
 

 

  
Abstract— We present a software package for nucleotide 

sequence analysis. Programs are being under development in the 
Southern Federal University (SFedU), Russia (available at 
mmcs.sfedu.ru/bio/). Currently, the package consists of modules for a 
number of bioinformatics problems including novel post-genomic 
challenges (like de-novo motif discovery). The most resource-
consuming calculations are optimized by means of special data 
structures, parallel running, etc. For example, the package includes 
two variants of pairwise alignment algorithms (parallel block and 
parallel block with optimal memory usage) tailored for parallel run 
on multi-core processors and accelerators. The performance tests 
have confirmed that the former one is faster than Needleman-Wunsch 
algorithm by ~60% and EMBOSS tool by ~30% . The latter one 
aligns long sequences faster than EMBOSS Stretcher by 40% . The 
paper describes the current state of the project, some performance 
evaluation results and plans and approaches for future improvements. 
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I. INTRODUCTION 
ioinformatics is an interdisciplinary field where the close 
collaboration is required between mathematicians, 

computer scientists and biologists. The rapid growth of data, 
mostly genomic, due to appearance of high throughput 
sequence technologies (HST) leads to need of effective 
algorithms for nucleotide sequence data manipulations.  
One of the most important bioinformatics problems is 
nucleotide sequence alignments. Global alignment is applied 
for the analysis of conservative parts of sequences, for 
pinpointing sequence relations and usually is the basic step 
in molecular phylogenetics inference [1]. The problem of 
pairwise global alignment can be stated as follows [2]: given a 
pair of sequences, build a two-row matrix such that the rows 
contain the characters of the sequences in order, interspersed 
with some spaces. Each alignment is assigned a numerical 
characteristic called 'score'. The score reflects the degree of 
similarity of the sequences. The problem is to build a 
maximum score alignment. The definition of the pairwise 
local alignment problem is essentially similar to the definition 
of global alignment, but the goal is to find a pair of substrings, 
one in each sequence, that maximizes the score. Whereas 
global alignment is used in bioinformatics for evaluation of 
similarity between two sequences, local alignment is used for 
detection of similar fragments within functionally related 
sequences. A number of dynamic programming algorithms 
have been designed to find global (Needleman-Wunsch 
algorithm [3]) or local alignments (Goad and Kanehisa [4], 
Sellers [5], Smith and Waterman [3], Waterman and Eggert 
[6], Hall and Myers [7]). There are fast local alignment 
algorithms, such as BLAST [8] reducing the amount of 
alignment time at the cost of exactness. 
Search of regulatory sequences seems to be one of the most 
important task taking into account the data about non-coding 
genome regulatory roles obtained due to ENCODE project [9]. 
This problem could be formulated as a motif discovery 
[10]. The motif of choice even if it is known, however, could 
be subjected to changes and variation leading to other task of 
pattern search (inexact) for relatively huge DNA datasets in 
order to find genes joined together into regulatory loop. 
Practical research in bioinformatics involves not only solving 
computationally difficult problems but also some additional 
tasks which are worth of automation. SFedU package provides 
several utilities for such tasks. Lots of bioinformatical 
software packages are available for biologists. However, most 
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of them are either primarily user interface wrappers 
integrating third party tools, or specialized heuristic 
procedures [8],[11],[12]. The main focus of our package is the 
enhanced analyses of DNA sequences. The package is 
oriented both for long strings (applicable for alignments, as an 
example) and for substring search (motifs and patterns). 

II. GLOBAL ALIGNMENTS 
Our package includes several alignment procedures. The main 
features of these procedures are running alignments in parallel 
blocks and memory usage optimization. The basic data 
structure of Needleman-Wunsch and other dynamic 
programming algorithms is similarity matrix. A similarity 
matrix is an (m+1) by (n+1) matrix where m and n are the 
lengths of the sequences to be aligned. Such model presents 
serious challenges for efficient parallel execution on present 
computers.  
The basic idea of our algorithm is to divide the similarity 
matrix into blocks and then apply anti-diagonal approach. This 
algorithm uses less amount of memory than classic 
Needleman-Wunsch algorithm, as it does not save the 
similarity matrix as a whole. The size of each block is a 
flexible parameter, whose variation can lead to reduction of 
memory usage. Another our procedure for global alignment is 
based on the parallel global alignment algorithm with optimal 
memory usage. It performs alignment faster than Hirschberg’s 
algorithm [3] and uses less memory than Needleman-Wunsch 

