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The increased use of next generation sequencing has led to the generation of many genome assemblies;
however, they are often incomplete and not contiguous. While long-read technologies have improved assembly
contiguity, they are more expensive and still lack sufficient read length to resolve complex structures. Optical
mapping technologies have been used to scaffold and improve assemblies, but the inherent limitation on
resolution and precision limits utility, especially in combination with short-read data. To provide the necessary
long-range information while maintaining sufficient resolution to complement next generation sequencing
technologies, Nabsys has developed its HD-MappingTM platform to construct electronic whole genome maps. By
analyzing reads that are hundreds of kilobases in length, electronic detection preserves long-range information
while simultaneously achieving better than 300 bp single molecule resolution.
Consensus maps or de novo map assemblies, constructed from Nabsys data, accurately represent the

distances between tags affixed to single molecules. For a well-characterized microbial strain, we compare de
novo assembly consensus interval sizes to interval sizes determined from the reference sequence, showing Rsquared of better than 0.9999 (interval size ≥300 bp). Due to the stochastic nature of single-molecule false
negatives and false positives, the consensus contains 0 false positives and 0 false negatives, for intervals >500
bp.
Nabsys electronic single-molecule reads have been integrated with short-read data in a hybrid assembler to
improve assembly completeness. We will describe results from hybrid assembly of Nabsys HD maps and Illumina
short-read sequence data using the SPAdes assembler. We demonstrate that hybrid assembly of short-reads and
Nabsys electronic maps significantly improves the contiguity and quality of genome assemblies.
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Integrated hybrid assembly of HD maps and short-read data

In order to construct whole genome electronic maps, high
molecular weight genomic DNA is isolated from the cells or
tissue of choice. The high per-molecule information
content of Nabsys single-molecule reads allows for a
solution-phase DNA isolation procedure, producing DNA in
the 35-500 kb range, obviating the need for time
consuming gel plug isolation protocols.
Following
purification, the DNA is tagged in a sequence-specific
manner through an enzymatic nicking reaction. As single
molecules pass through the detector, the presence of the
DNA backbone and attached tags are sensed as changes
in the resistance of the detector. The resulting data indicate
the time between tag sites on each single-molecule DNA
backbone. The temporal events are then converted to
distance-based events where the distances between tags
(termed an “interval”) are reported in base-pairs.

Underlying data quality
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In order to produce high quality hybrid
assemblies, the scaffolding and
sequencing technologies should
produce information over length
scales that overlap. Nabsys singlemolecule reads provide accurate
structural information at well below
the diffraction limit thus facilitating
assembly of short-read data.
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Assembly of single-molecule reads highlights accuracy of electronic detection
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3-10 kb, are assembled into HD
maps. The resulting HD maps have consensus interval errors approximately 1/5th that of optical maps and are well
suited to inform a 2 x 150 bp Illumina assembly. The SPAdes assembler has been enhanced to make use of one
or more sets of Nabsys HD maps, each produced with a different sequence-specific nicking enzyme, to inform the
assembly of short-read data. During De Bruijn graph construction, HD maps are used to disambiguate graph
paths, join short-read contigs and resolve large-scale repeat structures. SPAdes Nabsys/Illumina hybrid assembly
is an integrated “push-button” solution, producing superior results to assemble-and-scaffold methodologies.
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Advantages of electronic detection:

•

Sample and buﬀer inlet ports

Long-range information
Detection region

•

Easy to multiplex without cross-talk

•

Highly scalable

•

High resolution

•

Low, stochastic single-molecule false-positive and false-negative rates

•

Electrophoretic and hydrodynamic control of access to detector

•

Highly sensitive detection enables tag detection during translocation

•

Wider range of useful DNA lengths as compared to optical methods

The accuracy of Nabsys single-molecule mapping is central to the effective use of
HD maps to inform short-read de novo assembly. To demonstrate the mapping
accuracy of the Nabsys platform, single-molecule data were collected for E. coli
MG1655 nicked with Nt.BspQI and mapped to the high quality reference. As
shown in the plot, there is a high degree of agreement between the expected
reference interval sizes and the consensus interval sizes generated through
Nabsys read mapping. The linear relationship observed (R2 = 0.9999) extended
down to intervals as small as 300 bp, well below the diffraction limit of optical
mapping approaches. De novo assembly of these data resulted in 3 maps that
spanned 99.4% of the reference with 0 false positives and 0 false negatives for
intervals >500 bp.
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SPAdes Nabsys/Illumina hybrid assembly of E. coli MG1655

Resolution of a large tandem repeat using hybrid assembly

Nabsys HD maps and Illumina short-read data were used to perform a hybrid assembly of E. coli MG1655. The data were
composed of 180-fold coverage Illumina 2 x 150 bp MiSeq reads1 and two Nabsys de novo assembled HD maps. The hybrid
assembler produced a single scaffold covering the entire genome. The figure below contrasts three different assembly
approaches, a SPAdes Illumina-only assembly, a scaffolded assembly produced by an assemble-and-scaffold approach using
Nabsys HD maps and Illumina contigs, and a SPAdes Nabsys/Illumina hybrid assembly. The Illumina only assembly generated a
large number of contigs with an N50 length of 126 kbp. Scaffolding the Illumina contigs on a Nabsys assembly generated two
scaffolds with the longest scaffold being just over 3.2 Mb in length. Utilizing Nabsys HD maps during, rather than after, short-read
assembly, resulted in longer contigs and more contiguous scaffolds. The Nabsys/Illumina hybrid assembly produced a single
scaffold covering 99.8% of the genome.

To demonstrate the utility of the SPAdes Nabsys/Illumina hybrid assembler for the characterization of large-scale structural
variation, the assembly of a well-characterized 113,260 bp tandem repeat sequence in E. coli K-12 DH10B was investigated.
A SPAdes assembly of Illumina 2 x 150 bp, 200-fold coverage MiSeq data1 from DH10B produced 219 contigs, with
N50=107,746 bp. The 113 kb tandem repeat was not resolved in the Illumina-only assembly and the average coverage for
the contigs spanning a repeat unit was ~2x the median read coverage, indicating the likely presence of a collapsed repeat.
However, since the assembly did not span the repeat junction, there was no indication as to the location or structure of the
repeat. In contrast, the SPAdes Nabsys/Illumina hybrid assembly, using a Nabsys de novo HD map and Illumina reads,
produced a scaffold that spans the tandem repeat region providing the necessary structural information to fully resolve the
tandem repeat and to guide the assembly of the short read data to cover the repeat junction.

Comparison of three genome assembly approaches for E. coli MG1655

Alignment of an Illumina assembly and a Nabsys/Illumina hybrid assembly to a tandem repeat in DH10B
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Hybrid assembly with a combination of short-read NGS data and Nabsys HD maps provides an integrated “pushbutton” method for generating highly contiguous scaffolds. The method provides longer sequence contigs, improved
scaffold contiguity, and the ability to resolve both small and large scale structural information as compared to alternative
approaches. Nabsys/Illumina hybrid assembly enables the use of low cost data for projects typically considered
intractable with short-read sequencing.

