (Li and
Durbin 2009) (Supplementary Table 27). Briefly, XX samples are expected to have two X
chromosomes and no Y chromosome, while XY samples are expected to have an X and a Y
chromosome; therefore, the sex chromosome complement reference genome for XX samples
has the Y chromosome hard masked out, and the sex chromosome complement reference
genome for XY samples has the pseudoautosomal region (PARs) on the Y chromosome hard
masked (Webster et al. 2019). For the simulated XY samples, we additionally aligned reads to
the SCC version of the reference genome with the Y chromosome XTR sequence hard masked
out: XTR1: 3050044-6235111, XTR2: 6532906-6748713. The Y chromosome XTR was hard
masked using BEDtools v2.30.0 (Quinlan and Hall 2010) maskfasta. X and Y PAR coordinates
were obtained from Ensembl GRCh38 PAR definitions (Aken et al. 2017): X PAR1: 10001—-
2781479, Y PAR1:10001-2781479, X PAR2: 155701383-156030895, Y PAR2: 56887903
57217415. XTR and ampliconic coordinates on the Y chromosome were obtained from Poznik et
al. (Poznik et al. 2013) in hg19 and lifted over to GRCh38 using UCSC liftOver (Kent et al. 2002),
X chromosome XTR coordinates were obtained from Webster et al. (Webster et al. 2019), and X
chromosome ampliconic coordinates were obtained from Cotter et al. (Cotter, Brotman, and
Wilson Sayres 2016) in hg19 and lifted over to GRCh38 using UCSC liftOver tool (Kent et al.
2002).

To assess the mapping quality between default and SCC alignments, we calculated average
MAPQ across chromosome X in 50 kb windows, sliding 10 kb using BEDtools map for one
simulated XY and one simulated XX sample. Before running the bedtools map, we converted the
bam files to bed using BEDtools bamtobed.

Variant calling was performed using GATK’s v4.2.1.0 HaplotypeCaller tool, joint genotyping was
performed using GenotypeGVCFs tool, and filtering was performed using SelectVariants and
VariantFiltration tools (McKenna et al. 2010). For simulated XX samples and XY samples, PARs
were called diploid. XY and XX samples were jointly genotyped separately and filtered using
GATKs hard filtering threshold recommendations (filtering parameters: -filter "QD < 2.0" -filter
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"QUAL < 30.0" -filter "SOR > 3.0" -filter "FS > 60.0" -filter "MQ < 40.0" -filter "MQRankSum < -
12.5" -filter "ReadPosRankSum < -8.0").

We calculated true positives (TP), false positives (FP), and false negatives (FN) for each
individual within PAR1 and PAR2 using a custom python script. Using both the simulated VCFs
output from NEAT that have the ground truth variants for each individual and the called VCFs, a
TP was defined as a SNP that was both called and simulated, a FP was defined as a SNP called
but not simulated, and a FN was defined as a SNP that was simulated but not called. For XY
samples, where we additionally tested the impact of masking the XTR on the Y. To this we
calculated the number of TPs, FPs and FNs on the X chromosome XTR using just the X
chromosome golden VCFs for each individual.

Mappability comparison and variant calling in 1TKGP samples

Using the NHGRI Genomic Data Science Analysis, Visualization, and Informatics Lab-Space
(AnVIL) (Schatz et al. 2022), we performed short-read alignment and variant calling for the 3,202
samples in 1KGP (Byrska-Bishop et al. 2022) using the T2T-CHM13v2.0 assembly as a
reference. These samples were sequenced to at least 30x coverage by the New York Genome
Center (NYGC), and alignment and variant calling was previously performed on the GRCh38
reference.

For our analysis, we largely followed the short-read alignment and variant calling pipeline
previously used for analysis of T2T-CHM13v1.0 (Aganezov et al. 2022). This pipeline was initially
built to mirror the pipeline used by NYGC on the GRCh38 reference, using updated tools when
appropriate. By using a nearly identical pipeline to the one used by NYGC, it allows us to assess
differences in alignment and variant calling between GRCh38 and T2T-CHM13, without
confounding from the pipeline itself. For analysis of short read alignment and variant calling on
T2T-CHM13v2.0, we used the same pipeline as the T2T-CHM13v1.0 analysis, although we
updated certain elements of the pipeline to better represent genetic variation in the PARs.
Specifically, we used XYalign v1.15 (Webster et al. 2019) to produce two separate karyotype-
specific references (the sex chromosome complement described in the previous section). In the
XX-specific reference, the entire Y chromosome is masked, whereas in the XY-specific reference,
only the Y-PARs are masked. During the alignment step, we aligned XX and XY samples
separately, using the appropriate karyotype-specific reference. This effectively forces any reads
originating from the PARs to align to the X chromosome PAR. During the haplotype-calling phase
of the variant-calling step, samples were again processed independently, using the appropriate
karyotype-specific reference. Importantly, for XY samples, variants were called in the X-PAR as
diploid, rather than haploid. Thus, the X-PAR effectively represents genetic variation occurring
within either the X-PARs or the Y-PARs. While this does make it impossible to determine—for XY
samples—whether variation in the PARs is truly originating from the X-PAR or the Y-PAR, it does
improve alignment and variant detection in the PARs, as discussed in the main text.

