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Introduction

DNA sequences of a genome is inhomogeneous.  The fractional long-range
correlations (domains-within-domains phenomena, Figure 1) have been observed in non-
coding, but not coding DNA sequences (Figure 2). However, the origin of the long-range
correlations is controversial.

Segmentation procedures are the statistical approaches for identification of
homogeneous regions, such as the different compositional patches or DNA domains in a
sequence. The proposed segmentation procedure is based on Jensen-Shannon divergence.
In brief, the segmentation procedures include three stages: (1) sequence splitting using a
sliding window; (2) Jensen-Shannon divergence measure directly dealing with sequence
compositional complexity (SCC); (3) stopping criteria.

Theory

Segmentation procedures extract information from DNA sequences of a genome
based on the information theory. The Jensen-Shannon divergence measure is closely
related to Shannon entropy. S={a1, a2 …, aN} is a sequence compos of N symbols from
the alphabet A ={A, T, C, G} for DNA. fj

A, fj
T, fj

C, fj
G are the relative proportions of the

nucleotides in subsequence Sj. Fj={fj
A, fj

T, fj
C, fj

G} is the respective vectors of relative
nucleotide frequencies for subsequence Sj. The Jensen-Shannon divergence measure for a
sequence containing n domains is:
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where s is a given significance level, L=Σili, S=concatenation of all subsequences Si’s,
and Shannon entropy H[]=-plog2p. The segmentation is called complete (optimum) with
divergence JSn

*(s) if there is no other with higher divergence at the same s. JSn
*(s)

increases monotonically as s decreases. JSn(s) increases with complexity. The long-range
fractal correlations are associated with higher levels of SCC.

The stopping criteria is arbitrary if the significant level s is used. The model
selection framework is introduced to build a new stopping criteria. In this framework,
basic 1-to-2 segmentation is carried out recursively. Whether or not the 1-to-2
segmentation should be continued is determined by whether the two-random-
subsequence model is better than the one-random-sequence model in terms of the
model’s ability to fit the data and the model’s complexity. The Bayesian information
criterion (BIC) is a measure of the balancing of the two factors.
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L is the maximum likelihood, K is the number of parameters in the model, and N

is the number of data points. The better the model, the larger the integrated likelihood,



and thus the smaller the BIC. Therefore, whether or not the 1-to-2 segmentation should
be continued is determined by whether ∆BIC<0 or not. This leads to the new stopping
criteria
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which sets the lower (relaxed) bound of the significance level, where JSD
∧

 is the
maximum of Jensen-Shannon divergence (i.e. JSn

*(s)).
To set the upper (stringent) bound, a measure for segmentation strength s (not the

same s as the previous significance level s) is introduced:

)log(4

)log(42

N

NDN
s

JS −=
∧

The stringency level can be raised by choosing a positive threshold s0: s>s0>0.
Empirically, the larger the s0, the larger the domain sizes (Figure 3).

Applications

It is a great idea to apply information theory to genomic sequences. The
segmentation procedures are very successful and helpful in understanding the genome
sequences.

By applying the SCC measure to real sequences with different correlation
structures (HUMTCRADCV, a human DNA sequence whose long-range correlations and
complexity are well known; ECO110K, a bacterial uncorrelated sequence), we confirmed
that the long-range fractal correlations are associated with higher levels of SCC: the more
complexity, the greater JSn(s) (Figure 4 (b)).

Differences in JSn(s) between coding and noncoding regions of E. coli complete
genome (Figure 5) indicate that the noncoding regions have higher complexity than the
coding regions.

The complexity profile of myosin heavy-chain genes in different species (Figure
6) indicate that SCC is consistent with biological complexity, i.e. the higher species have
higher JSn(s) values.

With the new stopping criteria, the genomic sequence (e.g. the left telomere of
yeast chromosome 12) can be segmented with high accuracy, comparing with known
segmentations (Figure 7).
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