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Supplementary notes

Strand-seq

The Strand-seq protocol utilizes a thymidine analog to selectively label and remove one
of the DNA strands (the nascent strand, synthesized during DNA replication) and leaves only
the template DNA strands intact for sequencing. By sequencing only template strands in each
homologue, Strand-seq distinguishes three possible template strand states for each
chromosome of a diploid genome. The Watson-Watson (WW) strand state is characteristic of
two Watson (reads aligned to minus strand) templates inherited from both parental homologues.
The Crick-Crick (CC) strand state is characteristic of two Crick (reads aligned to plus strand)
templates inherited from both parental homologues. Lastly, the Watson-Crick (WC) strand state
is characteristic of a Watson and Crick template being inherited from either parental homologue.
In this WC scenario the two parental templates can be distinguished based on read
directionality and are thus informative of phasing. Template strands are randomly inherited by
single daughter cells, resulting in a specific strand-state pattern for each chromosome across
multiple Strand-seq libraries (Fig. 1b). This strand-state pattern can be viewed as a barcode
that uniquely assigns each contig to its chromosome of origin (Hills et al. 2013) (Fig. 1c).
However, we do not always observe a single strand state along the whole chromosome but
instead there can be strand-state changes as a result of double-strand break (DSB) repaired by
sister chromatid exchange (SCE) during DNA replication (Falconer et al. 2012; van
Wietmarschen and Lansdorp 2016; Claussin et al. 2017). Such low frequency SCEs are
indicative of the physical distance between two segments of a chromosome, because segments
that are physically further apart from each other have an increased likelihood of an SCE
occurring between them (Hills et al. 2013). This means that contigs that are physically linked to
each other are less likely to be separated by SCEs and thus will share the same strand state
across multiple cells—a signal that enables assembled contigs to be clustered into
chromosomes and then ordered within each chromosome (Fig. 1d). Clustered and ordered
contigs can then be phased using single-nucleotide polymorphism information extracted from
the haplotype-informative (WC) regions in the Strand-seq data (Fig. 1e). This allows us to
physically separate parental alleles along the whole chromosome (Porubsky et al. 2016). Such
global phasing information in conjunction with long-read technologies such as PacBio allows us
to reconstruct highly accurate and nearly complete haplotypes that span the whole
chromosomes (Porubsky et al. 2017; Chaisson et al. 2019). Such haplotypes serve as a guide
to divide long-read data into two bins, one for each haplotype (Fig. 1f).
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SaaRclust

Every chromosome undergoes independent random segregation during cell division, leading to
a unique strand-state profile in Strand-seq data. This signal in Strand-seq data can be employed
to cluster long sequencing reads by chromosome of origin and sequencing direction. SaaRclust
(Ghareghani et al. 2018) is a tool that we previously introduced for this in silico separation of
long reads by chromosome and direction. SaaRclust employs an Expectation-Maximization
(EM) soft clustering algorithm to handle the uncertainty arising from the sparse Strand-seq data.
Given the central importance of SaaRclust for the assembly pipeline we introduce here, we
include Supplementary Figure 12 illustrating the principle. The main idea underlying our
clustering algorithm is that contigs originating from the same chromosome (Contigs 1 and 2 in
Supplementary Fig. 12) show the same directionality pattern of aligned Strand-seq reads across
single cells, which is different for contigs originating from different chromosomes (Contig 3 in
Supplementary Fig. 12). The EM algorithm is based on iterating between assigning strand
states for each Strand-seq library and chromosome and assigning chromosomes to each contig,
which are both hidden information at the beginning. EM converges to a local optimum solution
of the maximum likelihood problem, e.g., maximizing the likelihood of observed data (number of
directional aligned Strand-seq reads to long reads), given the model parameters (strand states),
and we have shown SaaRclust to be able to assign even individual long reads to chromosomes
of origin. Here, we have adjusted it to work on the contig level.

