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Abstract

We review recent studies of distribution of dimeric tandem repeats and short oligomer clus-
tering in DNA sequences. We �nd that distribution of dimeric tandem repeats in coding DNA
is exponential, while in noncoding DNA it often has long power-law tails. We explain this phe-
nomenon using mutation models based on random multiplicative processes. We also develop a
clustering measure based on percolation theory that quanti�es the degree of clustering of short
oligomers. We �nd that mono-, di-, and tetramers cluster more in noncoding DNA than in coding
DNA. However trimers have some degree of clustering in coding DNA and noncoding DNA.
We relate this phenomena to modes of tandem repeat expansion. c© 1999 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The origin, evolution, and biological role of tandem repeats in DNA, also known as
microsatellites or simple sequence repeats (SSR), are presently one of the intriguing
puzzles of molecular biology. The expansion of such SSR has recently become of great
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interest due to their role in genome organization and evolutionary processes [1–11].
It is known that SSR constitute a large fraction of noncoding DNA and are relatively
rare in protein coding sequences.
SSR are of considerable practical and theoretical interest due to their high polymor-

phism [7]. The formation of a hairpin structure during replication [12,13] is believed
to be the cause of the CNG repeat expansions, which are associated with a broad va-
riety of genetic diseases. Dimeric SSR of the type (CA)‘ are also known to expand
due to slippage in the replication process. These errors are usually eliminated by the
mismatch-repair enzyme MSH2. However, a mutation in the MSH2 gene leads to an
uncontrolled expansion of repeats – a common cause of ovarian cancers [14]. Similar
mechanisms are attributable for other types of cancer [6,15–17]. Telomeric SSR, which
control DNA sequence size during replication, illustrate another crucial role of tandem
repeats [18].
A study of SSR from primates, emphasizing their abundance, length polymorphism,

and overall tendency to expand in di�erent sequence contexts, was reported by Jurka
and Pethiyagoda [10]. The probability distribution functions for the length of special
classes of repeats have been studied in many publications (see, e.g., Refs. [19–22]. Bell
and Jurka [23] studied the length distributions of dimeric tandem repeats of rodent and
primate DNA. Other studies, reporting periodicities of various SSR in introns, have been
carried out [24,25]. An analysis of clustering of nucleotides has been done by Mrazek
and Kypr [26] and by Lio et al. for Haemophilus inuenzae and Saccharomyces
cerevisiae chromosomes [27]. Systematic analysis of SSR distributions has yet to be
done and is the focus of this paper. Speci�cally, we consider the distribution of the
most simple case of SSR – repeats of identical dimers, i.e., dimeric tandem repeats
(DTR). It is possible to construct a statistically signi�cant length distribution of SSR
only in the cases of mono- and di-nucleotides.
In order to extend the study of patterns of nucleotides in DNA, we develop a quan-

titative method for studying the repetitions of oligomers (mono-, di-, tri-, and tetranu-
cleotides) in coding and noncoding DNA. Using the concepts of percolation theory
[28–30], we calculate the mean length (de�ned below) of repetitions of oligomers.
We also calculate the expected length of repetitions if the oligomers – with the same
frequencies as in real sequence – were randomly placed along an arti�cial sequence.
We use the expected length of repetitions of oligomers as a control. By forming the
dimensionless ratio between the actual value to the control value, we can recognize
whether oligomers “cluster” (repeat more than they would if their order were randomly
shu�ed) or “repel” (repeat less than they would if their order were randomly shuf-
ed). In such a way we can understand if oligomers in DNA tend to aggregate or
segregate.
Section 2 describes methods we use to analyze distributions of DTR. The dif-

ference between coding and noncoding DNA sequences is discussed in Section 3.
The relation to the evolutionary mechanisms of DTR expansion is discussed in Sec-
tion 4. The methods and results for clustering measures are presented in Sections
5 and 6.
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2. DTR methods