algorithm. This algorithm is based on [13] and the hyperplanes 
method [14]. We have performed a quantitative comparison of 
the two designed algorithms and other dynamic programming 
algorithms for optimal pairwise global alignment: Needleman-
Wunsch, Hirshberg’s algorithms and Myers and Miller 
algorithm [15], as well as other alignment tools: EMBOSS 
Stretcher [16], based on rapid modification of Myers and 
Miller algorithm, and Ngila [17], implementing a classic 
Miller and Myers algorithm.  We used an Intel(R) Core(TM) 
i7 CPU @ 1.6 GHz computer with 4 GB RAM and 4 cores.  
Tables 1 and 2 summarize the results of the tests. The columns 
correspond to algorithms: 'H' for Hirshberg’s algorithm, 'NW' 
for Needleman-Wunsch algorithm,  'ES' for Emboss Strecher 
and 'N' for Ngila algorithm. The columns 'PAOM', 'PBAOM' 
and 'PB' correspond to procedures within our package: parallel 
algorithm with optimal memory usage, parallel block 
algorithm with optimal memory usage and parallel block 
algorithm respectively. The results in Table 1 show that the 
block algorithm is faster than Needleman-Wunsch algorithm 
by ~60% and Hirshberg’s algorithm by ~80% on tested sets. 
The parallel block algorithm with optimal memory usage is 
faster than its base algorithm [13] by 35%. The table shows 
that the block algorithm is faster than EMBOSS Stretcher by 
~30%.  The parallel block algorithm with optimal memory 
usage aligns long sequences faster than EMBOSS Stretcher by 
40% . Ngila tool is considerably slower comparing with 
designed algorithms.  

Table 1. Calculation times for global alignment procedures 

Seq. length 
(bp) 

Time (sec)  
H NW ES N PAOM PBAOM PB 

2753 
2517 

0.4 0.2 0.082 0.27 0.3 0.2 0.1 

8376 
7488 

3.3 1.3 0.53 2.41 1.2 0.8 0.5 

268032 
239616 

2015.7 out of 
memory 

584.9 14109 639.0 362.7 171.1 

The memory usage comparison is presented in Table 2. The 
table shows that the parallel block algorithm with optimal 
memory usage requires less amount of memory than 
Needleman-Wunsch algorithm. The parallel block algorithm 
has been based on Needleman-Wunsch one, so it requires a lot 

of memory. However, it is more memory effective than Ngila 
tool. The designed algorithms are more memory intensive than 
EMBOSS Stretcher. 
 

 
Table 2. Memory usage for global alignment procedures 

Seq. length 
(bp) 

Memory usage (MB) 
H NW ES N PAOM PBAOM PB 

2753 
2517 

0.7 27.0 3.95 13.9 1.3 1.4 1.4 

8376 
7488 

0.9 240.0 4.2 121.3 2.9 3.0 5.4 

268032 
239616 

11.2 out of 
memory 

11.6 240.4 66.0 67.0 493.2 
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III LOCAL ALIGNMENTS 
The parallel block procedure for local alignment is based on 
the Smith-Waterman dynamic programming algorithm 
combined with block division and anti-diagonal approach. The 
Parallel Block Local Alignment Algorithm with optimal 
memory usage is a combination of parallel block local 
alignment algorithm and the parallel block global alignment 
algorithm with optimal memory usage, discussed above. 
We have compared the running time and memory usage of 
two presented algorithms and other algorithms for optimal 
local pairwise alignment, such as Smith-Waterman and 
Waterman-Eggert algorithms, as well as other alignment tools: 
EMBOSS [16] Water, which uses the Smith-Waterman 
algorithm (modified for speed enhancements), and EMBOSS 

Matcher, based on Bill Pearson's LALIGN application, 
version 2.0u4 (Feb. 1996). The experiments were performed 
on Intel(R) Core(TM) i7 CPU @ 1.6 GHz computer with 4 
GB RAM and 4 cores. The results of running time testing are 
presented in Table 3. The columns correspond to the 
algorithms being compared: SW – Smith-Waterman, PBOM - 
Parallel Block algorithm with optimal memory usage, PB – 
Parallel Block algorithm, EW – EMBOSS Water and EM – 
EMBOSS Matcher. The table shows that both designed 
algorithms are faster than classic Smith-Waterman algorithm, 
the parallel block algorithm is faster than EMBOSS Water by 
~95% and Matcher by ~90% on testing sets. The parallel 
block algorithm with optimal memory usage decrease the time 
of local alignment as compared to EMBOSS tools by 80%. 
 

