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Abstract— Bioinformatics is the field to study and process 

biological data using computer applications. There are 

biological data like genes, proteins, amino acids etc., which 

require much processing to get meaningful information from 

them. There are online repositories where such biological 

data is available to process. The application of computers 

extends to use algorithms, statistics and other mathematical 

techniques to decipher the language of Genes. Sequence 

Alignment is a way of arranging the sequences of DNA, 

RNA or Protein to identify regions of similarity that may be 

a consequence of functional, structural or evolutionary 

relationships between the sequences. This similarity 

between sequences is very useful to predict the common 

ancestor as well as characteristics in organisms. Many 

methods starting from brute-force to heuristic are found in 

literature to align multiple sequences. In this review paper, 

an overview of methods found in literature for sequence 

alignment are explained and main focus is applied on 

Heuristic/ Progressive Alignment and available programs 

for Multiple Sequence Alignment. We conclude that study 

of literature motivates to develop efficient and improved 

heuristic approach to deal with Multiple Sequence 

Alignment.       
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I. INTRODUCTION 

Bioinformatics is a field to study and process biological 

data. Over the twentieth century, biology played a key role 

among the sciences. A major reason for the growth of 

biological sciences was its links to medicine. Progress in 

medicine depends on fundamental progress in solving the 

biological challenges like Protein structure prediction, 

Homology searches, Multiple alignment and phylogeny 

construction, Genomic sequence analysis and gene-finding 

etc. Paulien Hogeweg and Ben Hesper coined the term 

bioinformatics in 1970 to refer to the study of information 

processes in biotic systems [1]. The application of computer 

science to answering the questions posed by biologists and 

the actual process of analysing and interpreting data is called 

Bioinformatics or Computational Biology. For this reason, 

bioinformatics can be defined as the computational branch 

of molecular biology [3]. First use of knowledge computer 

science in bioinformatics was done in 1982 with the creation 

of GenBank – Database storing millions of sequences [7].     

Bioinformatics is an interdisciplinary area that uses 

computers to solve problems in molecular biology. 

Therefore, the field of bioinformatics involves the analysis 

and interpretation of various types of data, such as 

nucleotide and amino acid sequences, protein domains, and 

protein structures. Important sub-disciplines within 

bioinformatics and computational biology include the 

development and implementation of tools to enable efficient 

access to, use and management of various types of 

information, and the development of new algorithms and 

statistics with which to assess relationships among members 

of large data sets. The field of bioinformatics involves the 

development of algorithms and software that can analyse 

huge amounts of biological data and automate previously 

labour-intensive tasks done by biologists. Examples of 

bioinformatics goals and research are the determination of a 

protein‘s shape and function from a sequence of amino acids 

(protein folding), the sequencing (i.e. mapping) of genomes, 

the construction of evolutionary trees and the determination 

of protein functions [4]. Use of bioinformatics can be done 

to achieve desirable properties of different species especially 

for agricultural species. Bioinformatics can help to better 

understand genetic basis of disease. 

Major research areas of Bioinformatics are 

Sequence analysis, Genome annotation, Computational 

evolutionary biology, Literature analysis, Gene Expression, 

Gene regulation, Protein structure prediction, Comparative 

genomics, Modelling biological systems, Gene disease,  

Molecular interaction etc. [2].  

In summary, bioinformatics entails the creation and 

advancement of databases, algorithms, computational and 

statistical techniques and theory to solve formal and 

practical problems arising from the management and 

analysis of biological data. 

Multiple sequence alignment study involves many 

aspects of sequence analysis, and it requires broad and 

significant background information. Advancement in MSA 

needs to be done to make efficient use of available 

information contained in sequences for the growth of 

application area of Bioinformatics. Therefore, this document 

presents basics sequence alignment. Section 2 provides 

related background of sequence alignment. Section 3 

presents Pairwise Sequence Alignment concept with basic 

overview of available algorithm. Section 4 gives a complete 

idea about Multiple Sequence Alignment, available methods 

and tools for aligning multiple sequences found in literature. 

II. BACKGROUND THEORY 

Sequence analysis consists of comparing DNA, RNA or 

protein sequences to understand their features, function, 

structure, or evolution [6]. Comparing new sequences to 

those with known functions is a key way of understanding 

the biology of an organism from which the new sequence 

comes. The most common sequence analysis methodologies 

are sequence alignment, sequence annotation and searches 

against biological databases.  
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Sequence alignment is one of the oldest 

computational tasks in bioinformatics. Given a set of DNA, 

RNA or protein sequences, sequence alignment is a way of 

arranging the residues of these sequences to identify 

similarity or divergence regions that could be consequence 

of functional, structural or evolutionary relationships 

between sequences [5]. Sequences are aligned to visualize 

the effect of evolution across sequences that share a 

common ancestor. On the other side, mismatches between 

sequences can be interpreted as substitution, insertion or 

deletion mutations. Mutations are changes in sequences and 

are caused by radiation, viruses, transposons and mutagenic 

chemicals, errors that occur during cell transcription 

process, and can also be induced by the organism itself. 