For all analyses, measures of mappability (reads mapped, reads properly paired, mismatch
rate) were assessed with samtools v1.16.1 using the “samtools stats” tool, and variant counts and
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allele frequencies were assessed with bcftools v1.16 using the “bcftools stats” tool (Danecek et
al. 2021).

We defined syntenic regions between GRCh38-Y and T2T-Y based on the Minimap2/NEXTflow
alignment between GRCh38-Y and HGO002-Y described above. Using the GRCh38-to-
CHM13v2.0 PAF alignment (https://s3-us-west-2.amazonaws.com/human-
pangenomics/T2T/CHM13/assemblies/chain/v1_nflo/grch38-chm13v2.paf), we extracted and
merged all alignments between GRCh38-Y and HG002-Y to define 1) regions of GRCh38-Y
syntenic with T2T-Y, and 2) regions of T2T-Y syntenic with GRCh38-Y. Using bedtools v2.30.0
(Quinlan and Hall 2010), we subset variant calls in unrelated XY samples to these regions.

Using these variant calls, we then identified variants called on GRCh38-Y that “disappear” on
T2T-Y. To do so, we first used GATK release 4.2.4 LiftoverVcf (Picard version 2.25.4) (Van der
Auwera GA and O’Connor BD 2020) with the “RECOVER_SWAPPED _REF_ALT” flag to lift over
variants from GRCh38-Y to T2T-Y, using the Minimap2/NEXTflow alignment chain file. We then
identified the subset of these lifted variants that were not called natively on T2T-Y (based on
position and reference allele), and we define this subset as the variants called on GRCh38-Y that
“disappear” on T2T-Y. Using their GRCh38-Y coordinates, these variants were then intersected
with putative collapsed regions on GRCh38-Y, described below.

Putative collapsed regions in GRCh38-Y

Three individual’s variant calls and its corresponding bam files from the 1KGP dataset were
downloaded from AnVIL: one individual each from the J1, R1b and E1b haplogroups (HG01130,
HG00116 and HG01885, respectively). Variant calls on ChrY syntenic region were subsetted
using bcftools v1.13 (Danecek et al. 2021). From the vcf file, allelic read depth (defined as AD
field) and reference allele depth (1st value in the DP field) were extracted using a custom script
vcfExtractADandDP.jar along with each variant’s chromosomal position.

bcftools view -s HG00116,HG01130,HG01885 \

-cl -R ${REF} syntenic to S${TARGET}.noPAR.bed \

-Ov —--threads 20 \

-0 ${REF}_three_samples.syntenic.vcf ${REF}_unrelated.cth.pass.variants.vcf
java -jar -Xmx256m vcfExtractADandDP.jar ${REF} three samples.syntenic.vcf >
${REF}_three_samples.syntenic.noPAR.txt

The output was used for visualization in Fig. 6e using a custom R script
(https://github.com/arangrhie/T2T-HG002Y). Variants from HG00116 (R1b, similar Y haplogroup
with GRCh38-Y, thus least structural variations get called) were further aggregated when non-
reference alleles were present, merged within 50 kb.

The bam files were processed to collect coverage tracks using IGVtools v2.14.1 (Robinson et
al. 2011) and samtools v1.13 (Danecek et al. 2021):

samtools view -hb CHM13v2 crams/$SAMPLE.S${VER}.cram -T $FA -@20 -O bam chry >
$S{ver}/$SAMPLE.Y.bam
samtools index ${VER}/S$SAMPLE.Y.bam
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igvtools count ${VER}/S$SAMPLE.Y.bam $SAMPLE.Y.tdf S$SFA.fai

Collected coverage of the three samples, variant calls and the aggregated variants were
manually inspected on GRCh38, to agree among all 3 samples to have 1) excessive number of
variants called, 2) overlap with known gaps in GRCh38, and 3) does not overlap the palindromic
region where we identified substantial rearrangements between the GRCh38-Y and T2T-Y. If the
aggregated region overlapped a known sequence class or repeat component, those boundaries
were chosen for both the GRCh38-Y and T2T-Y.