Variant discovery and comparisons

The SNV transition/transversion (Ti/Tv) proportion was 1.99, 1.98, and 1.98 for hl, h2, and
merged callset, respectively. Outside of tandem repeats, the Ti/Tv rose to 2.05.

For variants that did not intersect an HGSVC call, we find that 78% (3,079 of 3,945) of false
insertions and 75% (1,527 of 2,048) of false deletions map within 1 kbp of a variant of the same
type indicating that many of these calls may be different representations of the same event but
represent inconsistent alignment as discussed previously. Squashed assemblies, even when
reference-guided, miss a large proportion heterozygous SV calls (Huddleston et al. 2017), and
compared to a haplotype-unaware analysis of HG00733 (Audano et al. 2019), we find 31% and
12% more insertions and deletions outside repetitive loci, respectively.
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Supplementary Figures 1-12
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Supplementary Figure 1: Phasing of SNVs per chromosomal cluster.

Height of each bar represents the percentage of SNVs phased in the longest haplotype block in each cluster. Red

line highlights the 95% threshold.
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Supplementary Figure 2: Size distribution of haplotagged reads.

Distributions indicate observation frequencies (y-axis) of different read lengths (x-axis) for the HG00733 HiFi dataset
split by haplotype (“haplotagged”). The two haplotype fractions H1 and H2 are plotted as yellow and green
distributions, respectively. The fraction of unassigned (“untagged”) reads is plotted in red.
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Supplementary Figure 3: Strand-seq patterns of common misassemblies.

A genome misassembly is visible in Strand-seq data as a recurrent change in strand state at the same position in a
given contig. Because, it is highly unlikely for a double-strand break to occur at exactly the same position in multiple
single cells, the most likely explanation in this case is either contig misorientation or chimerism. Chimerism is
characteristic by almost all possible template strand changes as the portions of a chimeric contig carry a strand state
of the contig they truly belong to. On the other hand, misorientation is characteristic of a complete switch from either
WW to CC or vice versa. This type of misassembly is visible in about 50% of cells as only WW or CC template strand
states are informative for this type of assembly error.
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Supplementary Figure 4: Peregrine-specific assembly errors.

a) Projection of Peregrine-based assembly errors to GRCh38. Positions of segmental duplications (SDs) in the
genome are highlighted in orange. Red and green links connect regions upstream and downstream from an assembly
error (Methods). If no link is visible, position upstream and downstream from the breakpoint lies in close proximity. b)
Each bar (turquoise - upstream from the assembly error, khaki - downstream from the assembly error) represent a
distance to the closest SD track of 50 kbp and longer from the assembly error (turquoise - upstream from the
assembly error, khaki - downstream from the assembly error) per misassembled contig (x-axis).
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Supplementary Figure 5: Accuracy of contig ordering within each chromosomal cluster.

For this analysis we used only contigs 500 kbp and longer and those that can be assigned to a chromosomal cluster
with probability p >= 0.9. a) Each contig represents a range based on mapping coordinates on GRCh38. Contigs are
colored based on cluster identity determined by SaaRclust. In an ideal scenario there is a single color for each
chromosome. b) Each contig represents a range based on mapping coordinates on GRCh38. Contigs are colored
based on the directionality (‘+' - positive strand, ‘-’ - negative strand) they map to GRCh38. In an ideal scenario there
is a single color for each chromosome. ¢) Each contig is colored based on the predicted order within each
chromosomal cluster which is reflected by the shades of gray going from dark to light gray. Ideally we observe colors
going always from dark to light gray or vice versa and thus being in agreement with true contig order on GRCh38. d)
Each bar represents a number of contigs submitted for ordering within each chromosome and haplotype. e)



Correlation of predicted contig order with the expected ordering, based on GRCh38 mappings, within each
chromosome and haplotype. Red dashed line shows mean correlation over all chromosome within a haplotype.
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Supplementary Figure 6: Dot plots of the major histocompatibility complex (MHC).
In each haplotype assembly, the whole MHC region is traversed by one single contig. Above we show a
corresponding dot plot of the two haplotypes H1 (left) and H2 (right).
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Supplementary Figure 7: Indels density in phased assemblies.

