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We compare the statistical properties of coding and noncoding regions in eukaryotic and viral
DNA sequences by adapting two tests developed for the analysis of natural languages and symbolic
sequences. The data set comprises all 30 sequences of length above 50000 base pairs in GenBank
Release No. 81.0, as well as the recently published sequences of C. elegans chromosome III (2.2
Mbp) and yeast chromosome XI (661 Kbp). We find that for the three chromosomes we studied the
statistical properties of noncoding regions appear to be closer to those observed in natural languages
than those of the coding regions. In particular, (i) an n-tuple Zipf analysis of noncoding regions
reveals a regime close to power-law behavior while the coding regions show logarithmic behavior
over a wide interval, while (ii) an n-gram entropy measurement shows that the noncoding regions
have a lower n-gram entropy (and hence a larger “n-gram redundancy”) than the coding regions. In
contrast to the three chromosomes, we find that for vertebrates such as primates and rodents and for
viral DNA, the difference between the statistical properties of coding and noncoding regions is not
pronounced and therefore the results of the analyses of the investigated sequences are less conclusive.
After noting the intrinsic limitations of the n-gram redundancy analysis, we also briefly discuss the
failure of zeroth- and first-order Markovian models or simple nucleotide repeats to account fully for
these “linguistic” features of DNA. Finally, we emphasize that our results by no means prove the

existence of a “language” in noncoding DNA.

PACS number(s): 87.10.4¢

I. INTRODUCTION

Hereditary genetic information is stored in DNA. The
sequences of amino acids for a given protein are encrypted
by the coded correspondence between codons (triplets of
nucleotides) and amino acids. This is called the genetic
code. In higher organisms, the protein coding sequences
comprise a small fraction of the total DNA (the genome)
[1]. Experimental evidence of important functions of non-
coding sequences has been reported in recent years [2-4].
Moreover, statistical analysis has shown that long-range
power-law correlations between nucleotides are present
in noncoding regions [5-7]. A fundamental question is
whether information not related to the structure of pro-
teins can be stored in these noncoding DNA sequences
8,9].

In this paper we study long DNA sequences using tools
mainly developed for quantitative analysis of natural lan-
guages and symbolic sequences. Our analysis is per-
formed on eukaryotic and viral DNA sequences. We in-
vestigate the statistical properties of all sufficiently long
DNA sequences from the current version of the GenBank
(Release No. 81.0) by analyzing the complete sequences
as well as their separate coding and noncoding parts.

In particular, we study the frequency of n-tuples ob-
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served in each sequence in the same way that Zipf [10] an-
alyzed the frequency not of n-tuples but rather of words
appearing in texts of natural languages. We also study
the Shannon n entropy [11] of DNA sequences. In natural
languages the frequency of occurrence fof a given word is
related to its rank R (i.e., to the position of the word in a
list ordered in terms of the word frequency) by an approx-
imate power-law relation characterized by an exponent
¢ ~ 1 [10,12]. The Shannon n entropy (i.e., the entropy
of the n-tuples observed in a given text string) is a non-
linear function of n for natural and artificial languages,
indicating that languages are non-Markovian processes
[13,14]. The non-Markovian nature of natural languages
is also supported by the discovery of long-range correla-
tions in the binary mapping of literary texts [15,16].

We find that the linguistic properties of DNA se-
quences of different organisms are significantly different.

(a) For coding DNA sequences a plot of f(R) can be fit
by a logarithmic function, while for noncoding sequences
a plot of f(R) may deviate significantly from a logarith-
mic behavior. In the investigated chromosomes and in
several other DNA sequences the Zipf plot of noncoding
DNA can be fitted by a power law in a relatively large
interval of ranks.

(b) In the analyzed chromosomes, the noncoding re-
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gions show a lower n-gram entropy (a higher n-gram re-
dundancy) than the coding regions. For the sequences of
vertebrate and viral DNA the difference in redundancy of

Jing and noncoding sequences is less pronounced and
less systematic.

It is known that different organisms, and even different
regions of DNA from the same organism, may show a
nonuniform concentration of the four DNA bases. We
compare our experimental results with the predictions of
low-order Markovian processes. The checks performed
allow us to conclude that zeroth-order and first-order
Markovian processes cannot explain our experimental
findings.

The paper is organized as follows. Section II provides
basic biological background. In Sec. IIT we discuss the
“n-tuple” Zipf analysis and report the results of our com-
parison between coding and noncoding DNA. Section IV
deals with n-gram entropy and n-gram redundancy cal-
culations on coding vs noncoding DNA. We conclude in
Sec. V with a discussion of our findings. In particular,
we emphasize that our results by no means prove the
existence of a “language” in noncoding DNA.

II. BIOLOGICAL MOTIVATION

In this paper we consider DNA as a symbolic sequence
of a four-letter alphabet. The four letters are A, C, G,
and T indicating the four bases (nucleic acids) that are
the building blocks of DNA, i.e., adenine, cytosine, gua-
nine, and thymine, respectively. Even for very simple
organisms, the complexity of DNA sequences is remark-
able [1].
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A. Genetic code

The 20 amino acids that are the building blocks of
proteins are coded by 3-tuples (strings of three succes-
sive nucleotides) of DNA called codons. There are 64
possible combinations for the four bases (AAA, AAC,
AAG, AAT,...). Sixty-one codons are used to code 20
amino acids, the remaining three codons (TAA, TAG,
and TGA) are the stop signals indicating the termina-
tion of a protein sequence. Since there are 61 codons
code for 20 different amino acids, more than one codon
is used to specify the same amino acid in many cases.
Thus the genetic code is degenerate.

B. Genome complexity

In our study we mainly focus attention on eukaryotic
cells (organisms in which the cells have a nucleus and the
DNA is inside the nucleus). A typical gene has its coding
information stored in “pieces” (exons) interspersed with
a number of noncoding regions (introns). The length of
an intron can vary over many orders of magnitude, e.g.,
from 31 nucleotides in the viral SV40 gene to over 210 000
nucleotides in the human dystrophin gene [1]. In addition
to exons and introns, genomic DNA contains intergenic
sequences that separate different genes and form more
than half the human genome.

C. Two paradoxes

1. C paradozx

A comparison of genome sizes from different species
reveals a surprising and important finding known as the
C paradox (“complete genome size” paradox) [17]. The

TABLE I. Sequences analyzed here.

Organism Type of sequence No. of nucleotides Coding (%)
Phage
T7 complete genome 39936 91.7
phage A complete genome 48 502 83.0
Bacterial
E. coli 6 sequences 687 329 82.2
Viral
Herpes simplex complete genome 152260 78.4
Epstein Barr complete genome 172281 71.0
Invertebrate
Sacc. cere. (yeast) chromosome XI complete chromosome 666 448 71.9
Sacc. cere. (yeast) chromosome III complete chromosome 315338 67.0
C. elegans chromosome III complete chromosome 2176983 29,0
Rodent
Mus musculus (mouse) three sequences 201894 5.32
Human
Homo sapiens nine sequences 748 843 5.33


