Mapping and variant calling of the SGDP samples

The Simons Genome Diversity Project (SGDP) presents 279 open-access high-coverage
genomes from 130 diverse populations selected to capture greater human genetic, linguistic, and
cultural variation (Mallick et al. 2016). Compared to 1KGP, SGDP includes 118 additional
populations with samples sequenced to an average of 43x coverage using a shared PCR-free
lllumina library. The SGDP samples were aligned and genotyped to T2T-CHM13v2.0 and
GRCh38 on AnVIL (Schatz et al. 2022) following the same pipeline as the analysis of 1KGP
samples. Read mapping characteristics to T2T-CHM13v2.0 indicated high-quality alignments,
similar to the 1KGP results, with a median paired-reads percentage of 97.7% and a median
alignment error rate of 0.0044% (Supplementary Figs. 16-17). For all samples, mapping to T2T-
CHM13v2.0 yielded improvements over GRCh38, with a median error alignment error rate of
0.0053% (Supplementary Fig. 18). The difference (T2T-CHM13v2.0 - GRCh38) in median
paired-reads percentage was 0.400%.

Chromosome-level aggregation of PASS variants reveals a varying number of variants called
using each reference (Extended Data Fig. 10d). For most chromosomes, fewer variants were
identified using T2T-CHM13v2.0 than GRCh38, reflecting corrections resulting in fewer artifact
variants called from using an inaccurate assembly. For some chromosomes, such as chrY, more
variants were identified, capturing variants found in the newly added sequences. Across the entire
Y chromosome, roughly 25% more variants were identified using T2T-Y than GRCh38-chrY:
658,636 versus 528,576 variants, respectively. However, within synthetic regions on chrY we find
more variants using GRCh38-chrY (375,292 versus 502,088 variants) comparable to what we
found for the 1KGP dataset. For both reference genomes, population-level aggregates display an
increased count of variants in African samples compared to other non-African populations
(Extended Data Fig. 10e). Per-sample variant T2T-CHM13v2.0 analysis of all populations
reveals a median of 3,463,417 SNPs and 691,222 indels per sample, while subsetting for African
samples yields a median of 4,547,156.5 SNPs and 883,054.5 indels. The reduction in variant
counts for non-African samples is consistent with 1KGP T2T-CHM13v1.0 variant analysis. As
expected, African samples show comparable numbers of variants for T2T-CHM13v2.0 and
GRCh38 reflecting greater population genetic diversity relative to these references which have
limited African ancestry.
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Supplementary Fig. 16 | Read alignment percentage of paired reads from the SGDP samples. Each
bar represents the percent of proper pairs for individual samples colored by the population of origin.

Percent paired

b

Alighment statisitics: Error rate

Population
rica

Amerlca
1 CentralAsiaSiberia
| EastAsia

I Oceania
B SouthAsia
I. I.I .‘I| . o
o

Supplementary Fig. 17 | Read alignment error rate from the SGDP samples. Each bar represents the
alignment error rate for individual samples colored by the population of origin. Note the alignment error rate

represents both sequencing errors in the reads as well as the true biological difference between the sample
and the reference genome it is mapped against.
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Supplementary Fig. 18 | Difference (T2T-CHM13v2.0 - GRCh38) in read alignment error rate from the
SGDP samples. Each bar represents the difference in alignment error rate for individual samples colored

by the population of origin. All SGDP samples yielded a lower error rate for T2T-CHM13v2.0 as compared
to GRCh38.
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Curated syntenic region and liftover chains

GRCh38 pre-processing

To prevent ambiguous alignments, all false duplications, as determined by the Genome in a
Bottle Consortium (GCA _000001405.15 _GRCh38 GRC exclusions T2Tv2.bed), as well as the
GRCh38 modeled centromeres, were masked from the GRCh38 primary assembly. In addition,
unlocalized and unplaced (random) contigs were removed.

minimap2-based pipeline

The initial chain file was generated using nf-LO v1.5.1 (Talenti and Prendergast 2021) with
minimap2 v2.24 (Li 2018, 2) alignments. These chains were then split at all locations that
contained unaligned segments greater than 1 kbp or gaps greater than 10 kbp. Split chain files
were then converted to PAF format with extended CIGAR strings using chaintools
(https://doi.org/10.5281/zenodo.6342391, v0.1), and alignments between nonhomologous
chromosomes were removed. The trim-paf operation of rustybam
(https://zenodo.org/record/6342176, v0.1.29) was next used to remove overlapping alignments in
the query sequence, and then the target sequence, to create 1:1 alignments. PAF alignments
were converted back to the chain format with paf2chain
(https://github.com/AndreaGuarracino/paf2chain, commit f68eeca), and finally, chaintools was
used to generate the inverted chain file.

Full commands with parameters used were:

nextflow run main.nf --source GRCh38.fa --target chml3v2.0.fasta --outdir dir
-profile local --aligner minimap?2

python chaintools/src/split.py -c¢ input.chain -o input-split.chain

python chaintools/src/to paf.py -c input-split.chain -t target.fa -q query.fa
-0 input-split.paf

awk '$1==$6' input-split.paf | rb break-paf --max-size 10000 | rb trim-paf -
r | rb invert | rb trim-paf -r | rb invert > out.paf

paf2chain -i out.paf > out.chain

python chaintools/src/invert.py -c out.chain -o out inverted.chain

Rustybam trim-paf uses dynamic programming and the CIGAR string to find an optimal splitting
point between overlapping alignments in the query sequence. It starts its trimming with the largest
overlap and then recursively trims smaller overlaps (https://mrvollger.github.io/rustybam/#align-
once).