Substitutions mutation takes place when one residue is 

replaced by another. Insertion mutations are the addition of 

one or more bases or residues into sequences, whereas 

deletions or gaps are mutations in which some bases or 

residues are missing. Alignments are represented both 

graphically and in text format. 

Alignment of sequence can be understood as: Let 

W = {α1, … , αi, … , αk}, i > 0, be a set of amino acid symbols or 

nucleotide symbols. A sequence Si = αi, … , αi, … , αk is a string 

of n symbols of set W. An alignment is a transformation of k 

> 1 sequences {S1, S2, … , Sk} into {SꞋ1, SꞋ2, … ,SꞋk}, where S I is 

the i
th

 sequence Si with GAP (-) symbols inserted such that 

maximizing the similar regions across the sequences. In 

biological perspective, the gaps represent residue symbols 

being deleted from the sequences during the course of 

evolution. In general, when a gap is inserted into a sequence 

a gap penalty is applied to the alignment. For example, let 

the sequences to be aligned be S1: ACTGCC and S2: GTCC, 

then a possible alignment is: 

SꞋ1 : A C T G C  

SꞋ2  : 
__ 

G T 
__ 

C 

Thus to establish the degree of homology, the 

sequences are aligned: lined up in such a way that the degree 

of similarity is maximized.  

A. Application of Sequence Alignment: 

Some of the basic applications of sequence alignment are 

mentioned below. 

B. Finding Homology:  

One of the main purposes of sequence alignment is to find 

homology. Homology means that two sequences share a 

common ancestor; evolution dictates that all cells must 

eventually come from the same ancestor. Finding homology 

between organisms might enable knowledge of one to be 

applied to the other, or to infer the function of one 

organism's gene from that of a related species. 

 Determining the origin of a sequence: If a DNA or 

protein sample is recovered but its originating species is 

unknown, sequence alignment can be used to find likely 

sources, that is to say, the known sequences that most 

closely match the sample. 

C. Finding Specific Sequences:  

Suppose that we have discovered the function of part of 

species X's genetic code. It might then be attractive to 

search species Y's code for the sequence. If something 

similar is found, it might give clues as to the location of a 

similar gene in Y [4]. Similarly, let us suppose that we have 

perhaps found the piece of code that expresses a trait, such 

as a physical characteristic or the presence of a genetic 

disease, in one piece of genetic code. Searching other pieces 

known to either feature or lack this trait might help validate 

or disprove the theory. 

D. Constructing Hidden Markov Models:  

Hidden Markov models (HMMs) are probabilistic tools 

which can be used for sequence alignment, to find 

sequences in genetic code, to infer protein structure or to 

build profiles of DNA and proteins. Such profile HMMs can 

be used to determine whether a sequence is part of a family 

of DNAs or proteins. 

E. Constructing Evolutionary Trees:  

From homology data, evolutionary (phylogenetic) trees can 

be constructed [4]. These trees are built using the 'genetic 

distance' between species and give insight into interspecies 

relationships and the course of evolution. Using the concept 

of an evolutionary rate, the species' sequence homology can 

be translated into the time taken to develop from ancestral 

species. The actual construction of the tree can be done in 

many ways; examples include maximum parsimony 

methods (building the tree so that the lowest amount of 

evolutionary change is required) and distance methods such 

as the UPGMA algorithm which builds the tree from the 

result matrix of a multiple alignment. Figure 1 provides an 

example of a phylogenetic tree. 

 
Fig. 1: Part of Phylogenetic Tree Based on Sequenced 

Genes 

Computational approaches to sequence alignment 

are classified in two categories: Global Alignment and Local 

Alignment. 

1) Global Alignment: 

Global alignment consists of creating an end-to-end 

alignment of sequences by aligning every residue in every 

sequence. i.e. An global alignment of sequences is obtained 

by introducing dashes into the sequences such that the 

lengths of the resulting sequences are identical and no 

column contains two dashes. Global alignment forces 

alignment span entire length of query sequence. To do so, 

gaps are inserted in to the sequences and/ or mismatched 

entries need to be accept.  

Consider the following possible alignments of the 

two sequences AACGT and ACCGTT: 
1 2 3 

AACGT− AA−CGT− A−ACGT 

ACCGTT A−CCGTT ACCGTT 

Table 1: Possible Global Alignment of Two Sequences 
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Global alignments are more useful when sequences to be 

aligned are similar in length (roughly of equal size) and 

similar across their entire length. 

2) Local Alignment: 

Local alignment is similar to global ones, only instead of 

attempting to align the complete sequences to one another, 

Local alignments align those regions which are similar in 

both sequences and ignore regions that are too divergent. 

Thus it is more useful for dissimilar sequences. 

