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Abstract Recent advances in DNA sequencing methodologies have caused
an exponential growth of publicly available genomic sequence data. By con-
sequence, many computational biologists have intensified studies in order to
understand the content of these sequences and, in some cases, to search for
association to disease. However, the lack of public available tools is an issue,
specially when related to efficiency and usability. In this paper, we present
Exon, a user-friendly solution containing tools for online analysis of DNA
sequences through compression based profiles.

Key words: web-based software toolkit, DNA sequence analysis, DNA com-
pression

1 Introduction

The construction and analysis of DNA complexity profiles has been an im-
portant topic of research, due to its applicability in the study of regulatory
functions of DNA, comparative analysis of organisms, genomic evolution and
others [7, 11]. For example, it has been observed that low complexity regions
of DNA are often associated with important regulatory functions [6].

Several measures have also been proposed for evaluating the complexity
of DNA sequences. Among those, we find the compression-based approaches
the most promising and natural, because compression efficiency is clearly
defined (it can be measured by the number of bits generated by the encoder)
[4, 1, 5, 15].

One of the key advantages of DNA compression based on finite-context
models [13, 10, 8, 9] is that the encoders are fast and have O(n) time com-
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plexity. Most of the effort spent by previous DNA compressors is in the task
of finding exact or approximate repeats of sub-sequences or of their inverted
complements. No doubt, this approach has proven to give good returns in
terms of compression gains, but it may be disadvantageous in terms of time
consuming to perform the compression. Although slow encoders could be tol-
erated for storage purposes (compression could be ran in batch mode), for
interactive applications they are certainly not appropriate. For example, the
currently best performing DNA compression technique, eXpert-Model (XM)
[3], could take hours for compressing a single human chromosome. Com-
pressing one of the largest human chromosomes with the techniques based
on finite-context models (FCM) takes less than ten minutes. Along with this
inconvenience, there is the need for a strong computational system to perform
these operations, particularly with regard to memory (RAM). On the other
hand, these tools require local installation, sometimes on particular operating
systems, which makes them inconvenient to use. Moreover, there is the need
of designing a graphical interface to make Exon attractive to biologists and
not only informatics, instead of the prior command line approach.

In this paper, we provide solutions to the mentioned issues using Exon, a
web-based user-friendly software toolkit that analyses DNA sequences using
compression based approaches, such as finite-context modelling [13, 10, 9] and
XM [3]. Since the software is web-based, it is available to any computer (with
a web browser linked to the Internet) and without the need of any software
installation. Moreover, Exon is hosted at a virtual web server composed by
8 cores of Intel(R) Xeon(R) CPU X5650 @ 2.67GHz, with at least 8 GB of
RAM and with 2 TB of storage, running the CentOS linux distribution.

This paper is organized as follows. In Section 2, we describe the methods
used, in particular the compression approaches. In Section 3, we provide some
examples of the Exon usage. Finally, in Section 4, we draw some conclusions.

2 Materials and methods

Using technologies and programming languages such as HTML, PHP, Java,
Javascript, CSS, PostgresSQL, shell script and C, we were able to integrate
several methods in the Exon toolkit. All these methods fall into one of three
categories (pre-encoding, encoding and post-encoding).

The first category is pre-encoding (sequence edition before encoding). In
this category, there are the following methods: reverse (a sequence), concate-
nate (two sequences) and generate (a sequence). The first two methods are
self-explanatory, due to their names. Sequence generation is based on multiple
competing finite-context models. In short, this generator allows to generate
a synthetic sequence based on statistics collected from a template sequence,
using a stochastic process [12].
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The second category is encoding (sequence compression). In this category,
there are two possible models: XM or FCM (finite-context modelling). The
first method, XM [3], relies on a mixture of experts for providing symbol
by symbol probability estimates, which are then used for driving an arith-
metic encoder. The algorithm comprises three types of experts: (1) order-2
Markov models; (2) order-1 context Markov models, i.e., Markov models that
use statistical information only of a recent past (typically, the 512 previous
symbols); (3) the copy expert, that considers the next symbol as part of a
copied region from a particular offset. The probability estimates provided by
the set of experts are then combined using Bayesian averaging and sent to
the arithmetic encoder. Although the XM approach is inappropriate for large
DNA sequences, we have included it in the Exon toolkit, because it can be
used in small sequences (normally below 2 MB) and also for comparison with
other methods. The other method, FCM [9], is an approach based on mul-
tiple finite-context models of different orders that compete for encoding the
data. Figure 1 gives an example of these multiple models. The competitive
procedure implies that the best of the models is chosen for encoding each
DNA block, i.e., the one that requires less bits is used for representing the
current block.
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Fig. 1 Example of the use of multiple finite-context models for encoding DNA sequence
data. In this case, two models are used, one with a depth-5 context and the other using an

order-11 context.

The third (and last) category is the post-encoding (computation and ma-
nipulation of the information content received from category two). In this
particular category, there is a module capable of processing the information
content, by applying signal processing techniques, such as filtering, in order
to improve the visual output of the complexity profiles.
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The process of building a complexity profile for visualization can be seen
in Figure 2.

