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Based on the representation of the DNA sequence as a two-dimensional �2D� plane walk, we
consider the problem of identification and comparison of functional and structural organizations of
chromosomes of different organisms. According to the characteristic design of 2D walks we iden-
tify telomere sites, palindromes of various sizes and complexity, areas of ribosomal RNA, trans-
posons, as well as diverse satellite sequences. As an interesting result of the application of the 2D
walk method, a new duplicated gigantic palindrome in the X human chromosome is detected. A
schematic mechanism leading to the formation of such a duplicated palindrome is proposed. Analy-
sis of a large number of the different genomes shows that some chromosomes �or their fragments�
of various species appear as imperfect gigantic palindromes, which are disintegrated by many
inversions and the mutation drift on different scales. A spread occurrence of these types of se-
quences in the numerous chromosomes allows us to develop a new insight of some accepted points
of the genome evolution in the prebiotic phase. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2826631�

“When we have shuffled off this mortal coil,” William
Shakespeare. As is known, DNA consists of four nucle-
otides. This fact allows us to sketch out the DNA sequence
in a plane and present the nucleotide sequence as a 2D
plane walk. By means of this approach we may portray
compactly the entire DNA sequence of chromosome, even
if it includes tens and hundreds of millions of nucleotides.
Owing to this representation, the nature of the sequence
organization becomes evident and chromosome images
acquire unique “portrait” properties. This method sig-
nificantly amends and simplifies the process of character-
ization of quite large functionally essential sites in chro-
mosomes. In addition, we employ the 2D walk method as
an interface of genomes’ databases. It makes it possible
to analyze a wide range of problems: from protein clus-
ters prediction and metabolical network organization to a
evolutionary modeling. The proposed analysis allowed us
to find a new duplicated giant palindrome in the X hu-
man chromosome and advance a schematic mechanism of
the appearance of such structures. Of special interest in
our study are imperfect gigantic palindromes (up to sev-
eral tens megabases), which have wide range of ages and
functions in different genomes. These palindromes have
disintegrated during the evolutionary process by inver-
sion, mutation drift, and other kinds of rearrangement.
Abundance of imperfect gigantic palindromes in different
species points to the evolutionary significance of such a
type of sequences. We suppose that the strategy of the
complementary duplication, which has led to the forma-
tion of imperfect gigantic palindromes, may have an an-
cient origin because it is based on the main DNA prop-
erty; i.e., complementarity. Using the 2D maps of the
human chromosomes, we have analyzed their regions
that surround the experimentally obtained sites of the
replication initiation (so-called replicons). A certain struc-

tural resemblance of these sites to imperfect gigantic pal-
indromes is found. It is known that the majority of bac-
terial genomes that have a unique site of the replication
origin, exhibit a composition asymmetry. In the obtained
images, the existence of a cooperative composition is
shown. Therefore, the mutation process of close bacterial
genomes qualitatively is presented like an �-degree rota-
tion of the 2D DNA map. The obtained results display
that some of imperfect gigantic palindromes may relate
to the replication subsystem also. Certain ideas of a pos-
sible role of gigantic palindromes in early genome evolu-
tion are discussed in terms of a spin-glass model.

I. INTRODUCTION

DNA is a macromolecular complex in the form of a
double helix consisting of two strands of nucleotides that are
connected via hydrogen bonds. Nucleotides are low-
molecular compounds that consist of nitrogen bases �purines
and pyrimidines�, carbohydrates �ribose or deoxyribose�, and
a phosphate group. The DNA molecule contains two differ-
ent purines; namely, adenine �A� and guanine �G�, as well as
two pyrimidines, cytosine �C� and thymine �T�. Each pair of
nucleotides on opposite complementary strands is associated
by hydrogen bonds: a guanine-cytosine pair, by three hydro-
gen bonds; an adenine-thymine, by two bonds. The phos-
phate groups run along the outside, while nitrogen bases run
inside, so that their planes are perpendicular to the axis of the
molecule. Each branch of the helix consists of nucleotide
units linked together to form a long polynucleotide strand,
which is conventionally represented as a nucleotide alphabet
ATTGCCAA. . ., and is considered as the DNA sequence. A
double-strand molecule of DNA linked with some proteins
and organized in a certain hierarchical manner forms a
chromosome.1
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The term genome is used for the complete set of the
whole-cell DNA; i.e., the complete sequence of nucleotides.
It is conventionally assumed that the main function of the
DNA is to process, carry out, and reproduce information, as
well as to adapt to a dynamic environment by means of
evolution. Moreover, these processes should operate on the
basis of the information carried by the same sequence; this
imposes specific restrictions on the organization of DNAs.