 
Fig. 2: Global and Local Alignment 

Sequence alignments can be classified in two categories: 

Pairwise Sequence Alignments and Multiple Sequence 

Alignments. 

3) Pairwise Alignment: 

Pairwise sequence alignments are global or local alignments 

of two input sequences. Figure 2.4 shows example of 

pairwise sequence alignment. 

 
Fig. 3: Pairwise Sequence Alignment Example 

Pairwise sequence alignments are often used for the 

methods that do not require extreme precision, such as 

database searching. Use of Pairwise Sequence Alignment 

can be done to search sequence in database to find best 

matched sequence and in Multiple Sequence Alignment. 

Methods available for pairwise sequence alignment are 

mainly: 

1) Dot-Matrix Method  

2) Dynamic Programming  

3) Words Method 

F. Dot-Matrix Method: 

A dot-matrix plot is a graphic method that allows 

comparison of two sequences and identifies region of 

similarity between them. It is qualitative and conceptually 

simple, though time consuming to analyse on a large scale. 

In the absence of noise, it can be easy to visually identify 

certain sequence features—such as insertions, deletions, 

repeats from a dot-matrix plot.  

To construct a dot-matrix plot, the two sequences 

are written along the top row and leftmost column of a two 

dimensional matrix and a dot is placed at any point where 

the characters in the appropriate columns match. Once the 

dots have been plotted, these are combined to form lines. 

The dot-matrix plot shows, as a single line along the main 

diagonal of the matrix, the more similar related sequences. 

The main problems of dot plots are noise, lack of clarity, 

non-intuitiveness, making it difficult to identify the 

properties of the sequences. This method space consuming 

as most of the actual area is taken up by either noise or 

empty space. It is time consuming method as it is limited to 

align only two sequences. 

 
Fig. 4: Example of Dot Plot Matrix Alignment 

G. Dynamic Programming: 

Dynamic Programming (DP) is the approach of breaking 

down a problem into smaller sub problems. Dynamic 

Programing is an alignment technique to find globally 

optimal alignment solution.  

1) Needleman-Wunsch (N-W) and Smith-Waterman(S-W) 

Algorithms: 

Dynamic Programing can be applied to both global and local 

alignments implementing Needleman-Wunsch (N-W) 

algorithms and Smith-Waterman(S-W) algorithms 

respectively by producing an optimal alignment from a 

matrix of sub sequences. 

Both algorithm works similarly, building a two 

dimensional matrix where the sequence residues are written 

in x-axis and the other sequence residues are written on y-

axis. Both the algorithms are as follows: 

1) Step 1– Initialize the matrix by filling the first row 

and first column of the matrix, which they do not 

correspond to any residue of the two sequences. 

For N-W, the first row and first column of the score 

matrix are filled as multiples of the gap opening 

penalty. While for S-W, this row and column are 

filled with zero. (i.e. If an optimal cumulative score 

becomes negative then it is reset to zero.) 

2) Step 2 – Fill the matrix cells from the top-left 

corner with scores and gap penalties to compare the 

matches or mismatches between the residues of the 

two sequences.  

A substitution matrix is used to assign scores to 

matches/ mismatches. The two most well-known matrices 

for protein residues are the PAM and BLOSUM families. 

Fig. 7 shows PAM250 substitution matrix. Fig. 8 shows 

BLOSUM62 substitution matrix. For DNA and RNA 

alignments an identity matrix is used consisting positive 

match score, negative mismatch score and a negative gap 

penalty. Such a scheme is said to have a linear gap penalty. 

A more advanced method is to introduce an affine gap 

penalty; this assigns different scores to the starting of a new 

gap and the extension of a current one. It is calculated as:  

Affine Gap Penalty = g + t * e 

Where g = Gap Opening Penalty, t = Total length of gap, e = 

Gap Extension Penalty (cost of each insertion/ deletion), g ≤ 

e ≤ e. 

 
Fig. 4: Scoring Formula for Needleman-Wunsch Algorithm 
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Fig. 5: Scoring Formula for Smith-Waterman Algorithm 

 
Fig. 6: PAM250 Substitution Matrix 

 
Fig. 7: BLOSUM62 Substitution Matrix 

3) Step 3 – Produce an alignment from the matrix 

through a trace back process that allows three 

movements: Diagonally, Up, Left. This process 

consists of maximizing identity by maximizing the 

objective function. The objective function is 

usually the Weighted-Sum-of-Pairs. 

For N-W algorithm, the trace back process starts at 

the bottom-right corner of the matrix until it reaches the top-

left corner. Where as in S-W algorithm, trace back process 

starts from the maximum score and follows it to a score of a 

score of zero, aligning only a region of the sequences and 

discarding rest. In both the algorithms the sequences are 

aligned backwards. 

Example illustration of both the dynamic 

programing algorithm, Needleman-Wunsch Algorithm and 

Smith-Waterman Algorithm are shown in Fig. 8 and Fig. 9 

respectively. 