We study [31] genomes of four di�erent organisms: human (homo sapiens), mouse
(mus musculus), nematode (caenorhabditis elegance) and yeast (saccharomyces cere-
visiae). In order to minimize the arti�cial statistical bias of the GenBank towards
speci�c proteins, we restrict our study to the complete genomes of yeast (all 16 chro-
mosomes) and C. elegans (all six chromosomes), and large human and mouse genomic
sequences exceeding 100 kbp in length. We found 1113 such sequences of total length
144,833,600 bp in human and 33 such sequences of total length 4,545,649 bp in mouse
DNA sequences (GenBank release 110.0).
We analyze separately all coding and noncoding regions (intergenic and introns) for

each of the organisms. We identify coding DNA using CDS key word in the GenBank
at �le format. We concatenate sections that belong to one CDS and correspond to the
genetic code for one protein. We identify introns as sections between exons within one
CDS. The region between di�erent CDS are identi�ed as intergenic. Thus, the intergenic
regions, by our de�nition, also include unrestricted 5′ and 3′ ends of the genes.
First, we calculate number of occurrences N (‘) of dimeric tandem repeats of ‘ repeti-

tions for 16 types of dimers. We combine results for six groups of DTR:
(1) AA; TT (AA or TT ); (2) TA; AT ; (3) CA; AC; TG;GT ; (4) CC;GG; (5) GA; AG; TC;
CT ; and (6) GC;CG. We use this classi�cation because A is complementary to T , and
C is complementary to G; and, we average over two possible directions of reading
DNA sequences. In addition, we combine data for repeats xy and yx, where x and y
denote nucleotides A, C, G or T , since repeats xy and yx have almost identical distri-
butions. In fact, repeat (xy)‘ must become (yx)‘±1 if one shifts the reading frame by
one bp.
Next, we calculate the normalized number of repeats N0(‘) = N (‘)=N (1) of length

‘, where N (1) is the total number of occurrences of a single dimer. If there are no
repeats for one or more consecutive values of ‘ between points ‘′ and ‘′′, we substitute
N0(‘′′) by N0(‘′′)=(‘′′ − ‘′).

3. DTR results

We �nd that the normalized number of repeats N0(‘) for all six groups of dimeric
tandem repeats in coding DNA in all four analyzed organisms decays rapidly with ‘.
By plotting N0(‘) in the semilogarithmic scale (Figs. 1a and 2a) we observe that
all of these functions have a linear decay, indicating exponential functional form
of N0(‘) ∼ exp (−k‘), which is in agreement with predictions of short-range
markovian models. In mouse and human we �nd practically no deviations from expo-
nential behavior for coding regions. For yeast and C. elegans we �nd only 13 and 19
CDS regions correspondingly which have repeats of length larger than 10.
For noncoding regions, distributions N0(‘) can be better described by a power law:

N0(‘) ∼ ‘−� (1)
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Fig. 1. The combined plot of average normalized number of repeats for six groups of dimeric
tandem repeats for the complete yeast genome: AA; TT (AA or TT ) (©); TA; AT (4);CA; AC;
TG; GT ( ); CC; GG (•);GA; AG; TC; CT (♦); and GC; CG ( ) (a) for coding DNA in semilogarithmic
scale and (b) for noncoding DNA in double-logarithmic scale. For clarity, we separate plots for these six
groups by shifting them by a factor of 100 on the ordinate. The straight line on plot (b) indicates a power-law
function f(x) ∼ x−� with � = 5:3. In (b) as an example of P(r; ‘) being a function of both r and ‘, we
include the results of simulations (dot–dashed bold line) �tting the second and the third groups of repeats
(see Fig. 3). The values of � for �rst three groups of repeats are 5.3, 3.2, 2.8, from top to bottom, �tting
range is ‘¿ 5.
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Fig. 2. The same as above but for known human genome. The values of � for these six groups of repeats
are 5.6, 3.3, 3.2, 4.1, 6.7, 5.4 from top to bottom, �tting range is ‘¿ 5. (a) Coding; (b) non-coding.
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with � ranging between 2 and 5 for di�erent organisms. In this case, these distribu-
tions should be straight lines on a double logarithmic plot. In fact, that is what we
observe from Figs. 1b and 2b. We do not observe a signi�cant statistical di�erence in
the functional behavior of N0(‘) for introns and intergenic sequences, so we present
combined data for noncoding DNA (introns and intergenic sequences).
There are two exceptions:
(i) We �nd that in some cases, the double logarithmic plots for noncoding regions