In this paper, we develop a method that makes it possible
to present the whole chromosome in a compact form, even if
it includes tens and hundreds of millions of nucleotides �i.e.,
million bases, Mb�, find easily similar fragments, identify
functional and structural elements, and detect the self-
similarity of some fragments of the DNA sequences. The
method is based on the representation of DNAs as a 2D walk
of a particle. In this sense, the nucleotide sequence of chro-
mosomes may be easily recognized so that their images have
the unique features. This method significantly amends and
simplifies the process of characterization of quite large func-
tionally essential sites in chromosomes. In particular, a du-
plicated gigantic palindrome in the X human chromosome is
found and a certain schematic mechanism of its formation is
described.

By this method, we have found that some chromosomes
or their fragments appear as gigantic palindromes. These pal-
indromes are disintegrated by many inversions and the mu-
tation drift on different scales forming so-called imperfect
gigantic palindromes �IGPs�. We observe IGPs in genomes
of different species and suppose that such structures are a
widespread phenomenon.

We also found the similarity of the detected IGPs to
certain experimentally determined sites of the replications in
different chromosomes. Considering IGPs as a part of the
genome evolutionary strategy, a new phenomenology con-
cerning the prebiotic phase is discussed.

II. GENOME AS A 2D DNA WALK

The idea of the correspondence of nucleotide types to
coordinate vectors on a complex plane was first suggested in
1962 by Golomb.2 More recently, in 1985, Gates,3 and
Mizraji and Ninio4 also mapped some small DNA chains on
a plane. Selection of A-T and G-C coordinate axes, respec-
tively, was dictated by the complementarity of chains and
hydrogen bond balance. But as these sequences were very
small, they looked pseudorandom, and this type of the se-
quence representation did not attract specific attention of bio-
logic community. Later, Berthelsen et al.,5 Nandy,6 and some
other authors discussed different forms of graphic represen-
tations of DNA. In Refs. 7 and 8 �see also references
therein�, certain fractal and statistical properties of the 2D
DNA walk have been considered.

On the basis of formal treatment of a slightly changed
the 2D walk, Vincens et al.9 first developed an algorithm of
finding regions of similarity in complete genome sequences.
However, characteristic images were beyond the scope of
their analysis. As we show below these images are signifi-
cantly more informative on the whole chromosome level,
and our 2D representation provides an insight into the global

sequence structure and its properties. Some preliminary ideas
of our approach have been published in Ref. 10.

Consider a DNA nucleotide sequence as a walk on a
square lattice: Starting from the origin �0, 0� we make a step
right for adenine �A�, a step left for thymine �T�, a step up for
guanine �G�, a step down for cytosine �C�. The original se-
quence of nucleotides is then mapped onto a certain trajec-
tory on the plane with A-T and G-C coordinate axes �see the
inset in Fig. 1�A��. It is obvious that this representation is
composed of two independent components: A-T and G-C.

Figure 1�A� shows the map of chromosome 12 of Sac-
charomyces cerevisiae �yeast�, which contains approximately
1.1�106 nucleotides, except a large rRNA cluster
�1.5 Mb�.11 The most indicative elements of this representa-
tion are the fragments in which the trajectory “condenses”
within a certain domain of the ATGC plane, skews, and long
curved fragments of various shapes. Figure 1�B� demon-
strates chromosome 1 of the same yeast. Almost identical
periodic fragments with opposite directions, i.e., the comple-
mentary parts, can be discerned with naked eye �rectangles

FIG. 1. �Color online� �A� Chromosome 12 of S. cerevisiae: Telomeres
�small rectangles� and a small part �two units from 150� of the cluster of
ribosomal RNAs �prolate rectangle�. �B� Chromosome 1 of S. cerevisiae
�about 230 Kb� containing an IGP �ellipse�. �C� The wavelet-transformation
of the region 24.5–28 Kb representing the family of flocculation genes
FLO1 and FLO9 in the subtelomeric region �see rectangles in B�.

013105-2 Larionov, Loskutov, and Ryadchenko Chaos 18, 013105 �2008�

Downloaded 04 Feb 2008 to 212.192.236.171. Redistribution subject to AIP license or copyright; see http://chaos.aip.org/chaos/copyright.jsp



containing about 4000 bp in length�. Let us decompose this
part into the A-T and G-C components and carry out the
wavelet transformation of these series. One can see that even
such a simple analysis reveals an expected and interesting
property of self-similarity �Fig. 1�C��.