Main drawback of both N-W algorithm and S-W 

algorithm is that, it is not very efficient on large database as 

entire matrix associated with alignment needs to be stored. 

Thus to overcome drawback of Dynamic Programming 

Word Method was introduced. 

H. Word Method: 

Word methods, also known as k-tuple methods, are heuristic 

methods that are significantly more efficient than dynamic 

programming but are not guaranteed to find an optimal 

alignment solution. These methods are especially useful in 

large-scale database searches where it is understood that a 

large proportion of the candidate sequences will have 

essentially no significant match with the query sequence. 

Word methods identify a series of short, non-overlapping 

sub sequences ("words") in the query sequences that are 

then matched to candidate database sequences. The relative 

positions of the word in the two sequences being compared 

are subtracted to obtain an offset; this will indicate a region 

of alignment if multiple distinct words produce the same 

offset. 

 
Fig. 8: Needleman-Wunsch Algorithm Example 

 
Fig. 9: Smith-Waterman Algorithm Example 

Only if this region is detected do these methods 

apply more sensitive alignment criteria; thus, many 

unnecessary comparisons with sequences of no appreciable 

similarity are eliminated. 

Word methods are best known for their 

implementation in the database search tools FASTA and the 

BLAST family.  

I. FASTA Algorithm: 

The FASTA heuristic is based on the Smith-Waterman 

algorithm. Looking at the similar Needleman-Wunsch trace 

back example, it is apparent that only part of the matrix is 

used for the trace back; the almost diagonal `route' back to 

(0; 0). In larger matrices, this difference between the 

interesting area used during trace back and the size of the 

complete matrix only grows. FASTA is meant to exploit this 

difference by concentrating on these areas of interest: the 

areas are determined and Smith-Waterman is run only on 

these, which is where the speed boost comes from. 

FASTA algorithm involves 4 steps, which are as follows 

[9][10]: 

1) The query sequence (one of the given strings) is 

broken down into substrings of length k, usually 

with a hash table. The substrings are then used to 
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search for exact matches in the other string, using 

string matching algorithms. 

2) The top ten diagonals with the highest number of 

matches are then rescored using the scoring matrix. 

3) The diagonal regions remaining, which are also 

above a given threshold, are joined into one region. 

Note this region should be significantly smaller 

than the initial size of the string. 

4) Finally the resulting region and the whole query 

string are aligned using a dynamic programming 

approach. 

The algorithm operates as shown in Fig. 10. In 

practice the FASTA Algorithm proves to be very efficient 

and is always being improved upon. 

The main drawback of FASTA is that the time 

complexity is essentially the same as that of the dynamic 

programming approach when considering worst case 

scenarios since dynamic programming needs to be used at 

the end. 

 
Fig. 10: FASTA Algorithm 

1) BLAST Algorithm:  

BLAST (Basic Local Alignment Search Tool) is another 

heuristic sequence alignment algorithm; although unlike 

FASTA it is not based on a dynamic programming method, 

which overcomes drawback of FASTA algorithm. The 

BLAST Algorithm differs from the FASTA Algorithm in 

that it incorporates statistical evaluations of the intermediate 

results. The BLAST Algorithm has the following 3 steps 

[9]: 

1) Compilation of high scoring words for the query 

string (one of the strings in the alignment). 

2) Scan the other string contained in the database for 

exact matches of these words. 

3) Extension of exact matches. 

 
Fig. 11: A Hash Table For Finding Exact Matches of Size 3 

For First of BLAST Algorithm 

The BLAST algorithm is very efficient and is 

readily used in by the National Centre of Biotechnology 

Institute (NCBI) in the form of the BLAST program to 

employ alignment of sequences [11]. 

J. Multiple Sequence Alignment: 

Multiple Sequence Alignment – MSA is a task of locating 

equivalent regions of more than two sequences so as to 

maximize their overall similarity.  

In a multiple sequence alignment, homologous 

residues among a set of sequences are aligned together in 

columns. Aligning multiple biological sequences such as 

protein sequences or DNA/RNA sequences is a fundamental 

task in bioinformatics and sequence analysis. These 

alignments may contain invaluable information that 

scientists need to predict the sequences‘ structures, 

determine the evolutionary relationships between them, or 

discover drug-like compounds that can bind to the 

sequences. MSA problem becomes intractable, in fact, 

finding the optimal solution for multiple sequence alignment 

is an NP-complete problem as proved by Wang and Jiang in 

1994 [12]. In addition, the lack of a reliable scoring method 

makes it very hard to align the sequences reliably and to 

evaluate the alignment outcomes. Nowadays, most common 

MSA programs use heuristics rather than global 

optimization owing to identification of the optimal 

alignment between more than few sequences being 

computationally almost impossible.  

K. Application of Multiple Sequence Alignment: 

Main applications of Multiple Sequence Alignment are: 

1) Structure Prediction: A Multiple Sequence 

Alignment can give almost perfect protein or RNA 

secondary structure, sometimes it helps to predict 

the 3D structure. 

