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     Long-range information is able to reveal structural differences between Bordetella pertussis strains. Long 
read sequence information has recently shown utility in identifying structural heterogeneity in strains isolated 
from a single outbreak. We demonstrate that high density physical maps assembled from single-molecule 
data also enable the differentiation of closely related strains and are able to delineate genomic 
rearrangements.
     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. The major advantages of electronic sensing over optical methods are 
higher sensitivity, accuracy, scalability, and speed of detection. Single-molecule events translocate through 

the detector at velocities above 1 megabase pair per second. By analyzing reads that are hundreds of 
kilobases in length, electronic detection preserves long-range information while simultaneously achieving 
unparalleled resolution and accuracy. Single-molecule reads have high resolution and low false-negative 
and false-positive error rates resulting in high information content per read. 
      Electronic detection results in the resolution of small intervals. The high information density resulting 
from electronic detection enables standard DNA isolation methods to be used. Maps of Bordetella pertussis 
strains having much tighter probe spacing than available by optical methods have been assembled from 
data obtained on genomic DNA isolated by solution based procedures. Examples of high density 
assembled maps using several recognition sequences will be shown.  
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DNA is isolated using 
commercially available kits 
and tagged with minimal 
hands-on time.

Detectors manufactured at wafer 
scale are mounted.

DNA is electrophoresed through the detector and 
probes are detected on single molecules while 
molecules transit the detector at a velocity of > 1 
Mbp/s.

Single-molecule events are mapped and used in 
application-specific analyses.

Mounted chips are inserted into 
the instrument and sample is 
introduced by pipette.
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     In order to construct whole genome electronic maps, high molecular weight 
genomic 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 probes are sensed as changes in the 
resistance of the detector. The resulting data indicate the time between probe 
sites on each single molecule DNA backbone. The temporal events are 
converted to distance-based events where the distance between probes is 
reported in base-pairs.
     Here we utilize the Nabsys HD-Mapping platform to generate de novo 
assembled maps for characterization of structural differences between highly 
related outbreak strains of B. pertussis. Due to the high resolution of electronic 
detection, multiple nicking approaches were possible for analysis of the B. 
pertussis genomes. These include Nt.BspQI, with an average interval size of 
10.2 kb and Nt.Bpu10I, with an average interval size of 3.2 kb.  The latter is too
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Advantages of Nabsys electronic detection:

•  Long-range information

•  Easy to multiplex without cross-talk

•  Highly scalable

•  High resolution, direct detection of 300 bp intervals

•  Single-molecule false-positive and false-negative rate is low

•  Electrophoretic and hydrodynamic control of access to detector

•  Highly sensitive detection enables probe detection during translocation

•  Wider range of useful DNA lengths as compared to optical methods
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Strain I656 I480 I476 I521
E476 0.71 0.70 0.70 0.70
C393 0.77 0.76 0.75 0.76
H375 0.81 0.79 0.78 0.80
H489 0.92 0.91 0.90 0.88
H379 0.94 0.92 0.90 0.90
H380 0.95 0.92 0.91 0.90
H627 0.97 0.98 0.96 0.95
H378 0.95 0.94 0.93 0.91
H559 0.96 0.94 0.93 0.91
H542 0.95 0.94 0.92 0.91
I472 0.95 0.92 0.92 0.90
I656 1.00 0.96 0.94 0.92
I646 0.96 0.93 0.91 0.90
I707 0.94 0.93 0.91 0.90
I498 0.96 0.94 0.93 0.91
I480 0.97 1.00 0.95 0.94
I476 0.94 0.94 1.00 0.99
I496 0.93 0.93 0.99 0.98
I521 0.93 0.93 0.99 1.00
I483 0.94 0.94 0.99 0.99
H518 0.96 0.94 0.91 0.91
I669 0.95 0.93 0.92 0.90
H563 0.93 0.92 0.90 0.89
H788 0.93 0.91 0.90 0.88
I469 0.95 0.92 0.92 0.90
H561 0.91 0.89 0.88 0.87
H374 0.97 0.95 0.93 0.92
H564 0.95 0.92 0.91 0.90
I468 0.96 0.93 0.91 0.91
I539 0.97 0.95 0.93 0.92
I538 0.97 0.95 0.93 0.92
H622 0.97 0.98 0.96 0.95

Accuracy of de novo assembled maps of B. pertussis genomes Structural variant detection and identification of related B. pertussis strains
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dense for optical mapping approaches which would miss >35% of intervals due to resolution limitations.  The ability of Nabsys HD-Mapping to utilize this 
frequently nicking enzyme results in dense, highly complete maps with excellent contiguity and ability to finely resolve structural differences between closely 
related strains.  In addition, the high per-molecule information content allows for a solution-phase DNA isolation procedure, producing DNA in the 50-300 kb 
range, obviating the need for time consuming gel plug isolation protocols. 	  

Strain # of Contigs
% of Reference 

Genome 
Spanned

H787 5 99.97
I110 5 99.91
I344 5 99.70
I476 4 99.94
I480 5 99.93
I521 4 99.86
I656 5 99.84
J012 5 99.87
J016 4 99.94
J152 3 96.74
J206 4 99.90

Phylogenetic tree of B. pertussis from two epidemics (Vermont, red and California, blue; 
vaccine strains in black) constructed from the alignment of 408 variable sites. 

Bowden et al. 2016. ASM mSphere. 1:e00036-00016. 

Multilocus epidemic strain phylogenetic tree

Summary of assemblies

Nabsys assembly interval size accuracy 

Alignment of Nabsys strain I521 assembly with strain I521 reference Alignment of Nabsys strain I521 assembly with references of related strains
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An important source of variation between B. pertussis 
strains occurs at the structural level. The density of Nabsys
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De novo assembled maps were generated for 11 pathogenic strains of B. pertussis comprising 3-5 contigs per 
map, each covering >96% of their respective reference map (see table below). The alignment of contigs with their 
strain-specific reference shows a high degree of agreement as illustrated with strain I521 above. Coverage maps of 
each of the contigs are shown below the alignment.  

The accuracy of the assembled maps was evaluated by comparing the consensus interval sizes to the interval sizes 
determined from the reference sequence. The analysis is shown for strain I521 above. There is excellent agreement 
between the reference and assembly as indicated by the tight linear fit of the data. Importantly, this fit extends down 
to intervals in the 300 bp range, well below the optical diffraction limit of ~1500 bp (see inset).

Conclusions

Analysis by Bowden et al. of 408 variable sites reveals the relationships between 35 highly related epidemic 
strains. Of the 12 samples tested by Nabsys, 4 are present in this phylogenetic tree. Despite the high similarity of 
the 4 strains, data from HD-Mapping can be used to correctly determine the relationship between the strains.  In 
each case, the highest proportion of reads map to the appropriate reference. Mapping to related references 
results in a reduction of the number of reads that map as a function of their genetic distance enabling strain 
identification.

electronic maps allows for high resolution structural characterization of strains which can differ from each other 
either at a single site (see top alignment) or involve multiple variation events and types (see lower alignment).  

The generation of dense, highly accurate whole genome electronic maps of pathogenic strains such as B. pertussis 
enables a level of structural analysis unavailable by existing sequencing and mapping technologies. The precision 
and accuracy of Nabsys HD-Mapping simultaneously allows for distinction between highly related strains and a 
clear understanding of the nature of structural variation that can modulate virulence and vaccine avoidance 
characteristics of pathogenic bacterial strains.  

We would like to thank Margaret Williams, PhD (Centers for Disease Control and Prevention, Atlanta, GA) for 
providing DNA samples and strain reference sequence files.      
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