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Genomic DNA contains sequences that are relics of evolution together with functional protein sequences
and regulatory operands. The mutual relationship of chromosomes that constitute the genome is of interest
from the viewpoint of evolution as well as from that of systems biology. Chromosome origin, the frequency
of chromosomal alteration, and the nature of these alterations can be addressed by analyzing oligostickiness,
which is highly informative of the hidden properties of genome segquences. Oligostickiness analysis is an
oligonucleotide-affinity test performed along the genome sequence. This analysis revealed that frequent re-
combination events occur during the course of evolution, which is a phenomenon inherent to chromosomes.
Thiswas further supported by the finding of chromosome homogeneity in the nucleus and by the assimilation
of oligostickiness for pairs of complementary oligonucleotides. Genomes consisting of multiple chromo-
somes possess acommon property where all chromosomes share the same tendency of oligostickiness for any
kind of probe (oligonucleotide), indicating that these chromosomes all experienced random-mode frequent
inter-/intra-recombinations. The phenomenon observed here, namely the homogeneity of chromosomes, was
novel but it could be interpreted in terms of random-mode frequent recombination of chromosomes with a
considerable contribution of repeated sequences. Therefore, oligostickiness is useful for analyzing the simi-
larity of chromosomes.

Keywor ds: Genome sequence analysis, Nucleic acid thermodynamics, Chromosome evolution, Negentropy,

Recombination

1 Introduction

The genome can be considered to be a chronicle of the
evolutionary history of any organism. By scrutinizing
the genome, we are able to follow the events that oc-
curred during evolution. Some of these events must have
had a positive influence on the evolution of the organ-
ism, whereas other events had no effect and so are con-
sidered ‘neutral’ [1]. Extensive gene-level analyses of
homolog and analog proteins have elucidated the phylo-
genetic relationships between genes and organisms [2].
Thiswell-established approach can reveal the frequencies
of point mutations, deletions, and insertions that occurred
in genes of interest and allow the determination of evolu-
tionary rate, genetic distance, and other variables. On the
other hand, as a system of genes, the genome should be
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dealt with asawhole. Comparisons of genome segquences
have recently disclosed a massive scale of gene arrange-
ments that were caused by recombination events [3-5].
Furthermore, repetitive element analysis [6] and segmen-
tal duplication analyses [7, 8] of the human genome un-
veiled that they probably generated the current genome
structures [6-8]. Thus, the genome is less static and less
stablethan previously believed, making it more important
to understand these dynamic genome rearrangements as
awhole. Recently, a measure called oligostickiness was
introduced to characterize genomes [9, 10] and was use-
ful for investigating the degree of recombination between
chromosomes. Here, we applied this methodol ogical tool
to determine the similarity of chromosomes contained in
the nucleus and we found that recombination phenomena
occurred with high frequency.
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Figure 1. How to calculate oligostickiness. Oligosticki-
ness is defined as the normalized frequency of binding to
template DNA in various ways as presented here (al so see
Methods). Each binding structure indicates sufficiently
stable binding to template DNA at a particular site. The
stability of each structure is calculated thermodynami-
cally [10] and shown with more stable structures placed
on a lower layer. Frequency of probe-binding is accu-
mulated within a sector of the angle , normalized by ac-
tual size of fractional template, and represented as a pillar
(or spike), with the height proportional to the normalized
frequency. For convenience, oligostickiness isusually de-
fined regarding registered genome sequence (or database
sequence).