 

Table 3. Calculation times for local alignment procedures 

Seq. length 
(bp) 

Time (sec) 
SW PBOM PB EW EM 

2753 
2517 

0.28 0.14 0.06 0.42 0.80 

8376 
7488 

0.61 0.60 0.27 5.05 3.19 

268032 
239616 

out of memory 586.29 231.18 out of memory 2205.91 

 
Table 4 reflects the memory usage of local alignment 
algorithms under study. The results of experiments show that 
EMBOSS Water, as Smith-Waterman algorithm, is memory 
intensive, and therefore could not perform alignment of long 
sequences. The EMBOSS Matcher uses less amount of 

memory than Smith-Waterman and parallel block algorithms. 
However, Matcher tool is more memory intensive than parallel 
block local alignment algorithm with optimal memory usage 
on short sequences; in case of long sequences, Matcher 
requires less space, but this difference is small. 

 

Table 4. Memory usage for local alignment procedures 

Seq. length 
(bp) 

Memory Usage (MB) 

SW PBOM PB EQ EM 

2753 
2517 

53.63 2.09 1.51 56.86 4.19 

8376 
7488 

479.59 3.78 3.92 482.29 4.71 

268032 
239616 

Out of memory 108.15 155.91 Out of memory 21.84 

 

IV SUFFIX TREE-BASED PROCEDURES 
Pattern Search. The suffix tree module of presented 
bioinformatics package is responsible for solving several 
problems. Exact and inexact pattern search, palindrome search 
and motif discovery are among them. All of these problems 
deal with long sequences of characters of a fixed alphabet 
({A,C,G,T} for DNA sequences). The huge amounts of data in 

bioinformatics require special data structures to be used for 
providing admissible performance. Among such data 
structures, suffix trees are considered as most appropriate. We 
have implemented several variants of suffix tree structure. The 
experiments show that truncated generalized suffix tree 
provides the best performance improvement for pattern search 
(both exact and inexact) and motif discovery problem, 
whereas for the palindrome search it does not give any 
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speedup [18]. The truncation of tree may be useful for 
searching specific subsequences in a set of longer sequences 
[19]. There are different approaches for generalized suffix tree 
implementation [20], but we have designed a new 
modification that improves search time in a few cases. Our 
approach is based on branch and bounds method and could 
considerably reduce space and time requirements for specific 
problems.  We have proposed a modification for Ukkonen 
suffix tree construction algorithm [21]. Two additional rules 
were suggested for decreasing both space and build time. 
These rules handle cases when maximum depth is reached for 
nodes. Our procedure uses special rules for updating 
information in leaf nodes as well. 

As far as there are a few publicly available implementations, 
we have compared the results of our implementation with 
several software tools (MUMMER [22], SUDS [23], ERa 
[24]). The comparison demonstrates that our procedures either 
have a speedup or provide more functionality at the same 
speed. As an example, Table 5 shows that for exact pattern 
search our procedure has time complexity approximately equal 
to Mummer suffix tree procedure which has been declared to 
be the fastest tool for this problem [22]. Our suffix tree 
procedure has the additional ability of searching occurrences 
with mismatches. Results in Table 6 demonstrate some time 
parameters for our inexact search procedure. 

 

Table 5. The times for exact pattern search 

Sequence count/ length Patterns count/ length Mummer (sec) Our package (sec) 

1000/5000 100000/10 3.61 4.48 
1000/5000 100000/30 6.82 4.21 

1000/100000 100000/10 19.57 25.70 
1000/100000 100000/30 23.11 20.21 

Table 6. Time parameters for inexact pattern search 

Sequence count/ length Patterns count/ length Number mismatches Running time (sec) 

1000/5000 100/10 2 531.5 
1000/5000 100/10 5 981.6 

1000/100000 10/30 2 255.1 
1000/100000 10/30 12 935.1 

 
Motif Discovery. Motifs are defined as sequence fragments 
(patterns) whose occurrences in a given set of sequences are 
statistically significant. The difference between motif 
discovery and pattern search problems is that in motif 
discovery problem the motif (pattern) is not given but should 

be found ('discovered') as the solution. There are several 
mathematical models for motif discovery problem, and 
different algorithms and software tools tend to use different 
models.  