have long tails which are almost horizontal straight lines with a rapid cut-o� at about 30
copies, and cannot be approximated by a power-law function. These plateaus correspond
to noncoding sequences of the dimers CA–AC, TG–GT , and GA–AG, TC–CT in mouse
and human DNA (see Fig. 2b). This e�ect is not observed in C. elegance and yeast.
(ii) We also observe that all organisms lack CG–GC repeats in the intron and

noncoding DNA.

4. DTR model

Recently, several mechanisms of simple sequence repeat expansion have been
proposed [2,5,6,9,13,21,22,32–34]. The model, proposed recently to explain power-
law distributed repeats [21] can produce power-law distributed repeats with any given
exponent � [for details see Ref. [22]].
The mechanism proposed in Refs. [21,22] is based on random multiplicative pro-

cesses, which can reproduce the observed non-exponential distribution of repeats. The
increase or decrease of repeat length can occur due to unequal crossover [18,35] or
slippage during replication [5,13,36].
It is reasonable to assume (see Wells, 1996, and references therein) that in these

types of mutations, the new length ‘′ of the repeat is not a stepwise increase or
decrease of the old length, but is de�ned as a product ‘′=‘r, where r is some random
variable. This variable r is distributed according to the probability distribution function
P(r; ‘), which depends both on ‘ and r. As has been shown in Refs. [21,22,37], in
the most simple case when P(r; ‘) does not depend on ‘ (we denote it by P(r)), the
model produces pure power-law distribution of repeats, and the value of a power-law
exponent � can be determined from the equation

1 =
∫ +∞

0
P(r)r�−1 dr : (2)

The di�erence between the empirical distributions for various kinds of repeats can
be attributed to the fact that the probability rates P(r; ‘) of various mutations strongly
depend on the length of the repeats ‘ [21,22,36,13], i.e., there exist biochemical depen-
dence on the repeat size. For example, the power-law behavior usually starts from re-
peats of length ‘¿5. This may indicate that short repeats are distributed exponentially,
as in random sequence. Thus, it is plausible to conclude that the mutation processes
target repeats of length above ‘¿5.
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Fig. 3. As an example of P(r; ‘) being a function of both r and ‘, we use following P(r; ‘) to �t
TA; AT; CA; AC; TG; GT repeats in noncoding yeast DNA (see Fig. 1b). (a) For TA; AT repeats, P(r; ‘)
depends on ‘ as a step function: for 1¡r62: P(r; ‘) = 0:15, when 0¡‘¡ 6; 0:60; when 66‘¡ 13;
and 0, when ‘¿13. For 0¡r61: P(r; ‘) = 0:85, when 0¡‘¡ 6; 0:40, when 66‘¡ 13; and 1, when
‘¿13. For r ¿ 2 we assume P(r; ‘) = 0, which means that a repeat cannot expand by more than a fac-
tor of 2 in a single mutation. (b) For CA; AC; TG; GT repeats, P(r; ‘) is also a step function of ‘: for
1¡r62: P(r; ‘) = 0:016, when 0¡‘¡ 5; 0.48, when 56‘¡ 8; 0.32, when 86‘¡ 18; and 0, when
‘¿18. For 0¡r61: P(r; ‘)=0:984, when 0¡‘¡ 5; 0.52, when 56‘¡ 8; 0.68, when 86‘¡ 18; and 1,
when ‘¿18. In case of both groups of repeats, we start from a random sequence with equal concentration
of all dimers 1

16 = 0:0625 and produce 10
6 iterations of the random multiplicative process.

