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a b s t r a c t

Sequence alignment is one of the fundamental problems in computational biology and has numerous
applications. The SmitheWaterman algorithm generates optimal local alignment for pairwise alignment
task and has become a standard algorithm in its field. However, the current version of the Smith
eWaterman algorithm demands a significant amount of memory and is not suitable for alignment of
very long sequences. On the hand, the recent DNA sequencing technologies have produced vast amounts
of biological sequences. Some nucleic acid sequences are very long and cannot employ the Smith
eWaterman algorithm. To this end, this study proposes the PAAVLS algorithm that follows the dy-
namic programming technique employed by the SmitheWaterman algorithm and largely reduces the
demand of memory. The proposed PAAVLS algorithm can be employed for alignment of very long se-
quences, i.e., sequences contain more than 100,000,000 nucleotides, on a personal computer. Addi-
tionally, the running time of the proposed PAAVLS algorithm is comparable with the running time of the
standard SmitheWaterman algorithm.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

To date, vast amounts of biological sequence data have been
produced by recent DNA sequencing technologies [1]. However, the
computational algorithms/programs for the analysis of sequence
data are not sufficiently efficient when compared with the
magnitude of the sequence data. Currently, sequence alignment is
still the cornerstone in biological sequence analysis. In the area of
sequence alignment, there are three fundamental problems. First,
for a pair of sequences, how to measure the similarity between the
two sequences and how to calculate the optimal alignment solu-
tion. Second, for a given sequence, how to identify all similar se-
quences in a sequence database. Third, for a number of sequences
(more than 2), how to calculate the optimal multiple sequence
alignment solution. For the first problem, a number of dynamic
programming algorithms are developed [2]. For instance, the
Needlemane Wunsch algorithm generates global and optimal
alignment solution for a pair of sequences [3]. On the other hand,
the SmitheWaterman algorithm identifies the most similar local
regions between two sequences [4]. Both algorithms are imple-
mented in the EMBOSS sequence alignment package [5,6]. For the
second problem, the BLAST and FASTA programs are developed and

they have very good performance in identification of similar se-
quences in a sequence database [7,8]. Since these programs
perform database search and consume a significant amount of time,
they concern more about computational efficiency than alignment
accuracy. These algorithms usually employ some heuristic tech-
niques, i.e., the k-tuple methods, to reduce the time complexity. The
deficiency of these algorithms is that they do not guarantee to
produce an optimal alignment solution. For the third problem, the
dynamic programming method employed by pairwise sequence
alignment cannot be directly extended to multiple sequence
alignment, since it involves the calculation of an n-dimensional
matrix, resulting in an exponential time and space complexity. To
this end, a number of progressive alignment methods by incorpo-
rating information from all pairwise alignment results into the
objective function are proposed [9e14].

Though SmitheWaterman algorithm generates optimal solution
for pairwise alignment tasks, it demands a significant amount of
memory and cannot be used for alignment of very long sequences.
The concept of scoring matrix is the core ideal of dynamic
programming-based algorithms, including the SmitheWaterman
algorithm. This matrix is indispensable in the trace back step in
recursively identifying the best local alignment. The size of the
matrix is m� n, where m and n are the lengths of the two aligned
sequences. It is known that some long non-coding RNAs (lncRNAs)
can be very long and contain more than 100,000 nucleotides. When
a pairwise alignment is performed between two long RNA
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sequences which both contain more than 100,000 nucleotides, the
SmitheWaterman algorithm creates a scoring matrix containing
more than 100,000*100,000 elements, which may overflow the
memory of a computer. If the aligned sequences contain more than
a million nucleotides, i.e., the genome of a bacteria, the current
form of the SmitheWaterman algorithm cannot function properly.

To facilitate the pairwise alignment of very long sequences, Li
and colleagues have developed a single-GPU parallelization of the
Smith-Waterman algorithm [15]. The proposed algorithm can
process pairwise alignment of very long sequences. However, this
algorithm is GPU-based and cannot be employed by CPU-based
computers. To this end, we propose an algorithm that follows the
dynamic programming technique as the SmitheWaterman algo-
rithm and largely reduces the demand of memory. The proposed
algorithm can properly functions on a normal personal computer in
performing alignment of very long sequences, i.e., the pairwise
alignment between two nucleic acid sequences which contain
more than 100,000,000 nucleotides.

2. Materials and methods

Let A ¼ a1a2……an and B ¼ b1b2……bm be the sequences to be
aligned, where n and m are the lengths of A and B respectively.

Denote Ai ¼ a1a2……ai and Bj ¼ b1b2……bj are the subsequences
of A and B, where 1 � i � n; 1 � j � m. The scoring matrix Hn�m ¼
fHijg1�i�n; 1�j�m records the highest alignment score between Ai

and Bj.

2.1. SmitheWaterman algorithm

The SmitheWaterman algorithm consists of 3 steps: initializa-
tion, calculation of the scoring matrix Hn�m and trace back. The
details of the algorithm are given in Table 1. As we see, the algo-
rithm demands the allocation of memory for Hn�m. When per-
forming an alignment between two very long sequences, the size of
Hn�m may overflow the memory of a computer. To this end, this
algorithm needs to be modified to facilitate the alignment of very
long sequences.

2.2. A pairwise alignment algorithm for very long sequences

In this section, we propose a Pairwise Alignment Algorithm for
Very Long Sequences (PAAVLS), see Table 2. The PAAVLS algorithm
consists of 3 steps:

Table 1
The major steps of SmitheWaterman Algorithm.

Table 2
The major steps of PAAVLS Algorithm.
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