2 Methods

2.1 Calculation of Oligostickiness

Oligostickiness, o, was calcul ated as explained in the leg-
end to Figure 1. It can be expressed as follows:
1 I0+n

Y 3(p,T()

i:|0+1

o= (0<o<l) (1

n
where lp + 1 and n are the genome sequence positions at
which the sampling region begins and the sampling size
for oligostickiness, respectively, and & is a determinant
that takes the value of 1 when the primer (p) binds sta-
bly to the i-th local sequence of the genome (T (i)), in
other words, a fragmental sequence that has a fixed 5'-
end at the sequence position i, or the value of 0 when
not bound. In this formula, the p — T binding is deter-
mined based on the thermodynamic stability of thep — T
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Figure 2. Spider-web chart of oligostickiness of

Escherichia coli genome.  Probes were Pl~ P12
(oligodeoxyribonucleotides written from 5" to 3'): P1,
dGGGGTCGAGGGG; P2, dTGGGTGGGTGGG; P3,
dGAGAGAGAGAGA; P4, dGCTAAAAAAAAA; P5,
dAAAAAAAAAAAA; PB, JATATATATATAT,; P7, dGT-
GCTGGGATTA; P8, dCCAGGCTGGTCT; P9, dCCG-
GCCGGCCGG; P10, dGGGGTCGAGGCG; P11, dA-
GACCGCGCCTG; P12, dACGACGACGACG. Oligo-
stickiness values are plotted on the radial axes.

complex under given conditions (25°C, 1M NaCl) [11].
Figure 2 shows the stickiness of 12 oligonucleotides to
Escherichia coli genome DNA in the mode of a spider-
web chart [10]. In this mode, the oligostickiness of each
oligonuclectide is expressed as a value between 0 (the
center) and 1 (the outermost circle) and representsthe fre-
guency of binding of the oligonucleotide to the genome
DNA (where 1 means that the oligonucleotide can bind
at any site of the genome DNA with required or higher
stability and zero means no binding throughout). The
oligonucleotides were arbitrarily selected except with re-
spect to the following considerations: i) oligonucleotides
with different properties (G+C contents, sequence com-
plexities, and thermodynamic stabilities) were selected as
much as possible and ii) representative oligonucleotides
from the viewpoint of oligostickiness based on data col-
lected from over 20 genomes were selected [10].
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In addition, the obtained results are available at the
following URL. http://gp.fms.saitama-u.ac.jp/stickiness/

2.2 Spider-web representation

The representation of chromosome/genome properties
used hereis called the ‘spider-web presentation of global
oligostickiness’ [9]. Each global oligostickiness value
with respect to a chromosome probed by a particular
oligonuclectide was plotted on an axis radially extended
from a common center, following a logarithmic scale
(Figure 2). In this paper 12 axes per round were adopted
with 12 different oligonucleotide probes. The nearby
plots were connected with aline to define a characteristic
pattern for each chromosome. Thistype of representation
appears to be more effective in presenting a feature of a
chromosome in depth than reducing it to a single figure
(or value).

2.3 Genome sequences

The genome sequences were retrieved from databases

published in relation to genome sequencing projects

about each genome. The source of A. thaliana chro-

mosome sequences was the Kazusa DNA Research

Ingtitute (CONTIGs: Chrl, pseudo v211200b; Chr3,

MEC18 T15D2). The E. coli genome sequence was

from the Nationa Ingtitute of Genetics and H. sapi-

ens chromosome sequences were from the Nationa

Center for Biotechnology Information (CONTIGs

were as follows: chromosomes Chrl, NT_004359.5/

NT_004873.5; Chr2, NT_005194.5/ NT_005204.5;

Chr3, NT_005718.5/ NT_005787.5/ NT_005997.5/

NT_006022.5/ NT_022517.5; Chr4, NT_006051.5/

NT_006052.5/ NT_006098.5/ NT_006316.5; Chr5,

NT_006455.5/ NT_006547.5/ NT_006576.5/ NT_023115.5;
Chr6, NT_027049.2/ NT_029309.1; Chr7, NT_007867.5/

NT_007918.5; Chr8, NT_007988.5/ NT_008157.5/

NT_008227.5; Chr9, NT_008484.5/ NT_023967.5;

Chr10, NT_008682.5/ NT_008895.5; Chr11,

NT_009107.5/ NT_009243.5/ NT_009325.5/ NT_009368.5;
Chr12, NT_009711.5/ NT_009775.5; Chrl3,

