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Genomic sequencing typically generates a large collection of unordered contigs or
scaffolds. Contig ordering (also known as gap closure) is a non-trivial algorith-
mic and experimental problem since even relatively simple-to-assemble bacterial
genomes typically result in large set of contigs. Neighboring contigs maybe sepa-
rated either by gaps in read coverage or by repeats. In the later case we say that the
contigs are separated by pseudogaps, and we emphasize the important difference
between gap closure and pseudogap closure. The existing gap closure approaches
do not distinguish between gaps and pseudogaps and treat them in the same way.
We describe a new fast strategy for closing pseudogaps (repeat resolution). Since
in highly repetitive genomes, the number of pseudogaps may exceed the number
of gaps by an order of magnitude, this approach provides a significant advantage
over the existing gap closure methods.

1 Introduction

Large scale sequencing projects always require a finishing phase, i.e., designing
and conducting additional experiments for closing gaps and establishing the
overall order of contigs. The design of such finishing experiments still requires
extensive human intervention using interactive tools, such as sequence editors
(Gordon et al., 1998 1). A typical DNA sequencing project generates a large
collection of unordered contigs or scaffolds. Ordering such contigs is a major
effort and often a bottleneck in sequence finishing. Contig ordering is usually
done by PCR experiments that correspond to the queries ”Are the contigs
A and B neighbors?” A naive approach to such ”The twenty questions game”
requires PCR experiments for every pair of contigs and is very time-consuming.
Sorokin et al., 1996,2 Tettelin et al., 1999, 3 and Beigel et al., 2001 * suggested
multiplex PCR approach that uses pooling strategy to ask more complicated
queries ”Given sets of contigs A and B, do they contain contigs A € A and
B € B that are neighbors?”.

Contig ordering is closely related to gap closure. Neighboring contigs
maybe separated either by gaps in read coverage or by repeats. In the later
case of repeat-induced gaps we say that the contigs are separated by pseu-
dogaps. For example, in the Neisseria meningitidis (NM) project (Parkhill
et al., 2000 %), Phrap generates 160 contigs, but only half of them are sepa-
rated by gaps, while the other half is separated by pseudogaps (Pevzner et al.,
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2001 %). The existing contig ordering algorithms do not distinguish between
gaps and pseudogaps and treat them in the same way. This approach is in-
efficient, since it ignores information available for pseudogaps, such as repeat
length and contig sequences adjacent to a particular repeat. Therefore, an
algorithm that employs a separate approach to resolving pseudogaps provides
a significant advantage over the existing gap closure methods. We describe a
new algorithm, EULER-PCR, that significantly reduces the number of finish-
ing experiments for repeat resolution. EULER-PCR software is available by
contacting Z.M.

2 Repeat graph

Long repeats present a problem in DNA sequencing since they often lead to
multiple solutions of the fragment assembly problem. Figure 1(a) illustrates
the “repeat problem” caused by perfect triple repeat that leads to two pos-
sible sequence assemblies. The classical “overlap-layout-consensus” approach
(Kececioglu and Myers, 1995 7) to the assembly problem is based on the no-
tion of the overlap graph (Fig. 1(b)). Every read corresponds to a vertex
in the overlap graph and two vertices are connected by an edge if the corre-
sponding reads overlap. The DNA sequence corresponds to a path traversing
the consecutive reads in this graphs. The fragment assembly problem is thus
cast as finding a path in the overlap graph visiting every vertex exactly once,
a Hamiltonian path problem. However, repeats complicate the overlap graph
since repeated regions create edges between non-consecutive reads. The Hamil-
tonian path problem is NP-complete and the efficient algorithms for solving
this problem in large graphs are unknown. This is the reason why fragment
assembly of highly repetitive genomes is a notoriously difficult problem. My-
ers et al., 20008 suggested to mask most of multi-copy repeats, thus breaking
the assembly into a large number of contigs. A better approach would be to
use the information about repeated regions and try to reduce the number of
contigs.

Pevzner et al. 2001, ° and Pevzner and Tang 2001 ¢ developed a new
fragment assembly algorithm (EULER) based on the Eulerian path approach.
Instead of masking repeats and breaking DNA sequence into a set of contigs,
EULER constructs a repeat graph, which represents the repeat structure better
than the overlap graph does. Given a DNA sequence, the repeat graph can
be visualized by glueing together all identical repeated regions (Fig.1(c)). One
can see that the repeat graph (Fig.1(c)) is a much simpler representation of
repeats than the overlap graph (Fig.1(b)).

To construct the repeat graph from the set of sequencing reads, EULER
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Figure 1: (a) DNA sequence with a triple repeat R and four unique segments A, B, C,
D. Due to the repeat R, the same set of sequencing reads (shown by short lines under
assembled DNAs) can be assembled either as ARBRCRD (upper assembly) and ARCR-
BRD (lower assembly), which differ by transposition of B and C. (b) Overlap graph for
“overlap-layout-consensus” approach. Two Hamiltonian paths, corresponding to two possi-
ble fragment assemblies, are shown by dashed (for ARBRCRD) and dotted (for ARCRBRD)
lines. (c) Repeat graph where three copies of the repeat R are “glued” into a single edge.
Every Eulerian path in this graph corresponds to a valid solution of the fragment assembly
problem. Two Eulerian paths, corresponding to two possible fragment assemblies, are shown
by dashed (for ARBRCRD) and dotted (for ARCRBRD) lines.






