Results were validated by using chaintools to confirm that there were no overlapping sequences
with respect to both T2T-CHM13v2.0 and GRCh38 in the released chain file. In addition, trimmed
alignments were visually inspected with SafFire (https://github.com/mrvollger/SafFire, commit
aa16e43) to confirm their quality.
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wfmash-based pipeline

In addition to the minimap2-based whole genome alignment, we applied a wfmash-based
pipeline to validate the chain file. This pipeline starts with whole-genome aligning T2T-CHM13v2.0
and the masked and filtered GRCh38 assembly with the wfmash sequence aligner
(https://github.com/ekg/wfmash, commit a36ab5f) (Marco-Sola et al. 2021), requiring 1-to-1
homologous regions at least 5 kb long and nucleotide identity of at least 95%. Similarly, the
resulting chain was post-processed to obtain 1:1 alignments using rustybam and the paf2chain
tool (https://github.com/AndreaGuarracino/paf2chain, commit f68eeca). All PAF files with full
CIGAR strings were then inspected with SafFire for quality investigation. All the instructions to
obtain the final PAF and CHAIN files can be found at the following repository:
https://github.com/pangenome/chm13-grch38-liftover. The minimap2- and wfmash-based chains
showed high consistency over the genomes.

Structurally variable region

Structurally variable regions were defined for regions containing structural variants and other
regions challenging to do assembly-assembly alignments. Specifically, using alignment of the
T2T-Y to GRCh38 with dipcall v0.3 (Li et al. 2018), any SVs > 49 bp and other regions where the
alignment may not be correct due to large SVs were collected. Additionally, we added regions
likely to be problematic for aligning and calling small variants: (1) Any Segmental duplications,
Tandem repeats >10kb in length, and Satellite arrays (including 15 kb flanking sequence on each
side) that contain a break in dipcall confident regions (i.e., partially covered repeats); (2) 15 kb on
either side of gaps in GRCh38; (3) 15 kb on either side of any other breaks in the dip.bed; (4) SVs
>=50 bp and any overlapping tandem repeats +50bp.

Variants on GRCh38 that will disappear when calling on T2T-CHM13v2.0

The dipcall results were used again to identify small variant differences between T2T-Y and
GRCh38-Y after excluding any small variants overlapping the structurally variable region. After
exclusions, the regions included 2,314 SNVs and 1,291 indels smaller than 50 bp in 16.6 Mbp on
chrY, which are expected to not be called on CHM13v2.0 if they were called in an individual on
GRCh38. The vcf and bed are available at https://ftp-
trace.ncbi.nim.nih.gov/ReferenceSamples/giab/data/AshkenazimTrio/analysis/T2T-HG002-XY -
v2.7].

Datasets and resources for T2T-CHM13v2.0

Lifting over resources from GRCh38 to CHM13v2.0

Using the curated chain file, we lifted over dbSNP build 155 (ftp.ncbi.nih.gov/snp/archive/b155/)
(Sherry, Ward, and Sirotkin 1999), the March 13, 2022 release of Clinvar
(ftp://ftp.ncbi.nim.nih.gov/pub/clinvar/vcf GRCh38/weekly/) (Landrum et al. 2020; 2018), and
GWAS Catalog v1.0 (https://ebi.ac.uk/gwas/home, accessed March 8th, 2022) (Welter et al. 2014;
Buniello et al. 2019) from the GRCh38 primary assembly to T2T-CHM13v2.0. To generate a VCF
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file for portion of the GWAS Catalog that could be lifted over, we first identified all RefSeq IDs
(rsIDs) in the v1.0 associations file (https://ebi.ac.uk/gwas/api/search/downloads/full), in the
SNPS, SNP_ID_CURRENT, and STRONGEST SNP-RISK ALLELE fields. This yielded 192,121
unique rsIDs, which we then intersected with all dbSNP variants on the primary contigs for
Chromosomes 1-22, Chromosomes X and Y, subsetting to those rsIDs that matched only a single
record on each chromosome in dbSNP. This resulted in 189,051 unique variants from the GWAS
Catalog that were used for liftover.

Liftover was performed as previously described (Aganezov et al. 2022). Specifically, we
performed liftover using the GATK v4.1.9 LiftoverVcf, Picard v2.23.3 (Van der Auwera GA and
O’Connor BD 2020) tool with the default parameters using the GRCh38 to T2T-CHM13v2.0 chain
file provided here. This successfully lifts over variants that map exactly from GRCh38 to T2T-
CHM13v2.0 but does not recover variants with swapped reference and alternative alleles. To
recover variants with swapped reference/alternative alleles, we ran LiftoverVcf again, with the
‘RECOVER_SWAPPED_REF_ALT” flag. Notably, this feature does not recover multiallelic
variants, so to recover these variants, we first separated them into multiple biallelic variants,
performed liftover using the “RECOVER_SWAPPED_ REF_ALT” flag, and converted them back
to their multiallelic representations. Variants whose position lifted over, but whose reference allele
or any alternative alleles did not match the T2T-CHM13v2.0 allele were not recovered.