2) Protein Family: A Multiple Sequence Alignment 

can help to classify protein sequence belonging to 

which known protein family. 

3) Pattern Identification: By looking at conserved 

regions or sites, region can be identified which is 

responsible for a functional site. 

4) Domain Identification: By looking at file provided 

by a Multiple Sequence Alignment, profiles can be 

extracted to use them against databases. MSA can 

be used for database searching, to quickly add 

additional sequences to the alignment, and to 

characterize the protein. 

5) DNA Regulatory Elements: Multiple Sequence 

Alignments can be used to locate DNA regulatory 

elements such as binding sites etc. 

6) Phylogenetic Analysis: By carefully picking up 

related sequences, tree can be reconstructed using 

sequences that are used in Multiple Sequence 

Alignment. Thus to infer relationships both within 

and among gene families MSA is used. MSA 

provide functional information for Phylogenetic 

Analysis. It helps to study genes, gene families and 

genomes. 

1) Scoring Multiple Sequence Alignment 

When more than two sequences involved in an alignment, it 

opens up an entire world of ambiguity. There is no concrete 

biological information to help to identifying the probability 

of k residues mutated t each other at any single sequence 
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site. Without these measurements, it is hard to determine 

whether an indel (insert/delete) would improve or worsen 

the alignment of the sequences. And without such 

measurement, it is hard to determine which alignment of the 

same set of sequences is the best. While scoring multiple 

sequences, following two important features of multiple 

alignment needs to be take in to account: First, the fact that 

some positions are more conserved than others, e.g. 

position-specific scoring; and Second, the fact that the 

sequences are not independent, but instead are related by a 

phylogenetic tree. 

One of the simplest scoring methods is the column 

score, which is similar to the identity score. This method 

rewards a score of 1 for a column with the same residue 

symbols and 0 for containing any divergent symbols. This 

method does not have any practical use except for detecting 

conserved columns in an alignment. Other available 

methods that have been developed to quantify multiple 

sequence alignment are: Minimum Entropy and Sum of 

Pairs – SP Scores.  

 Sum of Pairs – SP Scores: To calculate the SP 

score of n sequences, the scores of all (n c2) pair-wise 

alignments within the MSA are added. Fig. 12 shows 

equation for SP score in MSA. 

 
Fig. 12: Sum of Pairs: SP Scores in MSA 

Minimum Entropy:  Score of the ith column of alignment m 

is:  

 

Where Pia  = Probability of character a in column i and cia  

= Number of  occurrances of a in column i. Now, the 

probability of a column mi is:  

 
By taking log on both the sides and putting ―-― sign gives 

the entropy based score:   

 
Entropy based score is a convenient measure of the 

variability observed in an aligned column of residues. The 

more variable column is, the higher the entropy. A 

completely conserved column would score 0. Good 

alignment is the one which minimizes the total entropy of 

the alignment. Thus the name of scoring is Minimum 

Entropy. 

L. Methods of Multiple Sequence Alignment: 

Possible approaches to align multiple sequences are depicted 

in Fig. 13 and are explained as follows: 

 
Fig. 13: Methods for Multiple Sequence Alignment 

Exact Algorithm: Exact or global optimization 

algorithms are high-quality heuristics that are able to build 

alignments very close to the optimal. The main problem of 

these heuristics is their complexity, as they only allow a 

small number of sequences to  be aligned and are also 

limited to the Sum-of-Pairs objective function [13]. Three 

different exact algorithm techniques are described below. 

M. Dynamic programming: 

The dynamic programming solution to Pairwise Alignment 

can be extended to align more than two sequences. In this 

case, to align N sequences, the method must construct an N - 

dimensional matrix increasing the search space 

exponentially by increasing the N and the length (L) of these 

sequences. In summary, the complexity of DP is O (LN), 

being a NP-complete problem that limits the method to align 

just only three sequences [13] [14]. 

MSA program: This is a heuristic implementation 

of Carrillo and Lipmann‘s algorithm [15] for aligning 

protein, DNA and RNA sequences [16]. The algorithm was 

implemented in the multiple alignment program MSA. It 

attempts to produce an optimal MSA using a branch and 

bound technique. The major idea is to identify in advance 

the portion of the hyperspace that does not contribute to the 

solution and exclude it from the computation. It minimizes 

the sum of the pairwise costs,  weighting the pairs 

using information derived from an evolutionary tree. 

Therefore, MSA program reduces the computational 

demands of dynamic programming, making it possible to 

align up to ten sequences. MSA can optimally align up to 

five to seven protein sequences of reasonable length (200-

300 residues) because of its high memory and time 

requirements. Furthermore, it is not guaranteed to find the 

mathematically optimal alignment.  

 The SP scoring system is used in MSA. Let denote 

the pairwise alignment between sequences k and l. Then the 

score of the complete alignment is given by: 

 
The idea of MSA algorithm is that we only need to 

consider pairwise alignments implied in the multiple 

alignment that score better than a lower bound. 