It was shown by computer simulations [21] that imposing the length constraints on
the mutational rates P(r; ‘) produces better �t of experimental data (see Fig. 1b. For
example, the probability distribution function P(r; ‘), has been chosen as shown in
Fig. 3 to �t distributions of TA; AT and CA, AC; TG; GT repeats in yeast (Fig. 1b).
The rigorous modeling of the speci�c tandem repeats still requires further investigation
taking into account their particular biophysical and biochemical properties.
A di�erent model was proposed by [34], which was also able to reproduce long

tails in the repeat length distribution. This model assumes the stepwise change in
repeat length with the mutation rate proportional to the repeat length. It is possible to
show that this model can be mapped to a random multiplicative process with a speci�c
form of distribution P(r; ‘), where r = ‘′=‘, ‘ is the original length and ‘′ is a repeat
length after a time interval during which several stepwise mutations can occur.
The advantage of the model proposed in [21] is that if we tune the dependence of

mutation rates P(r; ‘) on ‘, we can precisely �t the distributions of the dimeric repeats
(see Figs. 1b and 3). The “plateau” in the distributions of dimeric repeats, discussed
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Table 1
The total length in bp of the coding and noncoding regions studied in clus-
tering analysis. The protein coding sequences are constructed by concatenating
sequences belonging to the same gene, denoted as CDS in the GenBank. The
noncoding sequences are constructed by concatenating sequences, which are not
denoted as CDS in the GenBank

Organism Noncoding Coding

Vertebrates 206,757 91,323
Primates 5,161,953 692,634
Invertebrates 5,322,555 6,993,572
Plants 738,506 4,946,293
Mammals 121,556 56,994
Rodents 1,131,628 253,200

in the Section 3, can also be explained by the mutational rate variability and can be
�t by the model.

5. Cluster measures

We quantify [38] the repetitions of oligomers by dividing the sequence into the
non-overlapping windows of n nucleotides, where n is the size of an oligomer. For
trimers (n= 3) we select biological reading frames when we study coding regions. In
all other cases we select randomly chosen reading frame.
We analyze separately protein coding and noncoding sequences. For coding se-

quences we concatenate exons within a single gene (excluding the untranslated 5′ and
3′ ends). Noncoding sequences we identify as those that are not explicitly speci�ed as
CDS in the GenBank at �le format. In order to deal with the bias in the GenBank
database due to the multiple entries of short copies of some fragments of the larger
DNA sequences, we select only those loci that exceed in length 104 bp. This reduces
the redundancy of the data we analyzed. The total length, L, and the number of se-
quences analyzed in coding and noncoding regions of di�erent taxonomic partitions is
reported in Table 1.
First, we compute the number of repeats of length ‘ of a given repeat in analyzed

set of sequences: Ni(‘), where i = 1; : : : ; M is the index of an oligomer and M = 4n

is the total number of distinct oligomers of size n. According to our de�nition, we
have

∞∑
‘=1

M∑
i=1

Ni(‘)‘ = L : (3)

Next, we introduce two measures of repeat length: (i) We de�ne the “number” aver-
age

〈‘〉n ≡ L
N
; (4)
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where

N =
∞∑
‘=1

M∑
i=1

Ni(‘) (5)

is the total number of repeat occurrences.
(ii) We also de�ne the “weight” average (see, e.g. [30]):

〈‘〉w ≡
∑∞

‘=1

∑M
i=1 ‘

2Ni(‘)∑∞
‘=1

∑M
i=1 ‘Ni(‘)

=
∑∞

‘=1

∑M
i=1 ‘

2Ni(‘)
L

: (6)

This de�nition gives larger weights to longer repeats. The utility of Eq. (6) is that
〈‘〉w is the average length of a repeat to which a randomly chosen oligomer belongs.
Next, we calculate the control value, where the control is obtained by scrambling