ENCODE

Prior to mapping, reads were obtained from the ENCODE dataset (Dunham et al. 2012)
(https://lwww.encodeproject.org/), and reads originating from a single library were combined.
Reads were mapped with Bowtie2 v2.4.1 (Langmead and Salzberg 2012) as paired-end with the
arguments "--no-discordant --no-mixed --very-sensitive --no-unal --omit-sec-seq --xeq --reorder".
Alignments were filtered using SAMtools v1.10 using the arguments "-F 1804 -f 2 -q 2" to remove
unmapped or single end mapped reads and those with a mapping quality score less than 2. PCR
duplicates were identified and removed with the Picard tools "mark duplicates" command v2.22.1
and the arguments "VALIDATION_STRINGENCY=LENIENT
ASSUME_SORT_ORDER=queryname REMOVE_DUPLICATES = true".

Alignments were then filtered for the presence of unique k-mers. Specifically, for each
alignment, reference sequences aligned with template ends were compared to a database of
minimum unique k-mer lengths. The size of the k-mers in the k-mer filtering step are dependent
on the length of the mapped reference sequence. Alignments were discarded if no unique k-mers
occurred in either end of the read. The minimum unique k-mer length database was generated
using scripts found here. Alignments from replicates were then pooled.

Bigwig coverage tracks were created using deepTools2 bamCoverage v3.4.3 (Ramirez et al.
2016) with a bin size of 1bp and default for all other parameters. Enrichment tracks were created
using deepTools bamCompare with a bin size of 50 bp, a pseudo-count of 1, and excluding bins
with zero counts in both target and control tracks.

Peak calls were made using MACS2 v2.2.7.1 with default parameters and estimated genome
sizes 3.03e9 and 2.79e9 for CHM13 and GRCh38, respectively. GRCh38 peak calls were lifted
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over to CHM13 using the UCSC liftOver utility, the chain file created by the T2T consortium, and
the parameter "-minMatch=0.2".

gnomAD

Genome wide variant data from the Genome Aggregation Database (gnomAD) release v3.1.2
was lifted over from GRCh38 to each assembly using CrossMap v0.6.1 (Zhao et al. 2014). The
chain files used were created from the GRCh38-based HAL file, downloaded from the Minigraph-
Cactus alignment v1.0 of Liao et al. 2022 (Liao et al. 2022) (https://github.com/human-
pangenomics/hpp _pangenome_resources/blob/main/hprc-v1.0-mc.md). The resulting VCFs
were annotated with predicted molecular consequence and transcript-specific variant
deleteriousness scores from PolyPhen-2 and SIFT using Ensembl Variant Effect Predictor. We
created a NextFlow pipeline utilizing a containerised instance of Ensembl VEP to enable efficient
annotation at scale (https://github.com/Ensembl/ensembl-vep/tree/release/108/nextflow, commit
cb84684). All data can be found at https://projects.ensembl.org/hprc/.

Human Y chromosome contamination in bacterial genomes

Screening against Chrisman et al. study

We used the MUMmer v4.0 package (Margais et al. 2018) to compare 73,691 bacterial 100-
mers reported as enriched in human males by Chrisman et al. to the T2T-Y chromosome. 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 program from
MUMmer was run with default options, except to specify -l 50 for an exact match length of 50 or
more, and -c 50 so that it reported matches as short as 50 bp.

Screening with 64-mers

Meryl v1.3 (Rhie et al. 2020) (https://github.com/marbl/meryl) was used to compare 64-mers
between NCBI RefSeq release 213 (July 2022) and Chromosome Y from T2T-CHM13v2.0 and
GRCh38. Each bacteria contig was annotated with the number of matching k-mers in T2T-
CHM13v2.0, in GRCh38, and the number of k-mers in the contig with a match (hits-per-query,
hpq). Each position in the reference chromosomes was annotated with the multiplicity of the k-
mer at that position in the RefSeq contigs (mers-per-base, mpb), and with the number of contigs
containing the k-mer (queries-per-base, qpb).

meryl/bin/meryl k=64 count chml3v2.chrY.fasta output chml3v2.chrY.k64.meryl
meryl/bin/meryl k=64 count grch38.chrY.fasta output grch38.chrY.k64.meryl

for part in “seq -f %02g 1 1 31" ; do
meryl/bin/position-lookup \
-s chml3v2.chrY.fasta \
-m chml3v2.chrY.k64.meryl \
-hpg chml3v2/hpg.${part} \
-mpb chml3v2/mpb.S${part} \
-gpb chml3v2/gpb.S${part} \
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release2l13/bacteria/bacteria.${part}??.genomic.fna.qgz
> chml3v2/err.S${part} 2>&l
meryl/bin/position-lookup \
-s genomes/grch38.chrY.fasta \
-m genomes/grch38.chrY.k64.meryl \
-hpg grch38/hpg.S${part} \
-mpb grch38/mpb.S${part} \
-gpb grch38/gpb.S${part} \
release2l13/bacteria/bacteria.${part}??.genomic.fna.qgz
> grch38/err.S${part} 2>&1
done

