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	2009		Parallel	DBG	assembler	
						�	MPI	to	aggregate	memory	
							�	Assembled	20	Gb	spruce	genome	
		

	
	2017		Bloom	filter	representa+on	

	 	�	1/10th	RAM	
	�	Large	genomes,	single	computer	
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h;ps://github.com/bcgsc/abyss	
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IGV	screenshot:	Tigmint	breakpoint	in	human	genome	NA24143	
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o  Scaffolder	 	 	 	order	&	orient	sequences	
o  k-mer	based 	 	 	no	alignments,	error	tolerant	=	no	error	correcEons	
o  Vast	k-mer	space 	 	no	fragment	length	limitaEons	
o  Versa+le 	 	 	 	long-reads,	draH	sequences,	MPET	
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LINKS: Scalable, alignment-free scaffolding
of draft genomes with long reads
René L. Warren*, Chen Yang, Benjamin P. Vandervalk, Bahar Behsaz, Albert Lagman, Steven J. M. Jones
and Inanç Birol

Abstract

Background: Owing to the complexity of the assembly problem, we do not yet have complete genome sequences.
The difficulty in assembling reads into finished genomes is exacerbated by sequence repeats and the inability of short
reads to capture sufficient genomic information to resolve those problematic regions. In this regard, established and
emerging long read technologies show great promise, but their current associated higher error rates typically require
computational base correction and/or additional bioinformatics pre-processing before they can be of value.

Results: We present LINKS, the Long Interval Nucleotide K-mer Scaffolder algorithm, a method that makes use of the
sequence properties of nanopore sequence data and other error-containing sequence data, to scaffold high-quality
genome assemblies, without the need for read alignment or base correction. Here, we show how the contiguity of an
ABySS Escherichia coli K-12 genome assembly can be increased greater than five-fold by the use of beta-released
Oxford Nanopore Technologies Ltd. long reads and how LINKS leverages long-range information in Saccharomyces
cerevisiae W303 nanopore reads to yield assemblies whose resulting contiguity and correctness are on par with or
better than that of competing applications. We also present the re-scaffolding of the colossal white spruce (Picea
glauca) draft assembly (PG29, 20 Gbp) and demonstrate how LINKS scales to larger genomes.

Conclusions: This study highlights the present utility of nanopore reads for genome scaffolding in spite of their current
limitations, which are expected to diminish as the nanopore sequencing technology advances. We expect LINKS to
have broad utility in harnessing the potential of long reads in connecting high-quality sequences of small and large
genome assembly drafts.

Keywords: Nanopore sequencing, Scaffolding, Genome assembly, Next-generation sequencing, LINKS

Background
Long-read sequencing technology has rapidly matured
over the past few years, and the benefit of long reads for
genome assembly is indisputable [1]. Recently, groups
have shown that de novo assembly of error-rich long
reads into complete bacterial genomes is possible [2–4].
Portable long read sequencing technology is at our door-
step, thanks to leaps in microfluidics, electronics and
nanopore technologies [5]. Expected to be a strong con-
tender in the kilobase-long read domain, Oxford Nanopore
Technologies Ltd (ONT, Oxford, UK) offers a mini-
ature molecule “sensor” that is currently in a limited
early access beta-testing phase through the MinION™

Access Programme (MAP). At present, raw uncorrected
sequence reads generated by the instrument have limited
utility for de novo assembly of genomes, which is mostly
due to their associated high base errors and indels rates
[6]. Recently, Quick and colleagues [6] publicly released
ONT E. coli long reads as part of the MAP. Although their
assessment identified some of the shortcomings of the
current technology, it also highlighted its great potential,
including a low-cost throughput and kilobase-long reads.
As with any sequencing platform, the ONT data have

a unique pattern of correct base calls, mismatches and
insertions/deletions (indels). The publicly available data-
sets utilize the R7 and R7.3 chemistry of the vendor. We
observed that under both chemistries, the statistical
properties of mismatches and indels follow common
profiles, which can be described by mixture models.
When we fit the R7 and R7.3 chemistry datasets to these
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Long	sequences	(eg.	DraG,	Moleculo,	PacBio,	Nanopore)		

Anchoring	edge	sequence	alignment	
• 	min.	length	
• 	%	idenEty	threshold	

N	

Scaffolding	and	gap-filling	with	long	reads	
Uses	LINKS	scaffolding	algorithm	

DraG	genome	

2016 

Gaps	filled	with	bases	from	sequences	with	strongest	draG	agreement	

Cobbler	

RAILS	

h;ps://github.com/bcgsc/rails	



Gap	filling	with	short	reads	

Closing	gaps	within	the	20	Gbp	draG	
white	spruce	genome	assembly	

*4.5B	Illumina	MiSeq/HiSeq2000	reads	
Peak	memory:	44	GB	RAM	
Run	Eme:	27h	
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Konnector v2.0: pseudo-long reads from
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Abstract

Background: Reading the nucleotides from two ends of a DNA fragment is called paired-end tag (PET)
sequencing. When the fragment length is longer than the combined read length, there remains a gap of
unsequenced nucleotides between read pairs. If the target in such experiments is sequenced at a level to provide
redundant coverage, it may be possible to bridge these gaps using bioinformatics methods. Konnector is a local de
novo assembly tool that addresses this problem. Here we report on version 2.0 of our tool.