In addition, we may zoom in the obtained 2D DNA map
and see details in different scales. With the knowledge of the
site numbers, it makes possible to get the corresponding in-
formation from databases.10,12,13

Applying the 2D walk method, one may easily find huge
palindromes with a considerable share of pseudorandom in-
clusions. Keeping in mind characteristic features of such pal-
indromes, they can be called imperfect gigantic palindromes
�IGPs�. One of these, 35 Kb in length, is selected in Fig.
1�B� by an ellipse. This is the region with the mobile genome
element represented by the Ty-family of retrotransposons. It
should be noted that we use the term “palindrome” �as it is
often used in molecular biology and bioinformatics� that
does not mean “true palindrome,” but complementary palin-
drome, where a sequence in the chain has an extension with
complementary sequence in the opposite direction.

In addition, it is easy to identify telomeres, located at
chromosomes ends. In Fig. 1�A� they are selected by the
small rectangles. Each fragment has the size of approxi-
mately 20 Kb; they are complementary. In Fig. 1 we may
clearly see monotonous composition sequences without spe-
cific motifs, which can be recognized by the scale magnify-
ing �see a prolate rectangle; here the cluster of ribosomal
RNAs is located�. We can also see long skews. The slope of
these fragments suggest that the complementary strands of
the DNA helix are anisotropic and of unequal weight �size�.

Using the 2D representation, one can also compare the
whole chromosomes �containing even up to tens and hun-
dreds of millions of nucleotides� of different organisms and
get a more deep insight into the genome evolution �see be-
low�. In Fig. 2 the maps of human and chimpanzee chromo-
some 22 are shown. The results of this comparison have been
reported in Ref. 14, where the examples of the diffusion
process in large chromosome parts and formation of numer-

ous IGPs have been presented. In Fig. 2 we easily recognize
similar fragments which are marked by ellipses of the same
color. We consider these fragments in detail in Sec. IV.

III. DNA COMPLEMENTARITY AND PALINDROMIC
CONTEXT OF GENOMES

In this section we explain that palindromes in genome
sequences have a wide range of sizes, complexity, age, and
functions. It is evident that palindromes originate from a
simple property of the complementarity of the DNA struc-
ture. This means, naturally, that this type of the interaction
should be abundant in genomes. The last investigations of
the human genome showed the presence about 12.5�106 of
the exact small palindromes.15

The most part of the DNA and RNA binding sites �rep-
lication sites, transcription factor patterns, and so on� which
can be recognized by different agents �such as the protein
complexes and small RNAs�, consists of a complex self-
complementary DNA/RNA structures. Such complementary
features of DNAs �or RNAs� sequences in the 2D DNA map
generate the fractal landscape on small and large scales16,17

and reflect the second rule of Chargaff: �A=�T and �G
=�C in a single DNA strand on average.

Recently, several papers devoted to the analysis of the
human gigantic palindromes have been published. In particu-
lar, in papers,18,19 the human ampliconic gene families have
been analyzed. In the Y human chromosome, the authors
found the twin gene series located at a distance about 2.9 Mb
from each other and formed a palindromic sequence. They
used the Dotter method,20 which works only in strong and
long similar cases.

Let us analyze the 2D map of the entire Y human chro-
mosome �Fig. 3�a�� and its part �Fig. 3�b�� 2.9 Mb in length
�see gray rectangle in Fig. 3�a��, which includes the longest
palindrome �known as P1�. We can see that some parts are an
almost exact palindrome except for duplicated sites with
DAZ genes. This means that during evolution, the diffusion

FIG. 2. �Color online� Comparison of human and chimpanzee chromosome 22 �Ref. 14�, containing about 34�106 and 49�106 nucleotides, respectively.
Similar selected fragments are marked by the same geometric configuration. The first 15�106 nucleotides of the human chromosome 22 are still unknown.
In these maps one can easily recognize numerous IGPs.
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process almost did not take place in this DNA region. There-
fore, here we deal with a “quite young” palindrome.

Considering IGPs, owing to the fact that they were
formed by means of the complementary duplication, one can
naturally wait the presence in these palindromes the inverted
repeat phenomena. It is evident that the inverted repeats and
the palindromic context of large chromosome sequences are
based on simple properties of the DNA helix as the comple-
mentarity.

Using the data presented in Ref. 21 by means of the
inverted repeat analysis and our 2D walk method, we easily
found a new duplicated gigantic palindrome in the X human
chromosome �Fig. 4�b��. It is surrounded with a cluster
which is similar to the IGP �Fig. 4�a��. In the human genome,
such a duplicated palindrome is detected for the first time.
The authors of the paper21 have analyzed the human genome
and found a large number of the inverted repeats up to 1 Mb
in length. Most of them, for all the human chromosomes,

FIG. 3. �Color� Y human chromosome
containing about 58 Mb �a� and its
greatest Palindrome 1 ��b� and grey
rectangle in �a�� with DAZ genes �gray
ellipse in �b��. Surprisingly, in the 2D
plane, the shape of the Y human chro-
mosome looks like the letter “Z.”
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contain about 100 nucleotides. However, based only on the
inverted repeats, it is very difficult to say about the sequence
organization and find the complex inversion clusters of IGPs.
At the same time, the 2D walk method easily reveals these
features in the DNA sequence �Fig. 4�.