N. DCA: 

This is a program for producing MSA of proteins, RNA, or 

DNA sequences based on the Divide-and-Conquer 
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algorithm. DCA cuts the sequences into subsets of small 

segments. Then, these segments are aligned using the MSA 

program. Finally, the resulting sub alignments are 

reassembled by DCA. To avoid losing too much accuracy, 

the major trick is to cut the sequences at the right positions 

in order to produce an alignment which remains as close as 

possible to the optimal. Despite the improvements achieved 

by the application of the Divide-and-Conquer algorithm to 

reduce the complexity problems, DCA using the MSA 

program is still limited by the memory and time 

requirements, it being unable to align many more sequences 

(20-30 sequences). 

 
Fig. 14: Illustration of DCA for MSA 

O. Progressive Alignment: 

The progressive alignment technique proposed by Hogeweg 

[26] and redefined by Feng and Taylor [24] [25] is 

nowadays the most widely used heuristic. It is based on the 

successive construction of pair-wise alignments, building 

the alignment progressively.  

It starts by aligning the two most closely related 

sequences, traditionally using dynamic programming; this 

alignment is fixed; and then adds sequences in order of 

increasing distance and is aligned to the first alignment, and 

this process is iterated until all sequences have been aligned. 

The order for selecting the sequences to be added is 

determined by a guide tree previously obtained from an 

initial pair-wise alignment. 

Progressive alignment is heuristic: it does not 

separate the process of scoring an alignment from the 

optimization algorithm. This heuristic has a great advantage 

of speed and simplicity combined with reasonable 

sensitivity i.e. it is fast and efficient and in many cases the 

resulting alignments is reasonable. On the other hand, the 

major disadvantage of progressive methods is that they are 

very dependent on the initial alignments and thus more 

likely to perform well for closely related sequences as it is 

following ―Once a gap, always a gap‖ strategy. Errors made 

during any stage in the growth of MSA are then propagated 

to the final alignment. For these reasons, progressive 

alignment heuristic is not guaranteed to be globally optimal. 

Progressive alignment results are dependent on the choice of 

"most related" sequences and thus can be sensitive to 

inaccuracies in the initial pairwise alignments. 

The main idea is that a pair of sequences with 

minimum edit distance is most likely to originate from a 

recently diverged species. Thus, optimally aligned these 

sequences may review the most reliable hidden information.  

The most important heuristic of progressive alignments is to 

align the most similar pairs of sequences first. These are the 

most reliable alignments. Most algorithms build a ‗guide 

tree‘. This is a binary tree whose leaves represent sequences 

and whose interior nodes represent alignments. The root 

node represents a complete multiple alignment. The nodes 

furthest from the root represent the most similar pairs. 

The Progressive alignment greedily builds final 

alignment along the guide tree using UPGMA or 

Neighbour-Joining Method. Guide Tree is shown in Figure 

2.17. 

 
Fig. 15: Guide Tree for Progressive Alignment 

1) Feng-Doolittle Progressive Multiple Alignment: 

The Feng-Doolittle algorithm was one of the first 

progressive alignment algorithms. In overview, it is as 

follows: 

Calculate a diagonal matrix of N(N-1)/2 distances 

between all pairs of N sequences by standard pairwise 

alignment, converting raw alignment scores to approximate 

pairwise ‗distances‘.  

Construct a guide tree from the distance matrix 

using the clustering algorithm. 

Starting from the first node added to the tree, align 

the child nodes (which may be two sequences, a sequence 

and an alignment, or two alignments). Repeat for all other 

nodes in the order that they were added to the tree (i.e. from 

most similar pairs to least similar pairs) until all sequences 

have been aligned. 

The method for converting alignment scores to 

distances does not need to be especially accurate, as the goal 

is only to create an approximate guide tree. Feng & Doolittle 

calculate the distance D as: 

 
Where Sobs is the observed pairwise alignment 

score; Smax is the maximum score, the average of the score 

of aligning either sequence to itself; and Srand is the 

expected score for aligning two random sequences of the 

same length and residue composition. The last one, Srand, 

may either be calculated by random shuffling of the two 
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sequences, or by an approximate calculation given in Feng 

& Doolittle.  

Sequence-sequence alignments are done with the 

usual pairwise dynamic programming algorithm. A 

sequence is added to an existing group by aligning it 

pairwise to each sequence in the group in turn. The highest 

scoring pairwise alignment determines how the sequence 

will be aligned to the group. For aligning a group to a group, 

all sequence pairs between the two groups are tried; the best 

pairwise sequence alignment determines the alignment of 

the two groups. Thus, the scoring system is essentially the 

standard pairwise score with an affine gap penalty. After an 

alignment is completed, gap symbols are replaced with a 

neural X character. The rule allows pairwise sequence 

alignments to be used to guide the alignment of sequences to 

groups or groups to groups. Once an aligned group has been 

built up, it is advantageous to use position-specific 

information from the group‘s multiple alignment to align a 

new sequence to it. 