The hits-per-query outputs 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.

cat chml3v2/hpg.* | awk ' ($2>20)
cat grch38/hpg.* | awk ' ($2>20)

($2>0 && $2/$3>0.1)"' > chml3v2.matches

[
[] ($2>0 && $2/$3>0.1)"' > grch38.matches

The queries-per-base outputs were combined and accumulated into 10 kb windows along each
reference chromosome.

perl coverage.pl chml3v2/mpb.?2? > chml3v2-mers-per-10k-window
perl coverage.pl chml3v2/qgpb.?? > chml3v2-queries-per-10k-window
perl coverage.pl grch38/mpb.?? > grch38-mers-per-10k-window

perl coverage.pl grch38/gpb.?? > grch38-queries-per-10k-window

The per-10k-window files were then converted to an interval wiggle file, with the distinct number
of RefSeq entries found in each window for visualization (Extended Data Fig. 11a).

Contig length distribution was obtained from the matches files. First, sequence entries were
retrieved using seqrequester (version ‘r95 fabbdac1’, https://github.com/marbl/segrequester) to
extract each fasta file to query against the 64-mers built from regions annotated as HSat1B and
HSat3. No sequences had 64-mers found that were shared between HSat1B and HSat3.

# sequence extraction with segrequester
cut -f4 ${ref}.matches > ${ref}.matches.list
segrequester extract \
-sequences ${ref}.matches.list \
release2l13/bacteria/bacteria.${part}??.genomic.fna.gz \
> ${ref}.matches.Spart.fa

# collect 64-mers from HSat3 and HSatlB

awk 'S$l=="chrY"' chml3v2.0 censat v2.0.bed > chrY censat.bed

awk '$4 ~/hsatlB Y/ {print $1":"S$2+1"-"$3}' chrY censat.bed > HSatlB.list
awk '$4 ~/hsat3 Y/ {print $1":"S$2+1"-"$3}' chrY censat.bed > HSat3.list

samtools faidx -r HSat3.list v2.7.Y.fasta > HSat3.fa
samtools faidx -r HSatlB.list v2.7.Y.fasta > HSatlB.fa

meryl count k=64 HSatlB.fa output HSatlB.meryl
meryl count k=64 HSat3.fa output HSat3.meryl
meryl intersect HSatlB.meryl HSat3.meryl output HSatlB HSat3.meryl

for seq in grch38.matches chml3v2.matches
do
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meryl-lookup —-existence -sequence $seq.fa \
-mers HSatlB.meryl HSat3.meryl HSatlB HSat3.meryl \
> $seq.hsat
awk '{if ($8>0) {HSAT="HSatlB HSat3"} else if ($4>0) {HSAT="HSatlB"} else if

($6>0) {HSAT="HSat3"} else {HSAT="Others"} {print $1"\t"$2+63"\t"HSAT}}"
$seg.hsat > $seqg.hsat.category
done

Next, sequences found only in T2T-Y were retrieved, by removing matches found in both T2T-
Y and GRCh38-Y.

cut -fl grch38.matches.category > grch38.matches.hsat.category.list
java -jar -Xmx256m txtContains.jar \

chml3v2.matches.hsat.category grch38.matches.hsat.category.list 1 \
> both-chml3v2-grch38.matches.hsat.category

java -jar -Xmx256m txtGrepv.jar \

grch38.matches.hsat.category.list chml3v2.matches.hsat.category 1 \
> chml3v2.matches.hsat.category.chml3v2 only

The .category files contain RefSeq sequence entries, number of 64-mers of the sequence,
category annotation as “HSat1B”, “HSat3”, or “Others”. Sequence length distribution by categories
were then visualized in Extended Data Fig. 11b.