The described duplicated palindrome �see Fig. 4�b��
could be schematically formed by the mechanism presented
in Fig. 5. The initial nucleotide fragment may get a new
covalent bond between the complementary chains �Fig. 5�a��.
After double-strand breakage of the DNA, this unified frag-

ment is then joined with a complementary chain �Fig. 5�b��,
and so on �see Fig. 5�c��.

It is obvious that if palindromes have a small enough
length, then after the diffusion process they can not be rec-
ognized. On the other hand, if palindromes are sufficiently
large then in a whole they, probably, hold the shape. From
this point of view the large almost exact palindromes are
“very young.” Simultaneously, small palindromes are very
conservative and perhaps, they have a certain important
function.

FIG. 4. �Color� The part 51–54 Mb in
the X human chromosome �a� and its
300 Kb exact palindrome with a dupli-
cation and a small rearrangement �b�.
This palindrome contains a GAGE
gene family.
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IV. GIGANTIC PALINDROME DISINTEGRATION

Let us analyze in detail some parts of human chromo-
some 22 and chimpanzee chromosome 22 in the 2D map �see
Fig. 2�. In the center, on the left, the IGP of 3 Mb in length
are shown. They have a large part of conservative sequences
and small sites with a large numbers of indels. The processes
of diffusion and pseudorandom sites inclusions may crucially
complicate the gigantic palindrome identification. We have
observed these types of the sequence organization in many
other considered genomes and found that IGPs are not rare
event in genomes22 as it was earlier supposed.23

One may assume that a part of the region in the chim-
panzee chromosome �a fragment marked by a small gray
ellipse, at upper right in the center ellipse �looks like a rab-
bit� containing about 300 Kb� initially was a palindrome.
During evolution, this palindrome has undergone the diffu-
sion process �i.e., mutations, inclusions, deletions and, pos-
sibly, some kind of the rearrangement� and disintegrated.24

With the divergence of human and chimpanzee genomes, the
conservation level of sequences of this region was different.
In other words, for the human chromosome the fragments
which are similar to the palindromes, become blurred �see,
e.g., regions marked by the center ellipses in Fig. 2�. There-
fore, from the standpoint of the divergence time problem,
large palindromes may help to analyze the evolutionary pro-
cess.

The chromosome rearrangements �duplications, inver-
sions, transitions, and translocations� were under scrutiny
since the initial works on “chromosome mechanics” by Mor-
gan and Sturtevant �see Ref. 25�. The first idea of the palin-
drome type amplification in the context of the transposition
process goes back to McClintock.26 During the last several
decades, huge palindromes, from tens of Kb up to hundreds
of Kb in length, were known and analyzed.27 Some models
of the large palindrome formation in different aspects of
medical and biological problems were also discussed.23

In the evolutionary aspect, the diffusion of gigantic pal-
indromes in the human chromosomes �about several hundred
Mb in length� has been described firstly in Ref. 24. The 2D
walk images of theses chromosomes are shown in Fig. 6. It is
easy to see that the longest human chromosomes �i.e., chro-
mosomes 1–4� consist almost completely of IGPs.

From the technical point of view, owing to the intensive
mutation drifts and rearrangements, it is quite difficult to
recognize IGPs by other methods because most of them have
small enough “hits” in alignments �as an example, see
Refs. 28–31� or may require an additional complex analysis.

In Fig. 7 we show the maps of human chromosomes 6
and 9. As it follows from Figs. 6 and 7, such types of palin-
dromes �i.e., IGPs� may be spoken of as “context” or “com-
posite” palindromes because only in a macroscale they have

FIG. 5. �Color� A possible schematic
mechanism of the creation of the du-
plicated palindrome.

FIG. 6. The first four human chromosomes. The nucleotide lengths are
�from top to bottom�, 1: 247 249 719 bp; 2: 242 951 149 bp; 3:
199 501 827 bp; 4: 191 273 063 bp.
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an organization of the palindromic type. This means that in
the 2D map we can see only the direction of the sequence
displacement which has the size in terms of the 2D walk, on
average, from 1% up to 10% of the real sequence length.
That is the reason it is difficult to find this hidden context by
others graphical alignment methods �see, e.g., Ref. 20�.