A problem with the Feng-Doolittle approach is that 

all alignments are determined by pairwise sequence 

alignments. 

The most popular progressive alignment algorithm 

implementation is the Clustal family, especially the 

weighted variant ClustalW. Then there is ClustalX, a 

variation of the Clustal family that implements a graphic 

user interface. Other progressive alignment implementations 

are MULTALIGN and Kalign Finally, T-Coffee is another 

progressive alignment implementation combined with a 

consistency-based scheme which is more accurate, but 

slower, than ClustalW [17].  

P. ClustalW: 

ClustalW, from the Clustal family and proposed by 

Thompson in 1994 [28], is the most widely used alignment 

method. The ClustalW alignment process requires the three 

following main stages to produce the progressive MSA 

(Figure 2.17) 

1) The distance matrix is constructed from the 

relationships between sequences. A distance matrix 

is an N xN matrix, N being the number of 

sequences, and it represents the pairwise distances 

between sequences in sequence space. Initially, the 

pairwise distances between sequences were 

obtained by doing all-against-all pairwise 

alignments between all sequences, but nowadays, 

faster statistical algorithms can be used to obtain 

these distance values, such as the KTUP distances.  

2) The guide tree from the relationships between 

sequences defined by the distance matrix is 

produced. The guide tree is built by a clustering 

method to calculate distance trees, such as 

neighbor-joining [29] or UPGMA [30], using the 

pairwise distances extracted from the distance 

matrix.  

3) The MSA is built by aligning the sequences 

sequentially to the growing MSA according to the 

order defined by the guide tree. 

 
Fig. 16: Example of Progressive Approach 

CLUSTAL uses progressive alignment method 

[Figure 2.18], but employs several methods to overcome the 

shortcomings of this approach. CLUSTAL uses a weighting 

system to correct for over - representation of extremely 

similar sequences, and uses position-specific gap penalties 

such that areas where gaps occur frequently are given lower 

penalties. In an attempt to overcome the greediness of the 

progressive alignment method, it delays the incorporation of 

the most divergent sequences until the end. For relatively 

similar sequences having identity above 30%, ClustalW is 

able to produce reasonably accurate results quickly, but its 

utility is limited for more divergent sequences. 

Because ClustalW is so widely used, it remains a 

useful tool to start with when attempting to create MSAs. 

However, ClustalW it is less accurate and scalable than 

modern programs, so it is typically better to supplement 

with the alignments produced by other programs. Its main 

advantage is its comparatively low memory usage, so it is an 

optimal choice only in limited cases when memory size is an 

issue [18]. 

 
Fig. 18: CLUSTAL‘s Strategy for forming an MSA. 
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Q. Iterative Alignment: 

As explained above, progressive methods improve 

efficiency at the cost of accuracy. Iterative algorithms, 

proposed by Barton [27], attempt to improve the heavy 

dependence on the accuracy of the initial pair-wise 

alignments exhibited by progressive alignment. They are 

based on the idea that an accurate alignment of a given set 

of sequences can be computed by modifying a pre-existing 

non-optimal alignment. The iterative methods are also 

heuristic in the search of the best multiple sequence 

alignment.  

In the algorithm proposed by Barton, an initial 

alignment is generated then one sequence is taken out and 

realigned to the remaining sequences. The process is 

repeated until all the sequences have been realigned.  

1) Barten-Stenrnberg Multiple Alignment Algorithm: 

Find the two sequences with the highest pairwise similarity 

and align them using standard pairwise dynamic 

programming alignment. 

Find the sequence that is most similar to a profile 

of the alignment of the first two, and align it to the first two 

by profile-sequence alignment. Repeat until all sequences 

have been included in the multiple alignments. 

Remove sequence x and realign it to a profile of the other 

aligned sequences x2,…, xN by profile-sequence alignment. 

Repeat for sequences x2,…, xN. 

Repeat the previous realignment step a fixed 

number of times, or until the alignment score converges. 

Although iterative methods generally give more accurate 

alignments than progressive methods, the major 

disadvantages of iterative MSAs are inherited from the 

optimization methods: the process can get trapped in a local 

minimum and the improvement in the alignment accuracy 

comes at the expense of a longer run time.  

Iterative methods can be classified into stochastic 

or non-stochastic iterative algorithms. In the former, the 

modifications are done using random protocols, while in the 

latter, non-stochastic, ones these are done using dynamic 

programming. Some algorithms of each category are 

reviewed below.  

Stochastic algorithms attempt to refine alignments 

modifying them randomly and trying to maximize an 

objective function. These methods try to model the random 

behaviour of evolutionary changes in sequences, such as 

mutations.  Simulated Annealing, Genetic Algorithm 

and Hidden Markov Models are representative stochastic 

iterative techniques. 

