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Abstract
The dawn of next generation sequencing has resulted in the accumulation of
colossal sequence data which needs to be analyzed. Sequences that are closely
related can be analyzed using sequence alignment methods but on the other
hand, alignment-based methods for divergent sequences seem to be
cumbersome. Hence, to overcome the challenges faced while using alignmentbased methods for either no or very less related sequences, alignment-free
methods have been discovered. Various theoretical methods have been used to
build alignment-free methods or tools. This review discusses the alignment-free
approaches, their development, and the role of some suggested theories for
sequence analysis have also reviewed in this paper.

Introduction
Sequence alignment is a customary to not only find similar regions among a pair
of sequences but also to study the structural, functional and evolutionary
relationship between organisms. Many tools have been discovered to achieve
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the goal of alignment of a pair of sequences,
separately for nucleotide sequence and amino
acid sequence, BLOSSUM & PAM [1] are a few to
name. There are many methods of alignment
such as pairwise alignment. Multiple sequence
alignment, on the other hand, is used for aligning
3 or more sequences. It is considered as the first
step in phylogenetic studies. Progressive
alignment is the base for developing various
multiple alignment tools. For the validation of
alignment, benchmark datasets are used. One
tool that has been extensively used for this
purpose is BaliBASE [2]. It is a database of refined
multiple sequence alignments consisting of high
quality documented alignments to identify the
strong and weak points of the numerous
alignment programs IRMBase [3], SABMark [4],
OXBENCH [5] are a few to name.
The limitations that led to the development of
algorithm for alignment-free sequence analysis
are 1) incompleteness in approach to sequence
divergence and also reflects conservation of
contiguity between homologous segments, 2)
unfeasibility in searching large databases as a
result of escalation in computational load being
considered as a power function, 3) heuristic
solutions make it harder to assess the statistical
relevance of the resulting scores which
compromises the establishment of confidence
intervals for homology.
Various physics methods, mathematical
modeling techniques such as Information
Theory, Chaos Theory, Linear Algebra and
Statistics have been used to achieve the aim
[5,6,7,8,9,10,11]. As the sequence data is
increasing exponentially it is unfeasible to use
alignment based methods for distinctly related
sequences. Implementation of the idea of
alignment-free methods previously done
worldwide in various fields such as
phylogenomics, NGS, epigenomics, SNP
discovery etc., have been discussed briefly in this
paper. Diogo Pratas et al (2015) [12] has
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described an alignment free computational
method, based on blind unsupervised approach,
to detect large-scale and small-scale genomic
rearrangements between pairs of DNA
sequence. Cheon Xin Chan (2013) discussed kmer method [13]. Shea N Gardner and Barry G.
Hall (2013) [14] have explained about a software
called kSNP v2 for alignment-free SNP and
phylogenetics. MAUVE, Cinteny, Apollo, Mizbee
are a few tools for visualization purposes to
name [15]. Some other well-known websites or
software developed for alignment-free methods
are kmacs [16], Spaced words [17], and rush [18].

Linear Algebra & Statistics
For the sequences to be considered as objects or
vectors, mathematical techniques have been
used [10]. By scaling up the vectors N number of
sequence combinations could be derived.
Euclidean distance has been used to achieve
complete independence from the contiguity of
conserved segments and find the difference
between sequences. The same method has also
been used to calculate the correlation among
the sequences. To calculate the covariance
between sequences, another metric method
called Mahalanobis Distance method is used
which indicates the extent to which prefix and
suffix of a word are equal between a point and a
distribution. Statistical significance of the
sequence comparison is assessed by Chi-square
test [10]. There are many method frames based
on k-mer/ word frequency, Feature frequency
profile (FFP), Composition Vector, Return time
distribution (RTD) are to name a few
[18,19,20,21].
FFP method works by calculating the count of
each possible k-mer in sequence [18, 19]. A kmer is a unit of information, in this case, it is the
nucleotides or amino acids present in the
sequence. Each k-mer count in each sequence is
then normalized by dividing it by total of all kmer’s count in that sequence, therefore
5
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converting each sequence into its feature
frequency profile. Jensen-Shannon divergence
(JSD) is a method of measuring the similarity
between
two
probability
distributions,
otherwise called as information radius (iRad) or
total divergence to the average [22]. The
equation defining JSD is:

JSDP || Q   1 / 2 DP || M   1 / 2 DQ || M 

clustering algorithms [23,24].
Instead of
calculating the count of k-mers as done by
previously discussed methods, RTD method
computes the time required for the
reappearance of k-mers. The values are
summarized using two statistical parameters
mean and standard deviation. The pairwise
distance is calculated using Euclidean distance
and the last step is the construction of tree using
clustering algorithms.

where,

Information Theory

M = ½(P+Q).