At the same time, the nature of such a context does not
have the origin of a pseudorandom AT-rich sequence, as it
was supposed in Ref. 32. In Fig. 7�A� �chromosome 6, small
ellipses inside the large ellipse� we see that a large part of
sequences has a complex nucleotide composition which cor-
relates with the reverse part of the palindrome. Moreover,
after “diffusion processes,” the palindromic type of these gi-
ant sequences can be identified only on large scales as an
inverted quasisymmetrical curve. When we look at these pal-
indromes on a local level, we may infer that they have a low
sequence similarity between the arms, and the alignment pro-
cedure works here only on small lengths of certain sites.

The described 2D walk analysis allows us to establish
�see Refs. 22 and 24� that the palindromic sequences can be
much longer �from megabases to several tens of megabases
and maybe more; see Fig. 7�B�� and have a wide class of the
complexity as a result of the unstable nature on a local
level.33 It is obvious that the chromosome rearrangement
�duplications, inversions, transitions, and translocations� and
mutations �inclusions and deletions� disintegrate the gigantic
palindromes. From the physical point of view this means that
the gigantic palindrome disintegration has a wide time-scale
hierarchy. Some palindromes may be much older than the
divergence time between close species. However, some of
them exist just in some species exclusively.

To show this, we present the comparison of human chro-
mosome 12 and chimpanzee chromosome 12 �Figs. 8 and 9�.
Each of these chromosomes was divided into six parts. Ana-
lyzing the obtained structures one can come to the conclu-
sion that all of them consist of IGPs. The most part of human

and chimpanzee chromosomes has almost identical form. We
may also easily see rearrangement.

Analyzing these images it is necessary to say, however,
about gaps in the assembled sequences of these chromo-
somes �the human chromosome, release 36.2 NCBI and the
chimpanzee chromosome, release 2.1 NCBI � �release 46 En-
sembl �Aug. 2007, see Figs. 1 and 2 in Supplemental
Material59��. At the present, in human chromosome 12 there
are eight gaps from 16 Kb up to 1.4 Mb in length �in sum
about 2046 Kb�. Chimpanzee chromosome 12 has 68 gaps of
the length from 21 bs up to 1.4 Mb; in sum, 1 936 502 bs. As
a result, there are some shifts in the presentations of the
corresponding 2D DNA maps. The largest gap �1.4 Mb� in
human chromosome 12 is located after 34.660 Mb of the
assembled sequence and 89 Kb gaps. In chimpanzee chro-
mosome 12, the greatest gap �also 1.4 Mb� is located after
43.604 Mb in the assembled sequence and 143 Kb gaps.

In addition, if we speak about the rearrangement, we
should take into account the existence of the genome varia-
tions. As is known, the most variations of the human chro-
mosomes �HapMap project34� are presented by single nucle-
otide polymorphism �SNP�; these variations do not appear in
the 2D map on the full chromosome level, but they can be
detected on the protein level. Recently, different types of
variations in genomes on large scale were described. These
are copy number polymorphism, large inversion polymor-
phism, segmental duplications, and structural variation �see
Refs. 35–37 and references cited therein�.

In particular, large inversion polymorphism in the human
genomes has been recently analyzed.38 The authors found, by
the SNP data, a large number of the gigantic inversion re-
gions �about 176 large inversion sites based on the data of
269 human individual genomes�. The largest inversions run
the length up to several Mb. Specifically, this means that on
large scales a certain dynamics is observed. In addition, the

FIG. 7. �Color� �A� Human chromosome 6 �171 Mb�: A 3 Mb palindrome �large ellipse� and its most correlated parts �small ellipses within the large ellipse�.
�B� Human chromosome 9 �140 Mb�: A 30 Mb inverse palindrome region �large ellipse�. Different parts of its inversion are shown by various grey tints colors.
16 Mb of this chromosome are still unknown.
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inversion polymorphism in the human and chimpanzee ge-
nomes has been found in Ref. 39 �see also images in our
Supplemental Material59�. Apparently, this dynamics is re-
lated to other time-scale phenomena than structures of IGPs

that we observe in the 2D images. Let us turn to Figs. 8 and
9. In these images, the IGPs are presented in both genomes
with some differences, but have the same structure in a
whole. This means that large variations between the similar

FIG. 8. The first three parts of 12 human �left column� and 12 chimpanzee �right column� chromosomes. The length of each part is about 25 Mb.
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chromosomes of human and chimpanzee take place in the
other time scales.