(random reshu�ing) the order of the oligomers. If all the nucleotides were evenly
represented, each oligomer would have a frequency of 1=4n, where n is the size of the
oligomer, e.g., n=1 for monomers, n=2 for dimers, etc. Since the frequencies of the
nucleotides vary, we calculate the actual frequency of each oligomer in a particular set
of DNA sequences. We generate a control sequence by random concatenation of the
oligomers with given frequencies.
For the control sequence, the probability P‘ that a given oligomer belongs to a

“cluster” (aggregate) of exactly ‘ repetitions in an uncorrelated random sequence is
given by percolation theory [28,29]:

Pi(‘) = ‘p‘i (1− pi)2 ; (7)

where pi is the frequency of a particular oligomer. By multiplying Pi(‘) by the total
number of oligomers in the set of sequences of size L, we �nd the total number of
clusters of size ‘. Thus, for random uncorrelated sequences, the expected number of
clusters N 0i (‘) of size ‘ (the control) is given by

N 0i (‘) = Lp
‘
i (1− pi)2 : (8)

It is possible to calculate theoretical predictions for both measures of repeat lengths for
a control sequence in which the order of oligomers is randomly scrambled. For such
an uncorrelated random sequence we �nd

〈‘〉thn =
1

1−∑M
i=1 p

2
i

; (9)

where pi is the frequency of each oligomer, and

〈‘〉thw = 1 + 2
M∑
i=1

p2i
1− pi : (10)

To quantify the relative clustering strength, we introduce two clustering ratios,
de�ned by

Rn ≡ 〈‘〉n − 1
〈‘〉thn − 1 and Rw ≡ 〈‘〉w − 1

〈‘〉thw − 1 : (11)



28 S.V. Buldyrev et al. / Physica A 273 (1999) 19–32

The clustering ratios compare actual repeat length with the control case in which,
by de�nition, no clustering occurs beyond the clustering that occurs in uncorrelated
random process. Note, that for an uncorrelated random sequence the distributions of
Rn and Rw are Gaussian, centered at Rn = 1 and Rw = 1 correspondingly, and standard
deviations, inversely proportional to

√
L (see Ref. [38]). In Table 2, we present the

relative clustering ratios Rn and Rw.

6. Clustering results

We compare the ratios of the observed values of the average length 〈l〉n of oligomers
(monomers, dimers, trimers, and tetramers) and their weight average 〈l〉w to the theo-
retically predicted for a randomly shu�ed sequence. We consider primate, vertebrate,
invertebrate, mammal, rodent, and plant taxonomic partitions of GenBank release 104.
We limit our analysis only to eukaryotic genomes since for prokaryotic genomes our
preliminary analysis shows virtually no clustering. The complete results for clustering
ratio values and for the error bars of these values are presented in Table 2. To compute
error bars we partitioned GenBank data sets into 10 subsets of size of 10% of the Gen-
Bank data sets. We compute the clustering ratios for each set and from the distribution
of these values we determine the mean and the standard deviation, presented in Table 2.
The probability that these distributions for coding and noncoding DNA belong to the
same distribution is characterized by the p-value of the Kolmogorov–Smirnov test (see
[39]).
(i) A signi�cant di�erence between the clustering of monomers (excluding plants),

dimers, and tetramers in coding versus noncoding DNA. The p-values for all the
distributions of ratio value sets of above-mentioned groups of repeats do not exceed
2× 10−5.
(ii) The clustering ratios for the monomers in coding DNA for all the taxonomic

partitions except plants are close to unity (within 9%), which means that they are
close to being randomly distributed. For the noncoding DNA, however, these values
are consistently greater than one, indicating the slight clustering of monomers.
(iii) The clustering ratios for the dimers in coding DNA are also close to unity