 

Table 7. The times for motif discovery (motif lengths: 10 - 30) 

QP QN MERCI (sec) Our package (sec) 
100 1 130.91 5.92 
500 1 36.14 5.85 

1000 1 8.46 5.66 
100 5 165.21 5.79 
500 5 37.57 6.61 

1000 5 11.49 5.78 
100 10 164.11 6.70 
500 10 34.41 5.91 

1000 10 14.12 5.64 

The motif discovery tool implemented within our package 
looks for exact (not heuristic) solutions of the following 
problem: given a positive set of sequences S = {S1, …, Sn} 

and a negative (or control) set C = {C1, …, Cm}, find all 
strings (motifs) of length between Lmin and Lmax such that 
each of the motifs occurs at least in QP positive sequences and 
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in no more than QN negative sequences. The motif discovery 
module of our package uses truncated suffix tree for speeding 
up calculations. 
We have compared the performance of our module and the 
software tool MERCI [25] which uses similar motif discovery 
model. The results are shown in Table 7. All experiments were 
performed on dataset with 1000 positive and 10 negative 
sequences of length 1000, the variated parameters were 
quorums (QP and QN). 

V OTHER MODULES 
In addition to the above-mentioned procedures the package 
includes several modules that are useful for practical 
bioinformaticians. These modules allow: 1) automatically 
download sequences from online genomic databases; 2) 
calculate character and short words statictics; 3) search long 
sequences for palindromes. 
The problem of loading large amounts of nucleotide sequences 
arises frequently when analyzing bioinformatical data. Most 
genomic databases can be accessed using public APIs. We 
have implemented a separate module for batch loading 
information from such databases. The module allows fetching 
nucleotide sequences from Ensembl and NCBI databases 
though the Ensembl API and the Entrez Programming Utilities 
(eUtils). Obtained sequences and additional meta-information 
can be stored within any SQL relational database. Database 
storage allows the data to be accessed simultaneously from 
several processes, including processes running on different 
computers.  
Character and short words (oligos, oligomers) statistics are 
important sources for exploring patterns of DNA organization. 
The SfedU package includes a module for fast calculation of 
DNA statictics.  
A 'palindrome' in bioinformatics is a sequence which is equal 
to its own reverse complement and flanks it. The palindromes 
are significant for genetic research because such sites  formed 
in exact parts of nucleic acids could be the reason for stalling 
polymerase during RNA synthesis in a cell or DNA 
replication. It occurs due to hairpin-like structure of these 
elements interferring the enzyme to act appropriately [26]. The 
SFedU bioinformatics package includes a module for fast 
searching palindromes in given nucleotide sequences.  

VI PLANS FOR FUTURE DEVELOPMENT 
Degenerate (universal) primers are widely used for PCR 
(polymerase chain reaction)  of variable sequences. Such 
approach is valid to identify bacteria in metagenomic studies, 
in particular for pathogen research [27]. Theoretical basis and 
limitations for in silico primer construction have been 
discussed in [28]. We have implemented heuristic search 
algorithm. Other widely used algorithms [28, 29] will be 
included with parallel programming options and user-friendly 
interface with lots of parameters which could help in fine-
tuning the expected result. 
Sequences of one species could be searched for SNPs (single 
nucleotide polymorphisms) or other type of mutations 
allowing creating mutational profile distinguishing species 
from another one. It could help in solving problems of 

biological classification, for instance, of pathogenic bacteria 
[30]. We are in progress with development of a program 
making a mutational profile for species or other taxonomic 
groups using a database with specific sequence marker defined 
computationally or by user. The other program application is 
the convenient graphical interface with sequence specific 
mutations pointed out against reference. 
Suffix tree based procedures suffer from excessive memory 
requirements. Thus, reducing memory complexity while 
preserving the option of inexact pattern search is an urgent 
issue in our plans. There a several approaches addressing this 
problem, and ‘compressed suffix tree’ [31] looks promising 
enough. In addition, in the next version of the package we plan 
to implement switching between truncated tree and sparse 
suffix tree according to patterns size. It seems to improve 
suffix tree pattern search, both for exact and inexact cases. 
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