a) Top: Single base-pair indels (1-49 bp) are most common with peaks modulo-2 bp events (4, 6, 8, etc.)
corresponding to the prevalence of dinucleotide repeat elements. Middle: Smaller SVs (50-999 bp) show a peak for
SINE elements. Bottom: Larger SVs show a peak for LINE elements. SVs larger than 10,000 are not shown. b) and
¢) Histograms showing the distribution of small indels in (b) and SNVs in (c) counted in 200 kbp long non-overlapping
bins separately for haplotype 1 (H1 - teal) and haplotype 2 (H2 - orange). Mean indel and SNV count in bins spanning
the HLA locus is highlighted by a red dashed lines. Indels and SNVs in regions of detected assembly collapses and
known SDs have been removed.
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Supplementary Figure 8: Variant comparisons between assembly SVs and HGSVC

HGO00733 outside tandem repeat (TR) and segmental duplication (SD) loci.

Variant comparisons outside TRs and SDs give a picture of concordance without many of the alignment problems
that make repeats difficult to represent and reproduce. The number of variants is shown with the mean (top) and
median (bottom) SV size in parentheses. Unplaced and unlocalized SVs were removed from this analysis, which
were filtered in HGSVC.
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Supplementary Figure 9: Variant comparisons between assembly SVs and HGSVC

HGO00733.

Variant comparisons including TRs and SDs are harder to replicate, even for larger events, which are often
fragmented or shifted by alignments through repeats. The number of variants is shown with the mean (top) and
median (bottom) SV size in parentheses. Unplaced and unlocalized SVs were removed from this analysis, which
were filtered in HGSVC.
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Supplementary Figure 10: SV sighatures at assembly breakpoints.

Shown are coverage profiles of HiFi reads aligned to GRCh38 at four different assembly breakpoints. The coverage

for the most frequent and for the second most frequent base at each position is shown in black and red, respectively.
These coverage profiles are consistent with structural variation at these locations.
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Supplementary Figure 11: Effect of binning strategy on final cluster assignment
probabilities.

In SaaRclust each piece of DNA (contig) is assigned a probability of belonging to any of the tested chromosomal
clusters. This probability is calculated using the previously published expectation maximization algorithm (Ghareghani
et al. 2018). As expected, some contigs are difficult to assign unambiguously to a single cluster and could be
assigned to several clusters with equally low probabilities (left part of the distribution in panels). We examined the
effect of varying the bin size from 100 kbp to 500 kbp on the resulting probability distribution. Given the observed

probability distribution, we decided to set a dynamic bin size to 200 kbp (SaaRclust ‘bin.size’ parameter) with the
probability threshold (SaaRclust ‘prob.th’ parameter) set to 0.25.
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Supplementary Figure 12: An overview of SaaRclust approach for clustering contigs by

chromosome and orientation (Ghareghani et al. 2018).

a) Aligning single-cell Strand-seq reads to collapsed contigs. In this example, Strand-seq reads from three different
single cells are aligned to three contigs. Strand-seq reads mapped in Watson and Crick directions to contigs are
shown by orange and teal colors, respectively. Contigs 1 and 2 come from Chromosome 1 showing a different strand
state from Contig 3 that comes from Chromosome 2. b) Schematic of the EM clustering algorithm for two
chromosomes. Starting from an arbitrary initialization of strand states, the EM algorithm iterates through the flow of
information between the two hidden layers of information: the strand states of single cells in chromosomes (left box)
and the clustering of contigs into chromosomes (right box).
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Supplementary Tables 1-7

Supplementary Table 1: De novo assembly statistics.

Total.size Total.contigs  N50 (bp) Asm.errors
canu phased H1 3.09Gb 4844 9873595 3 chimerisms, 6 misorients
canu phased H2 3.08Gb 4830 10725871 1 chimerisms, 4 misorients
peregrine phased H1 2.9Gb 2557 28001683 6 chimerisms, 5 misorients
peregrine phased H2 2.91Gb 2618 29160574 5 chimerisms, 5 misorients

Supplementary Tables 2A/2B: Variant call-based QV estimates (external xIsx files).