(within 7%). However, these values are consistently smaller than unity, which indicates
the slight repulsion of dimers in coding DNA. On the contrary, the clustering ratios
for the dimers in noncoding DNA are consistently greater than unity. The clustering
ratio values for the tetramers in coding DNA are consistently and signi�cantly smaller
than one (up to 32%) which indicates the repulsion of tetramers. On the contrary,
the clustering ratios for the tetramers in noncoding DNA are consistently greater than
unity.
(iv) The clustering ratios for the trimers for all organisms show strong clustering

of the trimers in both coding and noncoding DNA. For primates and mammals, the
Kolmogorov–Smirnov p-values for the Rn ratio are of the order of 1 (Table 2), which
indicates that one cannot distinguish between coding and noncoding DNA based only on
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Table 2
The average clustering ratio values Rn and Rw along with the error bars are shown for mono-, di-, tri-,
and tetramers in coding and noncoding DNA of primate, vertebrate, invertebrate, mammal, rodent, and plant
taxonomic partitions of the GenBank. The mean values and the error bars (one standard deviation) are
computed by partitioning the GenBank data sets into 10 subsets of size 10% of the GenBank data sets,
obtained for these independent subsets. Afterward, we compute Rn and Rw for each subset independently.
Then we consider the distributions of the values of Rn and Rw for coding and noncoding DNA and compute
the p-values for the Kolmogorov–Smirnov test indicating the probability that those Rn and Rw values (for
coding and for noncoding DNA) are drawn from the same distribution. If p is close to 1, then the two
distributions are drawn from the same distribution with the probability close to 1. If p is close to 0, then
these distribution are taken from two di�erent distributions with the probability (1− p) ≈ 1. These results
are consistent with: (i) there is evolutionary pressure against clustering of repeats (except trimeric) in coding
DNA; (ii) the clustering ratios for all organisms show strong clustering of the trimers; (iii) the di�erence
between the clustering of trimers in coding DNA for di�erent taxonomic partitions is less pronounced than
in noncoding DNA

Organism Rn Rw
Coding Noncoding p-value Coding Noncoding p-value

Monomers

Primates 1:09± 0:01 1:26± 0:01 ¡ 2× 10−5 1:08± 0:01 1:43± 0:01 ¡ 2× 10−5
Vertebrates 1:03± 0:01 1:14± 0:01 ¡ 2× 10−5 1:02± 0:01 1:24± 0:01 ¡ 2× 10−5
Invertebrates 1:09± 0:01 1:40± 0:01 ¡ 2× 10−5 1:08± 0:01 1:58± 0:01 ¡ 2× 10−5
Mammals 1:06± 0:01 1:28± 0:02 ¡ 2× 10−5 1:04± 0:02 1:43± 0:04 ¡ 2× 10−5
Rodents 1:06± 0:01 1:18± 0:01 ¡ 2× 10−5 1:03± 0:01 1:30± 0:01 ¡ 2× 10−5
Plants 1:13± 0:01 1:10± 0:01 ¡ 2× 10−5 1:12± 0:01 1:17± 0:01 ¡ 2× 10−5

Dimers

Primates 0:96± 0:01 1:39± 0:01 ¡ 2× 10−5 0:95± 0:01 1:73± 0:01 ¡ 2× 10−5
Vertebrates 1:00± 0:02 1:32± 0:02 ¡ 2× 10−5 1:00± 0:02 1:81± 0:13 ¡ 2× 10−5
Invertebrates 0:95± 0:01 1:39± 0:01 ¡ 2× 10−5 0:97± 0:01 1:49± 0:01 ¡ 2× 10−5
Mammals 0:94± 0:02 1:43± 0:04 ¡ 2× 10−5 0:94± 0:02 1:74± 0:09 ¡ 2× 10−5
Rodents 0:93± 0:01 1:47± 0:01 ¡ 2× 10−5 0:93± 0:01 2:33± 0:01 ¡ 2× 10−5
Plants 0:95± 0:01 1:21± 0:01 ¡ 2× 10−5 0:95± 0:01 1:36± 0:03 ¡ 2× 10−5

