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The restriction mapping of a massive number of individual DNA
molecules by optical mapping enables assembly of physical maps
spanning mammalian and plant genomes; however, not through
computational means permitting completely de novo assembly.
Existing algorithms are not practical for genomes larger than lower
eukaryotes due to their high time and space complexity. In many
ways, sequence assembly parallels map assembly, so that the
overlap-layout-consensus strategy, recently shown effective in
assembling very large genomes in feasible time, sheds new light on
solving map construction issues associated with single molecule
substrates. Accordingly, we report an adaptation of this approach
as the formal basis for de novo optical map assembly and demon-
strate its computational feasibility for assembly of very large
genomes. As such, we discuss assembly results for a series of
genomes: human, plant, lower eukaryote and bacterial. Unlike
sequence assembly, the optical map assembly problem is actually
more complex because restriction maps from single molecules are
constructed, manifesting errors stemming from: missing cuts, false
cuts, and high variance of estimated fragment sizes; chimeric maps
resulting from artifactually merged molecules; and true overlap
scores that are “in the noise” or “slightly above the noise.” We
address these problems, fundamental to many single molecule
measurements, by an effective error correction method using
global overlap information to eliminate spurious overlaps and
chimeric maps that are otherwise difficult to identify.

whole-genome shotgun optical mapping | map assembler

he optical mapping system developed by Schwartz and col-

leagues (1, 2) constructs genome-wide ordered restriction maps
through assembly of individual DNA molecules (genomic) cleaved
by a restriction enzyme. Cleavage events on single DNA molecules
are imaged by fully automated fluorescence microscopy as visible
gaps (=1 um) on elongated DNA molecules. The combination of
a charged glass surface and fluid flow guided by a microfluidic
device (3) simultaneously elongates and deposits DNA random
chains as well defined stripes within the device. Because a critical
density of charge is maintained on these surfaces, absorbed and
elongated molecules under tension uniquely “flag” restriction
enzyme cleavage sites as visible gaps formed due to relaxation of
adjacent DNA. The distance, or mass of each consecutive restric-
tion fragment is determined by integrated fluorescence intensity
measurements against an internal standard. Collectively, these
actions produce oriented, labeled molecules that work in concert
with downstream image processing, yielding a massive set of
restriction maps as relatively compact data files. Due to the
enormous throughput of this system, a genome is redundantly
spanned by individual restriction maps supporting “shotgun” as-
sembly techniques for whole genome analysis. However, genome
assembly is inherently complicated by the fact that measurements
are made on random individual DNA molecules, which cannot
benefit from averaging steps intrinsic to bulk measurement tech-
niques used by common DNA sequencing platforms; no amplifi-
cation step is used during optical mapping. This finding places
another level of complexity within the genome assembly step, where
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further error reduction must be must be performed after acquisi-
tion. Such errors are characterized as: (i) spurious, or false restric-
tion sites, (if) partial digestion, or missing cuts (where restriction
sites are not observed in optical maps), (iif) small fragments (<2 kb)
are underrepresented in maps, (iv) sizing error, and (v) chimeric
maps that result from images of ambiguously overlapping DNA
molecules.

Ordered restriction maps reveal structural detail across a genome
in ways that are only surpassed by DNA sequence data, and recent
findings show prevalent structural variations in human populations
(4, 5) with many loci linked to diseases. Also, cancer genomes are
notoriously rife with aneuploidy and structural aberrations fostered
by unchecked genomic instability, which when fully characterized at
high-resolution present new routes for diagnostics (6) and treat-
ment. Our current techniques for discovery of structural alterations
are somewhat bound by the limitations imposed by DNA hybrid-
ization or cost (sequencing). For example, genomic microarrays do
reveal deletions (7), but are confounded by common genomic
repeats and cannot discern inversions (8). Furthermore, insertions
and other genomic events not represented on a chip array cannot
be assayed and go undiscovered. As such, ordered restriction maps
broadly reveal genome structural events potentiating their discov-
ery and physical characterization in one step. Accordingly, the
scalable de novo assembly approach presented here will greatly
facilitate the construction of physical maps for this emerging field
of human and tumor biology.

Prior Optical Mapping Algorithms

The optical map assembly problem proved to be a challenging task
because optical mapping employs measurements performed on
individual molecules. Several research groups have worked on
restriction map reconstruction algorithms (9-12).

Some formulations of this problem were demonstrated to be
NP-hard (12), whereas others allowed polynomial time algorithms
(11). These algorithms were designed for reconstruction of short
restriction maps using cloned DNA substrates. These methods
produced accurate consensus restriction maps but could not be
applied to “shotgun” optical mapping data, which is most typical
form of data in current optical mapping system. In “shotgun”
optical mapping, maps of DNA molecules are produced by random
shearing of genomic DNA. This implies that optical maps represent
random parts of genome rather than identical DNA molecules.

Ananthraman et al. designed a Bayesian method that could
accommodate shotgun optical mapping data by searching over a
large space of order assignments, but their algorithm had deficien-
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Table 1. Summary of de novo assemblies for several organisms

Contigs
Average Contig aligned

genomic  No. of Overlap Layout- Refinement yield % of to ref.