2A lllumina short reads (HG00733) were used to call variants (SNVs and indels) relative to the haploid assemblies of
HGO00733 (top); number of homozygous (“hom”) calls listed in detail, total number of heterozygous (“het”) calls stated
for comparison. Homozygous calls were lifted to human reference hg38 using three minimum alignment sizes (middle
left) and restricted to high-confidence regions (“hc”, middle right). Percentages relative to all homozygous variants
called, and to all homozygous variants lifted to hg38, respectively. Assembly accuracy estimates (QV) were
calculated by considering all base pairs (“bp”) in homozygous variants as errors (bottom). 2B PacBio HiFi reads
(HG00731 and HGO00732) were used to call variants (SNVs and indels) relative to the haploid assemblies of
HGO00733 (same as in 2A). Since long PacBio reads show higher mappability throughout the genome compared to
short lllumina reads, hg38-lifted variants were not restricted to high-confidence regions (middle). QV estimates were
calculated as in 2A.

Supplementary Table 3: Phased assembly indel discovery.

Indels were discovered in both haplotypes and merged into a single call. Fields are number of variants (“N”), mean
indel size (“Mean (bp)”), total number of indel bases (“Base (kbp)”), the percentage 1 bp indels (“1 bp (%)"), and the
percentage heterozygous calls (“Het (%)").

Insertions Deletions

N Mean Base 1bp Het N Mean Base 1bp Het
Assembly (bp)  (kbp) (%) (%) (bp)  (kbp) (%) (%)
HGO00733
(Racon x2) 515,224 3.44 1,773 49.97% 61.29% 494,810 3.71 1,835 47.23% 61.93%
HGO00733

(unpolished) 514,049 3.44 1,770 50.42% 61.83% 530,300 3.58 1,897 49.31% 62.61%




Supplementary Table 4: Phased assembly structural variation discovery.

Variants were discovered in both haplotypes and merged to a set of homozygous and heterozygous calls. Fields are
number of variants (“N”), mean variant size (“Mean (bp)”), sum of all variant lengths (“Base (Mbp)”), and the
percentage of heterozygous calls by number (“Het (N%)") and by bases (*Het (bp %)").

Insertions Deletions
Assembly N Mean Base Het Het N Mean Tput Het Het
(bp)  (Mbp) (N%)  (bp %) (bp)  (Mbp) (N%)  (bp %)
HGO00733
(Racon x2) 15,139 521  7.89 58.71% 51.99% 9,579 490 4.69 65.55% 65.82%
HGO00733
(unpolished) 15,174 519 7.88 58.81% 52.45% 9,545 491 4.68 66.38% 66.74%

Supplementary Table 5: Frameshift-disrupted RefSeq annotations.

We quantified the number of genes with a frameshift indel or SV in coding regions and demonstrate that polishing is
still required for phased Peregrine assemblies. Shown are disrupted gene counts for all genes (“All"), genes with no
exons intersecting tandem repeats or segmental duplications (“No TR/SD”), and genes with at least one exon in a
known segmental duplication (“In SD”).

Sample Assembler Polishing All No TR/SD InSD
HGO00733 Peregrine Racon x2 198 92 42
HGO00733 Peregrine None 300 111 106

Supplementary Table 6: List of detected universal assembly breaks (external xlIsx file).

Supplementary Table 7: HiFi PacBio sequencing summary.

Sample HG00731 HG00732 HG00733
# SMRT Cell 8Ms 5 6 7

Raw Base Yield (Gbp) 1612 1138 1568

HiFi Base Yield (Gbp) 103 67 104

HiFi Coverage (X) 32 21 32
Average HiFi Read Length (kbp) 11.1 10.7 13.6
Median HiFi QV 31.86 31.59 30.39

Average HiFi number of passes  10.51 10.54 9.34
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