Fig. 2 Activity diagram of the process of building a complexity profile for visualization.

Exon has a pyramidal hierarchy structure of 3 levels (roles). The first and
lowest is the guest user. Here, the user can perform the basic operations,
namely those described in Figure 2, although, with certain restrictions such
as limited number of FCM models to be chosen. In the middle, there is
the operator level. This is a registered user that has the same privileges
as the guest user, but with access to more features such as the uploading
of sequences. The upper level is administrator. This is the unlimited user,
that can also control logs, edit files, edit accounts, edit models, among other
operations.
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2.1 Software availability

This web-based software toolkit is publicly available for non-commercial pur-
poses at http://exon.ieeta.pt.

3 Some examples

In this section, we provide some examples where we used Exon. For that
purpose, we used the Saccharomyces cerevisiae genome (uid128) from the
National Center for Biotechnology Information (NCBI).

Figure 3 shows an example of a complexity profile (corresponding to chro-
mosome 2 of the S. cerevisiae), generated by a multiple finite-context model
DNA encoder in Exon.

Fig. 3 Complexity profile of chromosome 2 from the S. cerevisiae genome. The informa-
tion content was processed in both directions, combined using the minimum value of each
direction, and low-pass filtered using a Blackman window of size 11.

We can observe several regions where the complexity is very small, meaning
that a reduced number of bits was required for compressing those regions. Of
particular interest are the two regions that are below 0.5 bpb (marked with
letters B and C). These regions, which have been zoomed-in in Figure 4,
correspond to transposons (sequences of DNA that can move or transpose
themselves to new positions within the genome of a single cell). There are
strong evidences that genetic diseases are caused by transposition events, for
more information see [14].

The transposon marked with letter B (YBLWTy1-1) has 5,915 bases
(from base 221,037 to base 226,952). The transposon marked with letter C
(YBRWTy1-2) has 5,917 bases (from base 259,578 to base 265,494). More-
over, a Blast search [2] indicates that these sequences have ∼99% of identity.

Similarly, the regions marked with letters A and D represent homologous
genes. In particular, the region marked with letter A, with 954 bases (from
base 168,423 to base 169,376), represents the gene RPL19B. On the other
hand, the region marked with letter D, with 1,076 bases (from base 414,186



6 Diogo Pratas, Armando J. Pinho, and Sara P. Garcia

Fig. 4 Zoom of the complexity profile (from base 200,000 to base 280,000) of chromosome

2 from the S. cerevisiae genome. The information content was processed in both direc-
tions, combined using the minimum value of each direction, and low-pass filtered using a
Blackman window of size 11.

to base 415,261), represents the gene RPL19A. A Blast search indicates that
these sequences have ∼93% of identity.

Another application of Exon is the ability to perform inter-sequence anal-
ysis, i.e., using sequence concatenation it is possible to unveil low complex-
ity zones which are usually associated to zones of potential biological inter-
est. Thereby, we have concatenated chromosome 2 and 4 of of S. cerevisiae
genome (showing just the results for the range of chromosome 2) and built
the correspondent complexity profile (see Figure 5).

Fig. 5 Complexity profile comparison of chromosome 2 from the S. cerevisiae genome.

The first row shows the information content of chromosome 2. The second row shows
chromosome 2 with information added from chromosome 4. The information content was
processed in both directions, combined using the minimum value of each direction, and
low-pass filtered using a Blackman window of size 11.
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In Figure 5, it is possible to observe (second row) that some new low com-
plexity zones have been unveiled, comparing with the complexity profile of
chromosome 2 alone (first row). These regions have been marked with letters
E and F. Relatively to region E, the complexity profile shows two locations,
almost coincident, of tRNA (tRNA-Ile and tRNA-Gly), which are contained
also in chromosome 4. Letter F marks a region containing 1,089 bases, cor-
responding to gene RPL4A (from base 300,166 to base 301,254). Thereafter,
we determined the corresponding source, leading to a region in chromosome 4
containing also 1,089 bases corresponding to gene RPL4B (from base 414,186
to base 415,261). Blast search indicates that these sequences have ∼100% of
identity, i.e., these sequences are equal. These very similar genes have homol-
ogous in other species, such as in the Homo sapiens.

4 Conclusion

In this paper, we have presented Exon, a user-friendly solution containing
tools for online analysis of DNA sequences through compression based pro-
files.

The main aim was to bridge the field of biology and the field of informatics,
allowing a biologist without expertise in computer science to create complex-
ity profiles and analyse DNA sequences. To attain that, we have provided a
graphical interface, avoiding the command line approach, together with the
availability of a powerful web server, not requiring software installation (with
common usage, accessible to any computer connected to the Internet).

Also, we have demonstrated the usefulness of Exon, building complexity
profiles of a few sequences from the Saccharomyces cerevisiae genome. In
particular, we have identified transposons, tRNA genes, similar and highly
similar genes.
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