NT_009799.5; Chrl4, NT_010101.5; Chr15,

NT_010178.5/ NT_010310.5/ NT_010351.5/ NT_024680.5;
Chrl6, NT_010530.5/ NT_010552.5/ NT_024827.5/

NT_027182.2/ NT_029459.1; Chrl7, NT_010641.5/

NT_010783.5; Chrl8, NT_010874.5/ NT_010990.5/

NT_011054.5/ NT_024981.5; Chrl9, NT_011098.5/

NT_011141.5/NT_011157.5/ NT_011196.5/ NT_011225.5;
Chr20, NT_028391.3; Chr2l, NT_011515.6;+A24

Chr22, NT_011523.7; ChrX, NT_011584.5/

NT_011618.5/ NT_011657.5/ NT_011793.5; ChrY,

NT_011896.6). For other information, see Table 1.
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Table 1. Size and source of genome DNA sequences.

Sample Size(base) Reference
and note
A. pernix 1,669,695 [12]
A. thaliana Chr 1 22,743551 [13]
A.thaliana Chr 3 9,821,447 - Same as above -
B. subtilis 4,214,814 [14]
C. elegans Chr | 13,467,562 [15]
C. elegans Chr Il 15,116,321 - Same as above -
C. elegans Chr 111 12,476,799 - Same as above -
C. elegans Chr IV 15,919,001 - Same as above -
C. elegans Chr V 20,668,416 - Same as above -
C. elegans Chr X 17,432,311 - Same as above -
D. melanogaster 429,8582  [16]
E. coli 4,636,552 NIG®
H. influenzae 1,830,138 [17]
H. pylori 1,667,867 [18]
H. sapiens Chr 1 6,906,110 NCBI
H. sapiens Chr 2 6,163,434 NCBI
H. sapiens Chr 3 7,256,523 NCBI
H. sapiens Chr 4 7,611,217 NCBI
H. sapiens Chr 5 6,506,832 NCBI
H. sapiens Chr 6 6,705,352 NCBI
H. sapiens Chr 7 6,270,794 NCBI
H. sapiens Chr 8 7,083,280 NCBI
H. sapiens Chr 9 6,270,222 NCBI
H. sapiens Chr 10 6,709,963 NCBI
H. sapiens Chr 11 6,717,522 NCBI
H. sapiens Chr 12 6,308,324 NCBI
H. sapiens Chr 13 6,050,474 NCBI
H. sapiens Chr 14 6,050,829 NCBI
H. sapiens Chr 15 6,319,005 NCBI
H. sapiens Chr 16 6,389,377 NCBI
H. sapiens Chr 17 6,147,036 NCBI
H. sapiens Chr 18 6,408,213 NCBI
H. sapiens Chr 19 6,229,141 NCBI
H. sapiens Chr 20 2,426,223 NCBI
H. sapiens Chr 21 3,427,677 NCBI
H. sapiens Chr 22 2,728,705 NCBI
H. sapiens Chr X 6,810,333 NCBI
H. sapiens Chr Y 6,386,620 NCBI
Lambda phage 48502° NCBI
M. thermoautotrophicum 1,751,377 [19]
M. pneumoniae 816,394 [20]
P. falciparum Chr 3 1,060,106 ¢ SCY
P. horikoshii 1,738,505 [21]
S. cerevisiae 12,069,299 [22]
Synechocystis sp. 3,573,470 [23]
Random 4636552-1 46365524 -
Random 4636552-2 46365529 -

@ Source: ‘CONTIG. pl contig 1’

b Source: ‘NUCLEOTIDE. NC_001416’

¢ Source: ‘GENOME. NC_000521’

d Artificially generated at random (equivalent to the size of
E. coli genome)