Trimers

Primates 1:51± 0:02 1:49± 0:01 0:31 1:63± 0:03 1:91± 0:02 1:7× 10−4
Vertebrates 1:54± 0:05 1:40± 0:04 1:7× 10−4 1:68± 0:08 1:56± 0:06 3:1× 10−2
Invertebrates 1:49± 0:01 1:21± 0:01 1:7× 10−4 1:56± 0:01 1:27± 0:01 1:7× 10−4
Mammals 1:53± 0:04 1:51± 0:04 0:97 1:63± 0:06 1:87± 0:10 1:7× 10−4
Rodents 1:42± 0:02 1:40± 0:01 6:9× 10−3 1:52± 0:02 2:13± 0:07 ¡ 2× 10−5
Plants 1:42± 0:01 1:29± 0:02 1:7× 10−4 1:50± 0:01 1:45± 0:02 1:7× 10−4

Tetramers

Primates 0:85± 0:02 2:85± 0:03 ¡ 2× 10−5 0:86± 0:02 4:61± 0:07 ¡ 2× 10−5
Vertebrates 0:89± 0:04 2:57± 0:19 ¡ 2× 10−5 0:89± 0:04 5:71± 1:17 ¡ 2× 10−5
Invertebrates 0:83± 0:01 1:31± 0:01 ¡ 2× 10−5 0:96± 0:02 1:53± 0:02 ¡ 2× 10−5
Mammals 0:68± 0:04 2:96± 0:29 ¡ 2× 10−5 0:69± 0:04 3:84± 0:46 ¡ 2× 10−5
Rodents 0:79± 0:02 4:57± 0:06 ¡ 2× 10−5 0:80± 0:02 11:32± 0:23 ¡ 2× 10−5
Plants 0:91± 0:01 1:85± 0:03 ¡ 2× 10−5 0:92± 0:01 2:27± 0:15 ¡ 2× 10−5

Rn ratios. Interestingly, the di�erence between the trimer clustering ratios for di�erent
taxonomic partitions in coding DNA is less pronounced than that in noncoding DNA.
This indicates that coding regions are more evolutionary conserved than noncoding
regions.
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7. Conclusions

Observations (i)–(iii) might arise from the evolutionary pressure against clustering
of repeats (except trimeric) in coding DNA. These observations are in agreement with
the results on DTR, which are abundant in noncoding DNA, while they are rare in
coding DNA. These di�erences in coding and noncoding DNA can be attributed to the
fact that noncoding DNA is more tolerant to evolutionary mutational alterations than
coding DNA. These �ndings are also consistent with the conclusions of Lio et al. [27].
For coding DNA, the observed clustering of trinucleotides could be due to speci�c

protein structures in which amino acids cluster together (such as an alpha helix). An-
other possibility is that clustering of amino acids is alloted to the general problem of
the stability of a native state of the folded proteins [40–43].
The strength of clustering of trimers in coding DNA relative to dimers and tetramers

can be explained by the fact that insertion or deletion of a dimer or a tetramer would
lead to a frame shift. Such shift in the reading frame leads in most cases to a loss of
protein function, which can be lethal for the organism. On the contrary, the insertion
or deletion of a trimer is equivalent to the insertion or deletion of an amino acid in the
protein sequence. Such insertion or deletion, if it happens away from the functionally
or structurally important sites of the protein (see [44,45]), would not a�ect the protein
function, and hence would be tolerated by natural selection.
The source of clustering of oligomers in noncoding DNA could be the result of

various duplication processes or simple repeat expansion processes [8,21], indicating
that some of the neighboring oligomers evolved from the same single copy. The abun-
dance of simple repeats in noncoding DNA contribute to the strength of long-range
correlations in noncoding DNA sequences comparatively to the coding sequences (see
Refs. [32,46–49] and references there in).
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