Results: Konnector uses a probabilistic and memory-efficient data structure called Bloom filter to represent a k-mer
spectrum - all possible sequences of length k in an input file, such as the collection of reads in a PET sequencing
experiment. It performs look-ups to this data structure to construct an implicit de Bruijn graph, which describes
(k-1) base pair overlaps between adjacent k-mers. It traverses this graph to bridge the gap between a given pair of
flanking sequences.

Conclusions: Here we report the performance of Konnector v2.0 on simulated and experimental datasets, and
compare it against other tools with similar functionality. We note that, representing k-mers with 1.5 bytes of
memory on average, Konnector can scale to very large genomes. With our parallel implementation, it can also
process over a billion bases on commodity hardware.

Background
If genomes were composed of random sequences, a
sequence of length L would be specific enough to
describe a locus on a genome of length G when 4L>>G.
For instance, a typical HiSeq 4000 sequencer (Illumina,
San Diego, CA) generates 150 base pair (bp) reads, for
which 4L would be more than 80 orders of magnitude
larger than the human genome. But, of course, genomes
are not random sequences; they have structure, other-
wise, we would not be here to write this paper, nor
would you be there to read it.
Long read lengths are desirable to reveal structures in

genomes of interest. While sequencing technologies
from Pacific Biosciences (Menlo Park, CA) and Oxford
Nanopore Technologies (Oxford, UK) can generate

reads that are several kilo bases (kb) long, their low
throughput and high error make them challenging to
use in experiments that interrogate large targets.
Many experimental designs with short sequencing data

use a paired-end tag (PET) sequencing strategy, where
short sequences are determined from both ends of a
DNA fragment. These PET sequences are then associated
in downstream analysis to resolve structures as long as
fragment lengths. Typically, these fragments are less than
1 kb, and ideally have unimodal length distributions. To
resolve even longer structures, there are specialized
library preparation protocols, such as Nextera and Mole-
culo from Illumina and GemCode from 10X Genomics
(Pleasanton, CA).
In this study, we focus on the PET reads. We describe

Konnector v2.0, a tool that uses the coverage redundancy
in a high-throughput sequencing experiment to recon-
struct fragment sequences (pseudo-reads). Optionally, it
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Sealer: a scalable gap-closing application for
finishing draft genomes
Daniel Paulino1†, René L. Warren1†, Benjamin P. Vandervalk1, Anthony Raymond1, Shaun D. Jackman1

and Inanç Birol1,2*

Abstract

Background: While next-generation sequencing technologies have made sequencing genomes faster and more
affordable, deciphering the complete genome sequence of an organism remains a significant bioinformatics challenge,
especially for large genomes. Low sequence coverage, repetitive elements and short read length make de novo
genome assembly difficult, often resulting in sequence and/or fragment “gaps” – uncharacterized nucleotide (N)
stretches of unknown or estimated lengths. Some of these gaps can be closed by re-processing latent information in
the raw reads. Even though there are several tools for closing gaps, they do not easily scale up to processing billion
base pair genomes.

Results: Here we describe Sealer, a tool designed to close gaps within assembly scaffolds by navigating de Bruijn
graphs represented by space-efficient Bloom filter data structures. We demonstrate how it scales to successfully close
50.8 % and 13.8 % of gaps in human (3 Gbp) and white spruce (20 Gbp) draft assemblies in under 30 and 27 h,
respectively – a feat that is not possible with other leading tools with the breadth of data used in our study.

Conclusion: Sealer is an automated finishing application that uses the succinct Bloom filter representation of a de
Bruijn graph to close gaps in draft assemblies, including that of very large genomes. We expect Sealer to have broad
utility for finishing genomes across the tree of life, from bacterial genomes to large plant genomes and beyond. Sealer
is available for download at https://github.com/bcgsc/abyss/tree/sealer-release.

Keywords: Gap closing, Genome finishing, Sealer, Next-generation sequencing, Bloom filters

Background
De novo assembly using next-generation sequencing
short read sequences have been successful in producing
draft genome sequences [1]. However, complete and
fully automated assembly of genomes remains elusive,
especially for prohibitively sized genomes such as hu-
man. Problems generally reside in areas of low-coverage
or highly repetitive sequences. Even in cases where the
overall long-range sequence structure can be disambigu-
ated, on shorter scales there may be ambiguous or un-
determined bases, producing regions of Ns or “gaps” in
assembly scaffolds. The need for gap closure is made
more evident for large (in giga-base pair, Gbp, range)

genomes, such as in H. sapiens, where there are higher
occurrences of complex genomic features. In fact, as the
cost of DNA sequencing decreases faster than the cost
of computer hardware, more raw sequencing data will
be generated while computational resources will remain
mostly the same [2]. Thus it is critical to develop tools
that can scale up to these large datasets while using min-
imal computing resources. Projects such as the 1000
Genomes Project [3], The Cancer Genome Atlas [http://
cancergenome.nih.gov/], and clinical uses of whole-
genome sequencing [4] highlight the trend of processing
Gbp-scale datasets.
Even though these projects are about re-sequencing

human genomes and transcriptomes, it was demon-
strated that de novo assembly of the raw reads provides
valuable information on structural variations [5–8]. Thus
these initiatives would benefit from a gap-closing tool
that can improve the quality of human draft assemblies,
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Fast	genome	polishing	with	short	reads		
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�	Human	and	spruce	genomes	in	4	and	25	minutes	
�	Fix	frameshiG	errors	in	nanopore/pacbio	assemblies	
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