ously for many score choices. Such methods are reviewed by Waterman [198].

The FAST implementation is described by Lipman and Pearson [127]}, Pearson and
Lipman [155], and Pearson [153]. A thorough comparison between FASTA and pure dy-
namic programming was done by Pearson [154]. The BLAST program is described by
Altschul et al.[12]. The idea of using common windows that can be found very quickly
so that larger alignments can be built is a recurring theme. Among the various appli-
cations, we cite the work by Chao, Zhang, Ostell, and Miller [36] on local comparison
between extremely long sequences. mna also Chao and Miller [35] and Joseph, Meidanis,
and Tiwari [104].

A number of papers discuss the relationship between distance and similarity. The
standard transformation used in Section 3.6.1 was already considered by Smith, Water-
man, and Fitch [176]. The review chapter by Waterman [197] devotes a section to this
topic. An algorithm for alignments that allow space-space matches is given in [134].

The projections method for saving time in multiple alignment is due to Carrillo and
Lipman [32]. Altschul and Lipman [13] generalized it to star alignments. Star align-
ments were also considered by Gusfield [83], who proved performance guarantees with
respect to a sum-of-pairs distance measure. Gupta, Kececioglu, and Schéffer [81] de-
scribe their implementation of Carrillo and Lipman’s algorithm, known as the Multiple
Sequence Alignment (or MSA) program. Kececioglu [113] formalized the notion of “a
multiple alignment that is as close as possible to a set of pairwise alignments,” calling
it the maximum weight trace problem. He proved the problem NP-hard and presented a
branch-and-bound algorithm. See also [137] for an alternative, heuristic method for se-
quence alignment based on the notion of trace. The NP-hardness of the multiple align-
ment with SP measure problem and the tree alignment problem were shown by Wang and
Jiang [193]. The exponential-time algorithm for tree alignment is due to Sankoff {166].
Approximation algorithms for distance-based tree alignment were described by Wang
and Gusfield [192], who improved on an earlier result by Jiang, Lawler, and Wang [102].
Some heuristics for multiple alignment must solve the problem of aligning alignments.
Two references on this topic are Miller [139] and Gotoh [77]. For a survey on multiple-
sequence comparison methods see Chan, Wong, and Chiu [33].

Because certified methods for finding the best alignments are in practice sometimes
prohibitively slow, the use of parallel computers is often regarded as a way of speeding
up the process. One such attempt is described by Jones et al: [103].

Suffix trees and many other algorithms for strings are described in the book by Cro-
chemore and Rytter [39] and in the book by Stephen [180]. Suffix arrays appeared in a
paper by Manber and Myers [130]. The application of suffix trees to the primer selection
problem and to the palindrome problem cited in Section 3.6.3 were given in a talk by
Dan Gusfield. Gusfield is preparing a new book that will describe in depth many string
algorithms and their applications in computational biology [85].

AR

FRAGMENT ASSEMBLY OF DNA

In Chapter 1 we saw the biological aspects of DNA sequencing.
In this chapter we discuss the computational task involved in se-
quencing, which is called fragment assembly. The motivation for
this problem comes from the fact that with current technology it is
impossible to sequence directly contiguous stretches of more than
afew hundred bases. On the other hand, there is technology to cut
random pieces of a long DNA molecule and to produce enough
copies of the pieces to sequence. Thus, a typical approach to se-
quencing long DNA molecules is to sample and then sequence
fragments from them. However, this leaves us with the problem
of assembling the pieces, which is the problem we study in this
chapter. We present formal models for the problem and algorithms
for its solution.

—

BIOLOGICAL BACKGROUND

o sequence a DNA molecule is to obtain the string of bases that it contains. In large-
:scale DNA sequencing we have a long target DNA molecude (thousands of bp) that we
vant to sequence. We may think of this problem as a puzzle in which we are given a
uble row of cards facing the table, as in Figure 4.1. We do not know which letter from
e set {A, C, G, T} is written on each card, but we do know that cards in the same po-
ion of opposite strands form a complementary pair. Our goal is to obtain the letters
Sing certain hints, which are (approximate) substrings of the rows. The long sequence
itorreconstruct is called the target.

, In the biological problem, we know the length of the target sequence approximately,
vithin 10% or so. It is impossible to sequence the whole molecule directly. However, we
nay instead get a piece of the molecule starting at a random position in one of the strands
nd sequence it in the canonical (5" — 3’) direction for a certain length. Each such se-
uence is called a fragment. It corresponds to a substring of one of the strands of the
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