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This talk is about how to make some 
interesting animation reconstruct diploid 
genome with continuous long reads. 



Challenges Ahead 
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Can we just construct 
haplotype sequences de 
novo rather than calling 

and connecting just some  
sets of variant calls 

on top of references? 

Nat Rev Genet. 2015 Jun;16(6):344-58 



String Graph and De Novo Genome Assembly 
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String graph assembly for continuous long reads: 
1. Remove contained reads (gray) 
2. Overlaps to string graphs and tiling paths (blue) 
3. The tiling path is corresponding to a path in the string graph. 



Polymorphism Causes “Bubbles” in the String Graph 
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Large Structure  
Variant 

Structure variants between haplotypes can create bubbles in the string graph 



String Graph Structure and Subtle Base-Level Polymorphism 
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Large Structure  
Variant 

Fused paths where small base-level differences are collapsed 

Reads (dashed red) contained in the other different 
haplotype might be missed in the graph  



Stepping Stone Toward Haplotype Reconstruction to Catch 
All Variants 

SNPs 
SNPs SNPs 

SVs SVs 

Associate contig 1 
(Alternative allele) 

Associate contig 2 
(Alternative allele) 

Primary 
contig 

1 full length contig + 2 associated contigs 
 
Keep the long-range information 
while maintaining the relations of  
the alternative alleles. 



Phasing Variants Through Higher Identity Regions 
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Haplotype 0 

Haplotype 1 

Group the SNPs and reads simultaneously for  
reconstructing haplotypes different only by small variations.   

Identify 
SNPs 

Phase 
SNPs 

Group 
reads with 

phased 
SNPs 

Reconstruct 
haplotypes  

A 9 Mbp contig spanning through the MHC region of a diploid human genome 



“Unzipping Collapsed Paths” with SNP Information 
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SNPs SNPs SNPs SVs SVs 

SNPs 
SNPs SNPs 

SVs SVs 

Chaining together all kinds of variants to assemble haplotigs for a diploid genome 



When Everything is Perfect 
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Haplotype 0 

Haplotype 1 

Problem Solved!!  
(Only with perfect data and perhaps perfect “boring” genomes) 



Haplotype 0 

Haplotype 1 

Structure Variations Can Fragment Haplotype Blocks 
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Fused 



We Need to Combine the Graphs for Full Resolution 
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We Need to Combine the Graphs for Full Resolution 
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We Need to Combine the Graphs for Full Resolution 
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Remove “Crossing-Phase” Edges 
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Reconstructing Haplotigs with SV and SNPs 
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Arabidopsis Synthetic Diploid Genome For Algorithm 
Development 

•  Two inbred lines, CVI and Col-0, were sequenced separately about 1.5 
years ago with P5C3 chemistry 

•  In silico mixture of the two datasets to emulate a diploid genome at about 
80x coverage. 

•  Falcon assembly result:  
–  N50 = 2.50Mb, Total : 130 Mb (primary) 

–  Largest “fused contig” = 9.49 Mb 
•  High SV density: big SV every 80 kb 
•  High SNP density: SNP every 100 to 300 bp 
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CVI  

Col-0  

9.49 Mb Fused assembly graph 



Falcon Unzip Results 
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Fused 
Assembly 
Graph 

Add phased 
read  
information 

Remove  
“cross-haplotype” 
edges 

Check with the ground truth 
Blue: CVI 
Red: COL-0 

44 phased haplotigs: 
N50 = 831.9 kb, Total: 18.4 Mb (~ 2 x 9.49 Mb), Max 1.39 Mb  
No switch error observed 

9.49 Mb Fused assembly graph (7344 nodes, 8859 edges)  



HuRef MHC Region 
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9.21 Mb Haplotig Assembly Graph (3079 nodes, 3997 edges)  

Total  70 haplotigs 
Total size  14,918,026 bp 
N50 size  483,236 bp 

Example: 
Phased SVs across 150 kb 
HLA class II, HAL-DQA/B region  Haplotigs extended with SV 

information 



HuRef KIR Region 

20 

Total  74 haplotigs 
Total size  9,405,867 bp 
N50 size  254,502 bp 
 

The HuRef KIR gene cluster is within one contig (5.56 Mb, 2041 nodes, 2495 edges) 

Phased 
haplotigs 

(span through 
KIR2DL1 - 
KIR3DL2) 

Haplotigs discontinuity caused by local 
repeats. (Need improved algorithm) 



Assembly Graph vs. Diploid Genome vs. Segmental 
Duplication 
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SNPs 
SNPs SNPs 

SVs SVs 

Diploid Genome 

Segmental Duplication 

Similar String Graph 



Resolve Segmental Duplication In Human Genome 
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Genomics 88 (2006) 762–771 

Missing in NCBI35/NCBI36, Unlocalized in GRCh36, Finished in GRCh38 

A CHM13 Contig Assembly Graph  
(Mapped to GRCh38 chr16:70,811,384-71,168,671 and chr1:146,477,550-146,946,987)  

421 kb 

(In Discovar NA12878 Assembly, this region has 13 contigs and 12 gaps.) 

Falcon unzip 



BAC Assembly With Internal Repeats 
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Representation of Haplotype Information 
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Unphased contig + phased variant calls 

Phase-fused primary contig + ordered haplotigs 

Primary contig with phased sequence + alternative haplotigs 

haplotype block haplotype block 

haplotype block haplotype block 

Region of low density het-SNPs 



Future Outlook 
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We just see the tip of the iceberg…. 

Re-sequencing with short reads: 
 
Need a reference genome  
Mostly SNP information 

High contiguity assembly 
with continuous long reads: 
 
Resolve haplotype information de novo 
Detect all structural variations 
Better annotation 
Build graph genome model  
Enable comparative genomics  
   at chromosome scale and more 



For Research Use Only. Not for use in diagnostic procedures. Pacific Biosciences, the Pacific Biosciences logo, PacBio, SMRT, SMRTbell, and Iso-Seq 
are trademarks of Pacific Biosciences. BluePippin and SageELF are trademarks of Sage Science. NGS-go and NGSengine are trademarks of GenDx. All 
other trademarks are the sole property of their respective owners. 