Genome fragments optical Over-  calculation, consensus  calculation, Overlap (mass, genome (mass,

Genome size, Mb Enzyme size, kb maps  sampling h calculation, h h yield Mb) covered Mb)
Y. pestis 4.6 Xhol 17.3 251 49x 0.1 0.01 0.1 691 1(4.8) 100 1(4.8)
E. coli 4.6 Xhol 26 6,750 708x 31 1 1 184,522 1(4.6) 100 1(4.6)
T. pseudonana 34.5 Nhel 9.8 34,460 435% 2,400 1 6 254,978 46 (38) 100 18 (6.4)
0. sativa 430 Nhel 11.8 260 X 103 268X 96 x 103 1.2 1 8 X 106 307 (236) 52 288 (225)
Human CHM 3,200 Swal 13.5 213 X 103 30% 57 X 103 1 2 12 X 108 219 (150) 46  171(109)

cies in terms of scalability to large genomes." Consequently, appli-
cation of this algorithm to genome assemblies more complex than
bacteria required additional extensive ad hoc approaches.

As such, there is a need for new algorithms that are specifically
designed for handling many computational issues inherent to the
assembly of large genomes, such as plant and mammalian. Here, we
approach optical map assembly problem by using an approach that
is quite different from existing restriction map reconstruction
algorithms. Our method utilizes an overlap-layout—consensus strat-
egy commonly used in existing DNA sequence assemblers because
it proved to be practical even for assembling sequence reads from
very large genomes. As a key step of our assembly method, we use
a highly efficient error correction method to eliminate false positive
overlaps and chimeric maps that otherwise render assembly prob-
lem highly ambiguous.

DNA Sequence Assemblers

Most existing DNA assembly methods use a three-step computa-
tional framework termed overlap—layout—consensus. In this frame-
work, sequence read connectivity is established by the overlap step;
then local and global connectivity is combined into assembly contigs
and scaffolds and their relative order/orientation is assigned in the
layout step; finally, finished sequence contigs are computed in the
consensus step. Such an approach is used in the Celera assembler
(13), CAP (14), and ARACHNE (15). All of these assemblers also
incorporate a number of sophisticated error correction techniques
to ensure high accuracy of the finished sequence. Alternative
sequence assembly tools such as Euler (16) rely heavily on tuple
matches underlying multiple sequence alignment and infer the
consensus sequence from the tuple graph.

An Optical Map Assembly Method

Here, we describe an algorithm for the whole-genome de novo
assembly of optical maps. The general idea behind the method is to
represent significant overlaps of optical maps as a connectivity
graph and then apply a three-type error correction method to
eliminate errors ubiquitous in that overlap graph. Components of
the graph corresponding to genomic regions represented by con-
nected optical maps are explored to construct a draft consensus
map with approximate positions of most restriction sites. We then
employ a refinement procedure to correct draft map inaccuracies
and report a consensus restriction map. To our knowledge, this is
the first whole-genome map assembly tool with feasible computa-
tional complexity and space requirement. Here we report on the
details of the method as well as some assemblies. To date, we have
performed assembly of several bacterial genomes (=5 Mb), one
microbial genome (34.5 Mb), one plant genome (430 Mb), and one
human genome. Comparison of the two bacterial maps produced by
our map assembly method to the known DNA sequences confirms
the high accuracy of our method. The overlap structure that we
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employ for representation of region connectivity is capable of
accommodating assemblies from polymorphic genomic regions
such as those found in diploid organisms and populations of tumor
cells with highly aberrant genomes.

Optical Mapping Measurements

Typically, we use restriction enzymes with a 6-bp cognate recog-
nition sequence or, for mammalian genomes, enzymes that are CpG
methylation insensitive. Each optical map is represented by an array
of fragment sizes in the order they are determined on a given
molecule. Individual optical maps range from 350 kb to 4 Mb in
total size, typically bearing 30 restriction fragments. About 20% of
restriction sites are not observed in a given optical map due to
imperfect digestion. Also, about three false cuts per 1 Mb of DNA
are usually present at random positions. Most fragments <500 bp
are not observed in our data, and fragments under 2 kb are
generally underrepresented. Sizes of restriction fragments X typi-
cally have normal distribution (X =~ N(Y, oY) for 6> = 0.3), where
Y represents the true genomic size of corresponding region of DNA
(17). This finding implies, for example, that for a 20-kb DNA
fragment, 80% of the measurements are within 3.3 kb of 20 kb.

Results

We evaluated the capabilities of our optical map assembly method,
by performing unsupervised de novo assembly of several genomes
using experimental results from a series organisms of increasing
genomic complexity and size (Table 1).

Our first map assembly attempts focused on small bacterial
genomes, Yersinia pestis strain KIM genome and Escherichia coli
(strain K12), with results closely compared with their reference
maps (in silico maps). The reference map was obtained by the
restriction digestion, in silico, of the published sequence (18, 19)
with the same enzyme used for optical map construction (20).
Looking at Table 1, the first step of calculating all pairwise overlaps
is the most computationally intensive of all, quadratic in the number
of optical maps and requiring extensive computer resources. How-
ever, subsequent steps, layout, consensus, and refinement, are fast,
requiring no more than 60 min on a single 3-GHz desktop com-
puter. We assessed the quality of the draft and refined consensus
maps by their alignments to corresponding DNA sequence for
tabulation of errors consisting of missing fragments, false, or
missing restriction sites, and restriction fragment size discrepancy.
For Y. pestis, the draft assembly contained 30 missing and 12 false
cuts, which after the refinement step (using the entire optical map
data set) reduced to only one missing cut and no false cuts. Also,
only six small restriction fragments (<2 kb) were missing after the
refinement, reflecting their known underrepresentation in optical
maps (21). The E. coli strain K12 assembly benefited from a large
number of optical maps (6,750), yielding 184,522 accurate overlaps
that were combined in the overlap graph producing a draft map
spanning the entire genome. After the refinement, the final assem-
bly contained 4,352 maps (=500X coverage), and map to sequence
alignments showed no false or missing cuts and only seven very
small, missing restriction fragments (0.1-0.7 kb).
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