Non-stochastic iterative algorithms work similarly 

to progressive methods but they consist of correcting the 

alignment later by repeatedly re-aligning an initial MSA 

using standard dynamic programming. The MSA is re-

iterated, starting with the pair-wise re-alignment of 

sequences within subgroups, called profiles, and then the re-

alignment of these profiles. The procedure finishes when 

iterations fail to improve the alignment. An important step 

that affects the variability of the method is the way in which 

sequences are divided into groups before being re-aligned. 

The choice of subgroups can be made via sequence relations 

on the guide tree, random selection, etc, depending on the 

implementation.  The most common non-stochastic iterative 

method is MUSCLE.  

 

R. Consistency Based Methods: 

Consistency-based methods attempt to overcome the 

limitations of progressive alignment by incorporating more 

information when constructing MSAs. The main problem of 

progressive alignment is due to its greedy nature: It takes 

very limited information into account at once. 

Most consistency-based methods are also greedy 

heuristics, but still are able to incorporate more information 

while forming the alignment and are thus able to reach 

higher levels of accuracy. These methods commonly 

evaluate the pair-wise alignment through comparison to a 

third sequence:  

Given three sequences, A, B and C, the alignments 

of A-B and B-C may imply that A and C should also be 

aligned [18]. Since consistency-based aligners maintain this 

transitive nature, they are typically more accurate than 

regular iterative progressive aligners like ClustalW, Muscle, 

or Mafft. Besides increased accuracy, consistency-based 

methods offer the additional advantage of being able to 

incorporate different sources of data such as local, global, 

and structure-based alignments. This increased accuracy 

comes at a significant cost to speed: consistency-based 

algorithms take N (number of sequences) times more CPU 

processing time on average [19]. 

 The first combination of a consistency-based 

scoring scheme with a progressive alignment algorithm was 

described by Notredame  in T-Coffee [20]. Other common 

MSA programs that use consistency to produce accurate 

alignments are Probcons [22], Probalign [23], and Dialign 

[24].  

S. Template Based Methods: 

Template-based MSA methods consist of using the 

information of a template to enrich a sequence. This 

template information can be used to guide the sequence 

alignment in a sequence independent fashion. A template 

can either be a 3D structure, a profile or a prediction of 

some kind.  The use of structural or profile information 

increases the accuracy of the resulting alignments. 

Depending on the nature of the template, one refers to its 

usage as structural extension or homology extension. 

 
Fig. 18: Framework of a Template Based Method 
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  Figure 2.17 shows the use of three possible types of 

templates (homology extension, structure and functional 

annotation) in T-Coffee package. Templates are compared 

with a suitable method and the resulting alignment is 

mapped onto the final alignment of the original target 

sequences. The residue pairs thus identified are then 

incorporated into the primary library. 

III. CONCLUSION 

MSA is a key application in genomics. The quality of such 

alignments is a crucial factor for their proper usage. T-

COFFEE is one of the best tools for MSA due to the use of 

consistency to reduce error propagation in the different steps 

of progressive alignment. T-Coffee is an efficient 

component based method but is N times slower than 

CLUSTAL W.  

CLUSTAL W is lacking in accuracy to generate 

optimal alignment as it uses heuristic search (progressive 

approach) and it follows once a gap – Always a Gap Policy.  

However, the memory and execution time to implement 

consistency sometimes discourages users from using this 

tool to align large numbers of sequences. Thus an efficient 

method in terms of speed needs to be developed to produce 

overall better alignment (without significant impact on final 

alignment quality) for multiple sequences. 

REFERENCES 

[1] Radha Chintapalli, Amit Kumar, Laxminarayana 

Parayitam, ―Multiple Sequence Alignment – A 

Quick Tour‖, 2013 

[2] Desmond G. Higgins, Julie D. Thompson, Toby J. 

Gibson, ―Using CLUSTAL for Multiple Sequence 

Alignments‖, 1996 

[3] Wang L and Jiang T. ―The complexity of multiple 

sequence alignment‖, 1994 

[4] Notredame C., ―Recent evolutions of multiple 

sequence alignment algorithms‖, 2007 

[5] Feng DF and Doolittle RF. ―Progressive sequence 

alignment as a prerequisite to correct phylogenetic 

trees‖, 1987 

[6] Notredame C, Higgins DG, and Heringa J., ―T-

Coffee: a novel method for fast and accurate 

multiple sequence alignment‖, 2000 

[7] Notredame C, Holm L, and Higgins DG. 

―COFFEE: an objective function for multiple 

sequence alignments‖, 1998 

[8] Needleman S and Wunsch C. ―A generalmethod 

applicable to the search forsimilarities in the amino 

acid sequence of two proteins‖, 1970 

[9] Smith TF and Waterman MS.,― Identification of 

common molecular sub sequences‖, 1981 

[10] Thompson JD, Plewniak F, and Poch O., 

‖BAliBASE: a benchmark alignment database for 

the evaluation of multiple alignment programs‖, 

1999 