We assume that the described 2D DNA presentation can
provide a new insight into the evolutionary processes of the
chromosome rearrangement theory. During the last years this

theory, owing to new assembled genomes, received an addi-
tional stimulus.40,41 Probably, as a part of rearrangement,
the complementary duplication of a sequence, i.e., amplifi-
cation by means of the complementary chain binding
�which forms the palindrome�, together with the diffusion

FIG. 9. The last three parts of 12 human �left column� and 12 chimpanzee �right column� chromosomes. The length of each part is about 25 Mb �except for
the last part about 7.5 Mb�.
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process, expands the strategy of the diversity resource
generation.

V. FROM COMPLEMENTARITY
TO CO-FUNCTIONALITY

Development of the described 2D walk method has al-
lowed us to find chromosomes in some eukaryotic micro-
organisms and in prokaryotes that have the shape and/or or-
ganization similar to IGPs. The given observation suggests
that such a spread occurrence of IGPs may be functionally
significant. In this sense, the palindrome disintegration pro-
cess, as well as a full genome duplication, may be repre-
sented as a part of the optimal evolutionary strategy from the
first stage of the genome formation.

As an example of the divergence process of IGPs, the
length of which is comparable with the whole length of chro-
mosome, let us consider several chromosomes of fungi and
reasonable small close bacterial genomes �Fig. 10�.

In this figure, chromosome 1 of Encephalitozoon cuni-
culi �related to fungi� consisting of long telomeres �red and
black curves� and central part with many palindromic inver-
sions is shown. Parts of palindromes are marked by different
colors. In Fig. 10�B�, one can see chromosome 9 of Trypa-
nosoma brucei �related to parasitic eukaryotic micro-
organisms� and some types of its fragments. These fragments
demonstrate a set of repeats. The structure of this chromo-
some looks like a duplicated and rearranged palindrome.

In addition, in Fig. 10�C�, chromosome 5 of Yarrowia
lipolytica �related to fungi� is shown. One can see that this
map is decomposed into two large clusters, so that either of
the two has the sequence about 2 Mb in length. It is known
that large parts of genes in this fungi genome were dupli-
cated and triplicated.42

Figure 10�D� demonstrates the genome sequences of two
bacteria: Rickettsia prowazekii and Rickettsia conorii. These
genomes have been considered in detail by many authors
�see, e.g., Ref. 43 and references cited therein�. Analyzing
this map, one easily comes to the conclusion that it is pos-
sible to represent the mutation process qualitatively like an
�-degree turn of the curve mass center on the 2D DNA
space. This turn represents the difference between corre-
sponding arm skews in these genomes. Lobry and Sueoka44

noted that the most of bacterial genomes share asymmetry in
the nucleotide concentration between arms, which are di-
vided by “Ori” site �from the word “origin”�. This is very
easy to observe in the 2D map �see Fig. 10�D��.

A question on the composition asymmetry is one of the
hot spots in the bacterial genome evolution problem. In Fig.
10�D� we show that the possible origin of this asymmetry
has the nature of the ancient duplication of the complemen-
tary chain. During the divergence in R. prowazekii, about
40% genes �in comparison with R. conorii� have been lost.
The correlation components and the corresponding interac-
tions between arms had the higher conservation level than
other subsystems,45 which realized the control of the nucle-
otide compositions within each arm. This means that there is
a certain compensation mechanism between the composi-
tions of arms. The nucleotide composition of genes is
changed by a concerted way. This coordination implies a
global character of their co-functionality that is connected
with the property of complementarity of DNA. This follows,
properly speaking, from the complementary character of the
turn of genome sequences in the 2D DNA map.

We suggest that in this mutation process the correlation
component had a complementary palindrome origin at the
first stage of the bacterial genome formation. The subsystem
of replication may also be connected with this correlation.
Thus, the early stages of the evolutionary process could de-
rive, probably, from the complementarity of the DNA chains,
through palindrome disintegration, to the co-functionality of
the DNA sites.46

Turning back to the close examination of the eukaryotic
chromosomes, one can note the following. Our qualitative
analysis shows that IGPs in large genomes, on the one hand,
are prevalent and, in spite of the rearrangement, hold the
shape as a whole. On the other hand, they keep some corre-
lated remote sites with the similar complexity and, also, have
the common inverted composition. Taking into consideration
that IGPs are observed in genomes of different species, we
suppose that some of these palindromic types of sequences
may be related to the replication subsystem. As we discussed
above, in the most of bacteria genomes the replication pro-
cess start in an “origin site,” the location of which divides
the genomic sequence into two arms with the asymmetry in