Lastly, the complete sequence names of the entries in
chm13v2.matches.hsat.category.chm13v2_only were retrieved from the original fasta files, which
can be found in Supplementary Table 32. The first and second words in the names were
extracted to visualize the taxonomic abundance of the microbial genomes in a pie chart using
Kronatools v2.8 (Ondov, Bergman, and Phillippy 2011) ktimportText with -q option as the input
file does not contain quantity field (Extended Data Fig. 11c):

# extract organism names for each contig name

perl extract-names.pl < chml3v2only.names \

> chml3v2only.names.labels # <- in Supplementary Table 32
awk -F " " '"{print $3"\t"$4}' chml3v2only.names.labels \
> chml3v2only.names.labels.krona

# Kronatools
ktImportText -gq chml3v2only.names.labels.krona

Output data files and additional scripts are at https://github.com/arangrhie/T2T-
HGO002Y/refseq-contamination/ .
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Supplementary Notes

1. Transduced genomic segments

Transcriptionally active transposons, especially long interspersed element 1 (L1) and short
variable number tandem repeat interspersed elements (SINE-VNTR-Alus, SVA), occasionally co-
mobilize downstream DNA into a new locus by bypassing a canonical poly(A) termination signal
in a process termed 3’ DNA transduction (Hoyt et al. 2022; Goodier, Ostertag, and Kazazian Jr
2000; Xing et al. 2006; Pickeral et al. 2000). In contrast, SVAs can also produce 5 DNA
transductions by hijacking alternative promoters (Damert et al. 2009; Hoyt et al. 2022).
Transduction activity has been recognized as a driver of genome shuffling that includes protein-
coding sequences, regulatory elements, and even whole genes (Xing et al. 2006; Pickeral et al.
2000; Moran, DeBerardinis, and Kazazian 1999). Additionally, transductions can occur in the
soma, contributing to tumorigenesis, and frequent 3’ L1-mediated DNA transductions have been
observed in some cancer types (Tubio et al. 2014). To identify potential DNA transduction
activities in T2T-Y, we searched for transductions mediated by L1s and SVAs.

We detected six potential 3’ L1 transductions within the Y, yet no SVA-driven DNA transductions
(Supplementary Table 16). Our results show that four L1s carrying transduced segments are
full-length elements (>6 kb), two of which possess a canonical poly(A) termination signal within
30 bases upstream of a poly(A) tail. The other two L1s are truncated elements with 3’-transduction
signatures, consistent with prior predictions(Xing et al. 2006) since many retroposed L1s are
truncated at the 5’ end. We found that five L1 transductions were shared with GRCh38-Y, while
one is specific to T2T-Y. Despite a genome-wide investigation of both T2T-CHM13+Y and
GRCh38, we were not able to locate the potential donor elements of the transduced segments
according to our criteria (e.g., they were not within 20 bases downstream of a full-length L1 in a
different locus).

To investigate whether any source elements within T2T-Y gave rise to DNA transductions onto
other chromosomes, we probed previously reported L1 and SVA transductions (Hoyt et al. 2022).
However, we were not able to detect any sign of the source elements. Given the ancient form of
L1s annotated on the Y, we confirm a recent analysis (Halabian and Makatowski 2022) of 1KGP
data that found no evidence for DNA transduction between the Y and the rest of the
chromosomes. Our analysis revealed that the transduction rate in T2T-Y was 0.096 per 1 Mb,
which is much lower than the transduction rate observed in the CHM13 autosomes (avg. 6.9 per
1 Mb) and ChrX (10.19 per 1 Mb) (Hoyt et al. 2022). In conclusion, our results indicate that
transposable element driven transductions are not abundant in the Y, and traffic of these events
is low between this chromosome and the rest of the genome.
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2. Non-B DNA motifs

We located Y chromosome motifs capable of forming alternative DNA structures (non-B DNA)
such as bent helix, slipped strand, G-quadruplex (G4s), cruciform, triple helix, hairpin, and Z-DNA
structures. Non-B DNA structures are known to affect a variety of important cellular processes,
such as replication, gene expression, and genome stability (Ghosh and Bansal 2003; A. Jain,
Wang, and Vasquez 2008; Wang and Vasquez 2014; Varshney et al. 2020). We found inverted,
A-phased, and mirror repeats to be abundant in the centromeric alpha satellite HOR, forming a
periodic pattern occurring every 5.7 kb (Fig. 3, and Supplementary Table 17). An additional pair
of A-phased and inverted repeats was present in the extended light blue HOR variant, suggesting
possible non-B-form variations per HOR SVs. Moreover, the per-base-pair density of A-phased,
direct, inverted, mirror, and short tandem repeats (STRs) is higher in the newly completed regions
of the Y chromosome, and the density of Z-DNA and G4 motifs was particularly high in the newly
completed TSPY gene array (Extended Data Fig. 5, 6b and Supplementary Table 17). Among
the 762 new G4 motifs in T2T-Y, 519 are located within the TSPY gene array. Specifically, each

TSPY composite repeat unit contains 14 G4 motifs, seven of which are stable according to their

Quadron score (=19)(Sahakyan et al. 2017). Among these, one is located ~500 bases upstream

of the transcription start site on the same strand, which might indicate a role in transcriptional
regulation(Varshney et al. 2020) (Extended Data Fig. 6b). Along the entire T2T-Y chromosome,
242 G4 motifs overlapped CpG islands (by at least 1 base), again suggesting a role in
transcription.

