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Haplotype-resolved genomes are important for 
understanding how combinations of variants impact 
disease and other phenotypes.
PacBio SMRT Sequence data produces highly 
contiguous, accurate assemblies. For non-inbred 
samples, including humans, the separate resolution of 
haplotypes results in higher base accuracy and more 
contiguous assembled sequences.
Two strategies for diploid genome assembly with long 
reads:
- TrioCanu1 uses family trios to partition long-read 

data into maternal and paternal bins to generate 
two haploid assemblies.

- FALCON-Unzip2 separates haplotypes during 
assembly by phasing reads, producing an assembly 
graph with “bubble” regions, where the maternal 
and paternal haplotypes diverge, and collapsed 
regions, where the haplotypes are similar.

Background Performance Diploid Phased Scaffolds

Sample
Assembly 

Size
(% Unzip)

Phasing 
Accuracy

Overall SNP 
Accuracy

F1 Bull 2.7 Gb
(90%) 96 % 96 %

Zebra finch 1.1 Gb
(79%) 99 % 92 %
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Conclusion

- PacBio and HiC data can be combined to generate 
highly contiguous, chromosome-scale pseudo-
diploid assemblies.

- FALCON-Phase is highly accurate in samples with 
high heterozygosity.

- Phase performance in humans is limited by low 
heterozygosity and lack of high quality HiC data. 
Additional HiC libraries for HG00733 with higher 
density restriction enzyme cut sites are expected 
to improve performance.

Table 1. Overall performance when applied to two 
vertebrate species.

FALCON-Unzip primary contigs may contain 
haplotype-switch errors between unzipped regions, 
resulting in primary contig of mixed parental origin.

Figure 1. Diploid 
Genome Assembly 
with FALCON-Unzip. 
Divergent maternal and 
paternal haplotypes 
resolved in “unzipped” 
regions; similar 
haplotypes remain 
collapsed. Primary 
Contigs: contiguous but 
partially-phased pseudo-
haplotypes. Alternate 
Haplotigs: fully-phased 
but short sequences.

Application to Human

Figure 2. FALCON-Phase3 maps HiC data to assembly and extends 
phasing across entire primary contig.
- Place haplotigs relative to primary contigs via alignment. 
- Mince primary contigs at start and end of each unzipped block.
- Map Hi-C data to minced contigs, normalize Hi-C by number of 

restriction sites on each minced sequence.
- Phase with stochastic algorithm that searches for optimal phase 

block configuration given Hi-C data. 
- Reconstruct the pseudo-haplotypes and emit the FASTA 

sequences. 

primary contig coordinate Mb ( 000005F )

0 10 20 30 40 50

dam sire phase0 phase1

TrioCanu
(truth)

FALCON-Phase
(test)

Figure 3. Example of 99.9% phasing accuracy for single 
contig. Bull data: Phase assignment of each unzipped block 
was tested by alignment to parental TrioCanu assemblies.

Figure 4.Overall SNP accuracy is higher in longer 
contigs. Bull data set: 20-25-fold PE ILM reads from dam 
and sire mapped to phase0 contigs with BWA and SNPs 
called with FreeBayes.
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Sample Total Length Contig
N50 N Contigs

Primary 
Contigs 2.89 Gb 27.8 Mb 865

Alternate 
Haplotigs 2.43 Gb 567 kb 7,863

Table 2. Draft FALCON-Unzip assembly for HG00733.

FALCON-Phase was applied to Puerto Rican female 
(HG00733). We sequenced 14 SMRT Cells (75-fold) of 
a 60 kb WGS library on the Sequel System with v5.1 
chemistry. Data were assembled with FALCON-Unzip 
(July 2018) into highly contiguous sequences. Over 
84% of genome resolved into maternal and paternal 
haplotypes.

Performance was assayed by mapping 25-fold PE ILM 
data from the parents to the phase0 scaffolds with BWA 
and calling variants with GATK. Homozygous SNVs 
that differed between the parents were selected for 
analysis.

Unzipped haplotype blocks were phased within contigs
with FALCON-Phase using 250 million read pairs from 
HindIII HiC library (PRJEB11418). The same data were 
then used for scaffolding with Proximo, followed by a 
second round of phasing of contigs within scaffolds.

Figure 5. HiC heat map for phase0 scaffolds. Color 
intensity scales with density of HiC read pair mappings. 
Each chromosome is contained by a single scaffold.

Table 3. Summary stats for scaffolded assembly.

- SNP concordance within haplotigs: 95%
- Phasing accuracy: 80%

Scaffold
Set

Total 
Length

Contig
N50

Scaffold 
N50 N Gaps

Phase0 2.89 Gb 26.3 Mb 152.5 Mb 594

Phase1 2.89 Gb 26.3 Mb 152.5 Mb 594
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