FIG. 10. �Color� �A� Chromosome 1
of the eukaryotic microorganism E.
cuniculi. �B� Chromosome 9 of T. bru-
cei related to parasitic eukaryotic mi-
croorganisms. �C� Chromosome 5 �E�
of the fungi Y. lipolytica. �D� Genome
sequences of R. prowazekii and R.
conorii: “the rotation angle �” of the
2D DNA map.
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the nucleotide composition and in the transcription orienta-
tion. This subsystem in bacteria is organized in a single rep-
licon with the origin site and with the “termination site” on
the opposite position of the circular genome sequence. It is
also known47 that in the chromosomes of high eukaryotes the
replication process begins with a number of replication ori-
gins, which are distributed along the sequence. Every repli-
con in the human chromosomes has the length from several
hundred Kb to several Mb. We have tested this our assump-
tion on examples of the well known experimentally deter-
mined sites in the human chromosomes.48 Here we present

such images in Fig. 11. In the overwhelming majority of
cases we observe that the experimentally detected sites of the
replication origin are surrounded by the regions similar to the
disintegrated palindrome.

Very recently, we considered the 2D map of the chromo-
some regions described in Ref. 49. The authors analyzed the
human genome sequence by the wavelet-transform for the
purpose to reveal the sites with the inverted compositions
and inversions in the gene transcription direction. The 2D
DNA map analysis displays that, at large fragments �more
than 2 Mb� the inverted character of sequences can be really

FIG. 11. �Color� A fragment of human
chromosome 8, 2 Mb in length, con-
taining the MYC gene in the center,
marked by black color �a� and a frag-
ment of human chromosome 11, 2 Mb
in length, containing the HBB gene in
the center, marked by black color �b�.
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observed. At the same time, the fragments less than 1 Mb
look like a quasirandom walk �see figures in our Supplemen-
tal Material59�. It should be noted that, comparing the results
of the paper49 with the experimentally obtained data,48 we
have found only one coincidence from more than 600 sup-
posed hits. However, the replication origin question is a very
complicated problem for the experimental detection. At the
present, for the mammalian genomes, there is no sufficient
experimental data about the replication subsystems.

In contrast to the these data, now for eukaryotic micro-
organisms �namely, for S. cerevisiae� the database ORI DB50

is composed. This database contains 732 expected replication
sites. 325 of them are experimentally confirmed. In S. cer-
evisiae the sites of the replication initiation have the length

about 200 bp and contain autonomously replicating sequence
�ARS�. Certain sites are included in the imperfect palin-
drome clusters.46 It is known that in S. cerevisiae the repli-
cation origin sites are distributed along the chromosomes
with distances between each other about several kilobases.
As a result of the distribution of such lengths �which are
significantly smaller than the replicons in high eukaryotes�, a
local rearrangement forms the 2D map as a pseudorandom
walk.

Finally, we have additionally made the same 2D analysis
of the chromosome of Nanoarchaeum equitans and Wiggles-
worthia brevipalpis. The first genome belongs to the archaea
domain; the second one is a bacteria �Fig. 12�. We have
found that all of them consist mainly of the IGPs and rear-

FIG. 12. The chromosome of N. eq-
uitans �490 Kb, top�, and the chromo-
some of W. brevipalpis �697 Kb,
bottom�.
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rangement processes. Therefore, the palindromic context is
widespread phenomena not only for high eukaryotes, as it
was described above, but also inherent in protozoa. Appar-
ently this is very important strategy in the evolutionary pro-
cess for genomes as a whole.

VI. ANDERSON SPIN-GLASS MODEL AND NETWORK
PHENOMENOLOGY. ORIGIN OF METABOLICAL/
REGULATORY NETWORKS

A spread occurrence of IGPs, found in different species,
suggests that the given type of the sequence organization is
the evolutionary significant. We suppose that the strategy of
the complementary duplication, which initially leads to the
IGP formation, may have a longstanding origin in the sense
that it is based on the main DNA property; i.e., complemen-
tarity. Probably, the formation of the replication subsystem in
genomes with replicones �see Sec. V� is a initial stage in this
strategy. Below we describe certain ideas related to this phe-
nomenology.

On the basis of our analysis, we may suppose that long
range correlations, which were discussed previously �see,
e.g., Ref. 51 and references cited therein�, are the conse-
quence of the diffusion and inversion processes.16 During the
evolution, recursion of the palindrome type amplification in
the 2D map �see, as examples, Figs. 5, 7�B�, and 12� in the
presence of diffusion and inversion on macroscales seems to
be similar to some elements in the construction of the Smale
horseshoe and baker’s transformation.52 However, strictly
speaking, this theory has principal differences. With reason-
able modifications, spin-glass models53 are more relevant for
the description of the palindrome disintegration process.