3. PAR and XTR masking for sex chromosome complement
analysis

Before using T2T-CHM13+Y as an alternate reference, we investigated whether masking PARs
or XTRs on ChrY would improve mapping quality (MQ) and variant calling accuracy on the sex
chromosomes. Genetic diversity is higher within PAR1 compared to the non-recombining regions
on ChrY (Cotter, Brotman, and Wilson Sayres 2016; Lien et al. 2000); however, the ChrX and
ChrY PAR sequences in GRCh38 are represented as identical copies (Genome Reference
Consortium n.d.). The perfect identity between GRCh38 PARs reduces MQ, hindering accurate
variant detection in this region. Previously, the impact of hard-masking the entire ChrY for
samples with an XX karyotype was shown to improve mapping quality and increase the number
of variants called; however, this was not tested extensively on samples with an XY karyotype
(Webster et al. 2019). Thus, we simulated 20x coverage of 150 base Illumina reads for ten XY
samples (10x coverage for each ChrX and ChrY) seeded with variants called from the high
coverage samples in 1KGP, and tested if the PAR masking improves MQ and variant calling
accuracy (Supplementary Table 25-26).

In the XY samples, the simulated read alignments showed a near-zero MQ on the PARs when
no masking was applied, with almost no variants called. In comparison, when masking the PARs
on ChrY, reads aligned with improved mapping quality across all samples (example of one sample
shown in Extended Data Fig. 9), calling an average of 4,615 true positive variants on PAR1 and
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365 on PARZ2, respectively, with almost no false positives (Supplementary Table 27).
Additionally, we tested the impact of masking the XTR on ChrY. Unlike the PARs, the false
positives substantially increased from an average of 1 to 33,345 across the ChrX XTR
(Supplementary Table 28), indicating that mapping and variant calling was improved by masking
PARs but that XTR masking was detrimental.

4. Different CpG Methylation pattern in HiFi and ONT at Yq12

In general, 5-methylcytosine (5mC) at CpG sites showed good agreement genome-wide
between different technologies when using T2T-CHM13v1.1 autosomes and the XY from
HG002XYv2.7 (HG002-X and HG002-Y) as a reference (Supplementary Fig. 19). This included
CpG methylation calls from PacBio HiFi reads using Primrose v1.3.0, ONT reads from nanoNOMe
experiments called with Nanopolish (Guppy 5.0.7, with the methylation calling pipeline described
in Gershman et al. (Gershman et al. 2022)), and ONT reads called with Remora and Guppy 6.1.2
(Supplementary Table 1), as well as methylation calls made using short-read methods:
Enzymatic Methyl-seq (EM-seq) and Whole Genome Bisulfite Sequencing (WGBS) generated by
Foox et al. (Foox et al. 2021). When we examined the correlation between technologies in regions
with at least 5 reads in all 6 technologies, we found slightly lower correlation between the ONT
Nanopolish CpG calls and WGBS than between ONT Remora and WGBS (Supplementary Fig.
19a-b,d). This might be due to Nanopolish using a “four-state” model for nanoNOMe experiments,
in which reads have both native CpG methylation as well as exogenous GpC methylation marking
open chromatin regions. The “four-state” model takes the methylation status of neighboring CpG
and GpC sites into account when calling methylation (Simpson et al. 2017) and this is expected
to reduce the accuracy of CpG calls in comparison to calls where no GpC methylation is present.
Both PacBio Primrose and ONT Remora calls had good correlation to WGBS, with ONT Remora
having a slightly tighter correlation range and higher value of r (0.957 vs. 0.912, Supplementary
Fig. 19c-d). However, we found inconsistent methylation patterns within the heterochromatic
satellite region on the g-arm of ChrY (Ygh region). PacBio Primrose called higher methylation
frequency on HSat1, while ONT Nanopolish and Remora showed higher methylation frequency
on HSat3. Because of the absence of a known truth, and difficulties in mapping lllumina-reads
correctly to these satellites, it is unclear which pattern is correct.

One possible explanation for the low correlation in the Ygh region is that sequencing biases
are affecting the methylation calls. Previously, we had observed enriched coverage across HSat3
in the HiFi reads, whereas the coverage was depleted across HSat1 in the ONT reads (Fig. 3
from Nurk et al. (Nurk et al. 2022)). Similarly, we observed coverage biases in the satellites of
Ygh (Supplementary Fig. 19e). In general, HiFi reads show high sequence similarity to the
assembled T2T-Y, with a slight drop in HSat1 (>99.6% in HSat1B vs. >99.9 in HSat3), while ONT
shows wider fluctuations, but again with higher sequence identity to HSat3 (>97% in HSat1B vs.
>98% in HSat3). As shown in Fig. 5¢, HSat1B contains AT-enriched microsatellite regions
(homopolymer compressed sequence composed of only A and T bases, enrichment here is
>80%), which are prone to sequencing errors in both HiFi and ONT. This may have affected these
technologies’ ability to detect 5mC in these regions.
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Supplementary Fig. 19 | Methylation frequency differences in HiFi and ONT reads. a. Genome-wide
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