The information is a vital part of all forms of
communication which is measured in bits [5].
The equation framed for quantifying the
capability of transmission of data over a channel
has been used to calculate probabilities of
different outcomes in sequence comparison. The
equation is:

This divergence method is used to calculate the
pairwise distance between two sequences. The
resulting distance matrix can then be used to
construct a phylogenetic tree using clustering
algorithms.
In the composition of vector method, the
frequency of the appearance of each possible kmer in the sequence is calculated. Markov model
is used to reduce the influence of random
neutral mutations to highlight the role of
selective evolution. Composition vector (CV) of a
given sequence is then formed by normalizing
the frequencies and putting them in a fixed
order. The pairwise distance of CVs of given
sequences is then computed using cosine
distance. In general, cosine distance is a measure
of similarity between two non-zero vectors of an
inner product space that measures the cosine
angle between them.

dis tan ce 

cos1 similarity



Where,

similarity  1  distance
The above equation defines the cosine distance
when the vector elements are positive. The
resultant matrix is used to construct a tree using
Bioinformatics Review, vol. 3, no. 7, pp. 4-10, July 2017

    P
K

HW

X
L

i 1

X
L ,i

 

log 2 p LX,i

In simple words, the longer the length of the
sequence is, the more complex the object is
considered. Kolmogorov's complexity is hence
used to reconstruct the given sequence [9].
Global and local characterization of DNA, RNA,
proteins, estimation of genome entropy to motif
and region classification are some of the existing
applications of Information Theory in building
alignment-free methods.
Some of the principles used to develop based on
information theory in developing software are
here under.
a) Base-base correlation: converts the genome
sequence into 16-dimensional numeric vectors
using the following equation:

K
T ij K    Pij l   log2
6
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where,
Pi and Pj denotes probabilities of the bases i and
j in the genome.
Pij(l) indicates the probabilities of bases i and j at
the distance l in the genome.
parameter K indicates the maximum distance
between the bases i and j.
The variation in the values of 16 parameters
reflects variation in the genome content and
length [25,26,27].
b) Information correlation: partial information
correlation: This method employs the base
correlation property of DNA sequence. IC and
PIC were calculated using the below formulas:

IC  2 P log P   P l log P l 
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wherel  l 0 , l 0  1,..., l 0  n,
PIC ij l 

The final vector obtained defines the range of
distance between bases. Euclidean distance is
used to calculate the pairwise distance between
sequences and the distance matrix is used to
construct a tree using clustering algorithms [28].
c) Context modeling compress: This method was
described by Pinho et al., (2013) [29]. It is a
method which is used in DNA sequence analysis.
In this method, the next symbol predictions, of
one or more statistical models are combined to
yield a prediction that is based on events that are
recorded in the past. The algorithmic
information derived from each symbol
prediction can be used to compute algorithmic
information profiles with a time proportional to
the length of the sequence.
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Universal Sequence Map (Chaos
Theory)
The proposition of iterative maps or iterative
functions for the representation of DNA is
considered similar to that of one of the principles
of Chaos Theory, Fractal [30, 31]. The coordinate
position of each unit of a sequence of nucleotide
or amino acid that defines the trajectories in
continuous space encodes for both its identity
and its context.
Mathematically, the chaos game is described by
an iterated function system. An IFS is a set of
pairs of linear equations, each pair of the form:

x  ax  by  e, y  cx  dy  f
Each pair of equations gives the formula for
computing the new value of x and y coordinates.
This was the period iterative maps introduced by
HJ Jefferey [6].
This representation defines a unit square where
each corner corresponds to one of the four
possible nucleotides [6,7]. Due to the lack of
scalability with regard to the number of possible
unique units and inability to represent
succession schemes, Markov models have been
used for the identification of discrete spaces to
represent sequences as cross-tabulated
conditional probabilities –Markov Transition
tables [7].
To measure the homology and to align
sequences Bayesian theory has been used.
Therefore the use of iterative maps has been
found to be both essential and effective not only
for representation of sequences but also for
identifying scale independent stochastic models
of the succession schemes [8]. A number of web
pages such as GitHub [32] are available to
demonstrate how to encode and compare
arbitrary symbolic sequences. MapReduce is also
being utilized for the same purpose [33].
7
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MapReduce coding pattern is most widely used
as it finds natural distribution via map functions
to process vectorized components and reduction
of aggregate intermediate results.

Conclusion
Multiple sequence alignment being heuristic in
nature reflects methodology incompleteness in
approach to sequence divergence and also
reflects conservation of contiguity between
homologous segments. The percentage of
unfeasibility in searching large databases as a
result of the escalation in computational load
increases when using heuristic solutions.
Assessment of statistical scores which
compromises the establishment of confidence
intervals for homology becomes harder.
Alignment-based methods require substitution
or evolutionary models and are expensive as
they rely on dynamic programming to find the
alignment that has an optimal score. On the
other hand, alignment- free methods do not
assume continuity of homologous regions. It is
computationally inexpensive and memory
intensive, less dependent on substitution or
evolutionary models. Unlike alignment based
methods these are less sensitive to stochastic
sequence variation, recombination, horizontal
gene transfer etc., which is time efficient.
Indexing word counts or positions in fractal
space are the alternatives to dynamic
programming used in alignment-based methods.
An algorithm satisfying the need of an
alignment-free program for sequence analysis
would be a good solution to overcome all the
limitations of the already developed programs in
use.

efficient tools to overcome the limitations faced
while handling alignment-based methods.
The current trend is the use of MapReduce to
analyze
the
sequence
data.
Proper
understanding
and
implementation
of
alignment-free methods could be used more
efficiently in the area of metagenomics, for
phylogeny reconstruction, protein classification
and finally in decoding the sequence information
eventually helping in studying disease patterns.
The need of accurate alignments without
compromising their specificity and sensitivity is
increased thereby, increasing the demand for
new algorithms.
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