For spin-glass models, it would be interesting to analyze
the processes with domains that are formed by metabolical or
regulator kinds of reactions between the gene products be-
ginning with the first evolutionary steps. In this sense, the
palindrome disintegration process can create a genetic net-
work by the biochemical large cycle �hypercycle� doubling/
bifurcation, forming interactions with the distant sites. The
hypercycle, as a process between the transcript products, is
organized in this approach as a unique replicon54 that is re-
lated to the initial palindrome sequence. In our opinion, the
mutation drift �diffusion� can play a special role in this pro-
cess, because in the palindrome sequence each node �“pre-
gene”� has its own pair in the complementary strand of an-
other arm �“mirror sequence” in the 2D DNA map�. All
nodes within one palindrome interact locally with their
neighbors by the transcripts. If some of them are blocked by
the mutation drift, their pairs in the complementary sequence
may play a role in the “hypercycle metabolism” via the time
synchronization. In the next generation, the replication pro-
cess can fortify this solution. During billions of years of
evolution, the palindrome disintegration process may move
off the essentially complementary context of such nodes, but
the metabolical/regulatory connection may be conserved.

Genome sites with blocked domains �known as pseudo-
gene sequences� are eliminated with the larger mutation
pressure55 and are reduced or cut with the cluster
sequences.56,57 The local and remote interaction of the tran-
script process products may form the multidomain proteins

and/or small stable cycles. It was also possible that, after
elimination, some of local residual sequences may organize a
new interaction between the transcript products with the
neighbor sites. Our phenomenology is possibly related to the
stage that has been mentioned by Eigen32 in his hypercycle
model, when ligase connects different nucleotide sequences
to a unified chain. In this stage, a transition from an “RNA
world” to a “DNA world” takes place.32 Perhaps, the de-
scribed above palindrome disintegration dynamics produces
a conflict interaction between local and distant sites in the
kinetic subsystem. In other words, this kinetic subsystem
may have frustrated properties. Synchronization of such dy-
namics should be conjugated with compartmentalization of
hypercycle.

This, perhaps, in a large ensemble of sequences and after
a large number of generations, can create the net for small
survived parts in the ensemble with optimal preferential
properties �say, the maximal net length or the net distribution
as an analog of the Anderson prebiotic model for chains�.
Such nodes �“pre-gene”� may be represented by small se-
quences �up to �100 nucleotides32�, which later may form
the contemporary structural domains of proteins or small
RNA that play a major role in the regulatory network.

This paradigm also appeals to the last research in the
conservatism of the domain order45 and to the role of the
duplication mechanism �but another kind, older� in the net-
work evolution.58 We suppose that such a duplication context
has a very old origin. The alternative splicing, which is the
most common mechanism of the large protein diversity, also
supposed the primary significance of domains in the protein
evolution as a source of the functions combination.

VII. CONCLUDING REMARKS

A special interest of our paper is gigantic palindromes,
which we found in large quantities in various genomes. The
size of such palindromes is in a wide interval: from 5–10 Kb
to several tens Mb and more. Most of these sequences have a
large number of mutations and look like noisy palindromes
that we call imperfect gigantic palindromes �IGPs�. Align-
ment of these regions between sequences that compose the
palindromes, gives us a low similarity, so that identifications
of the IGP is possible only by the described the 2D method.
This type of the similar sequences is said to be “context-
homology” sequences. We found that huge palindromes,
megabases in length, are common events in many species
rather than a case of illness mutation �e.g., a cancerous am-
plification�.

The 2D map analysis of a large number of chromosomes
allowed us to detect new phenomena. In particular, we iden-
tify a duplicated gigantic palindrome in the X human chro-
mosome and advance schematic phases of such a palindrome
formation.

The performed comparisons of the corresponding human
and chimpanzee chromosomes clearly point to the fact that
some their fragments are almost identical. On the other hand,
during evolution, these two genomes was different that led to
a qualitatively distinction in the respective palindromes.

Our investigation makes it possible to reveal that, per-
haps, some chromosomes of fungi and bacteria have in their
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origin the disintegrated gigantic palindromes. We assume
that the strategy of the complementarity duplication may be a
reason of the IGP creation. Formation of the replication sub-
system in genomes is probably regarded as one of the phases
of this strategy. A prevalence of IGPs and their resemblance
to the experimentally revealed regions of replications in the
numerous chromosomes allows us to discuss certain details
of the genome evolution in the prebiotic phase. Such a phe-
nomenology of the chromosome organization, perhaps, may
also be explained in terms of a spin-glass model.

In our opinion, the performed qualitative analysis pro-
vides an opportunity for a more careful development of iden-
tification algorithms and permits to discover unknown se-
quence properties.
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