
Unprecedented access to haplotype-resolved biology 
enabled by long, ultra-long, and Pore-C reads
Long nanopore reads contain phase information proportional to their length, which can be used to phase 
small nucleotide and structural variants as well as epigenetic modifications
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The length of nanopore reads can be leveraged to assign SNP, SVs, and methylation calls to their homologous chromosome of origin. By using information from overlapping long and ultra-long 
reads the resulting phase blocks can span several tens of megabases, typically only interrupted by long stretches of homozygosity. To illustrate the influence of read length on phase-block length, 
we used whatshap to phase clair3 variant calls with internal LSK and ultra-long (ULK) HG002 data with increasing read lengths (Fig. 1a). For 10-15 kb reads we observe a phase-block N50 length 
of between 100-800 kb, sufficient to fully phase roughly 60% of all gene bodies. Increasing read length increases phase-block contiguity up to a hundred-fold, with N50 exceeding 30 Mb for the 
longest ULK datasets (Fig 1b), yielding phaseblocks containing 92.3% of heterozygous variants and which cover 99.96% of ungapped autosomal sequence and fully span >94% of all genes
(Fig. 1c). A high percentage of phased reads allows phasing of small variants, SVs and methylation calls. We used whatshap haplotag to scan raw reads for the presence of phased variants. Using 
a ULK dataset we could assign >87% of all sequenced nucleotides to a haplotype (Fig. 1d) and cover >98% of the entire genome (excluding centromeres and telomeres) with phased reads. To 
demonstrate phasing performance on medically relevant loci, we choose the MHC region, where we could cover 99.6% of the 6 Mb locus with 2 phase blocks and fully phase all genes (Fig. 1e).

The combination of long and ultra-long reads with highly accurate calling of single- 
nucleotide polymorphisms simplifies phasing and results in exceptionally long phase-blocks

Fig. 1 SNP phasing a) effect of read length and library prep on phase-blocks b) phase-block lengths c) phasing of genomic features d) read phasing e) phasing genes in the MHC

Fig. 2 Imprinting based parent of origin assignment a-b) DMR enrichment and co-phasing c-d) parent of origin assignment with ULK and Pore-C data e) haplotype-specific methylation and variants

Co-phasing of variants and imprinted regions with ultra-long and Pore-C reads allows 
parent-of-origin inference from a single sample – no parental sequencing required 
A large number of interactions between genomic and epigenomic variants happen in cis, i.e. between variants on the same copy of a chromosome. Traditionally trio sequencing (sequencing
a proband as well as both parents) has been used to associate variants with their parent of origin – and thus each other. However, there are many drawbacks to this approach. For instance, it may 
be difficult to obtain samples from parents, sequencing parental samples increases costs, and the whole approach fails for loci which are heterozygous in all three samples. With ultra-long reads 
(reads with N50s > 50 kb), single nucleotide polymorphisms can be phased across hundreds of megabases, while Pore-C reads unlock chromosome-scale phasing. Subsequent haplotagging of 
reads allows us to co-phase genetic variants and methylation, and call haplotype-specific differentially methylated regions (haplo-DMRs) and, given parent-of-origin specific haplo-DMRs (pDMRs), 
assign genetic variants to parent of origin. To demonstrate this, we phased 18 HPRC ONT datasets with parental assemblies and called pDMRs using DSS (Fig. 2a). We found 249 pDMRs with 
mean parental enrichment > 1σ, and these DMRs overlapped with the majority of phaseblocks from our ULK and ULK + Pore-C datasets (Figs. 2b-d). Using a simple naïve Bayes classifier, we
could correctly assign 51% and 94.3% of variants to parent of origin using ULK and ULK + Pore-C data, respectively, with a precision of 93% and 96.5% respectively. Fig. 2e shows an example 
of multiple haplotype-specific differentially methylated regions and heterozygous SNPs and SVs which can be associated with a chromosome of origin via phasing with ultra-long reads.
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