€ National Institute of Genetics

9 Sanger Centre

f National Center for Biotechnology Information
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Figure 3. Map presentation of oligostickiness against the six chromosomes of C. elegans and E. coli genome.
Chromosomes are shown as acircle beginning at the top and running clockwise. A complete circleis equivalent to
the entire chromosome and the diameter of each circleis drawn equal to a oligostickiness value 0.36. Each oligo-
stickiness value is expressed by the length of a spike at each position where the running average of oligostickiness
along a 1/3600 part of the entire chromosome is shown. The chromosome nomenclature and the probes used are
shown on the top and to the side, respectively. The sizes of the chromosomes are 4.6 (E. coli), 13.5 (Chr 1), 15.1
(Chr 1), 12.5 (Chr 111), 15.9 (Chr V), 20.7 (Chr V) and 17.4 (Chr X) in Mb. The sequences of the probes are: P4,
dGCTAAAAAAAAA; P5, dAAAAAAAAAAAA; and P11, JAGACCGCGCCTG.

3 Reaultsand Discussion

3.1 Chromosome homogenization

Genomes of various species can be characterized by
oligostickiness maps using a number of oligonucleotide
probes [10]. Typical examples of oligostickiness maps
are shown for the E. coli and C. elegans genomes using
three probes (P4, P5, and P11) in Figure 3. Asthe length
of the spike is proportional to oligostickiness ¢ (for defi-
nition see Methods), the probe, P11, can be considered to
be of higher oligostickiness to the E. coli genome than the
other probes, P4 and P5. Aside from the E. coli genome,
we have examined the genomes of other bacteria, such as
B. subtilis, H. influenzae, H. pilori, and S. aureus (see Ta-
ble 1. Data partly shown in Ref. 10). A clear advantage
of oligostickiness maps is that they can represent local
oligostickiness, vy, with ease, which can not be achieved
by numerical and statistical approaches. Another bene-
fit of this analysisis the fact that any size of genome (or
chromosome) can be depicted by acircle of the same di-
ameter, preserving Equation 1 when the whole genome
(or chromosome) is divided into the same number of por-
tions (e.g., 3600). Local oligostickiness can be expressed
asfollows:

spike length
y— o \SPike length) @

(circle diameter)
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where o is a constant arbitrarily set for the sake of clear
representation (we adopted 0.36 for o throughout our rep-
resentations). The size of the genome can be shown in
proportion to its real genomic size (if so, Eq. 2 does not
yet hold). The same presentation is used to represent six
chromosomes of Caenorhabditis elegans (Figure 3). It
is clear that the tendency of oligostickiness is quite dif-
ferent between E. coli and C. elegans. However, it isre-
markablethat all six chromosomes of C. elegans havethe
same tendency (or texture [10]) against the three probes
used here. We examined this further using 42 probes and
with reference to the genomes of Saccharomyces cere-
visiae and Homo sapiens. These results are shown as
spider-web mode representations in Figure 4, where 12
probes were used in common. Figure 4B to D shows su-
perimposed spider-web charts of all 16 chromosomes of
yeast, 6 of nematode and 24 of human, respectively. All
the spider-web charts are genome-specific except for the
common dent around P4 to P6 corresponding to the oligo-
stickinesses probed by AT rich sequences. Apart from the
fact that each eukaryotic organism has a species-specific
shape of spider-web chart, all of the chromosomes of
each organism have essentially the same shape of spider-
web chart. Especialy, the 24 human chromosomes (22
autosomes and 2 sexual chromosomes) have very sim-
ilar shapes (Figure 4D), considering that some vertices
such as P1, P2, and P9-12, which are rather widely dis-
tributed, are connected in parallel to each chromosome
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(thus, providing a proportionally expanded shape of the
spider-web chart). In addition, we confirmed the same
tendency for al the other probe oligonucleotides tested
(additional 20 sequences). This is surprising since each
chromosome must contain distinct genes consisting of
different sequences. Thisindicates that chromosomesin
acdl (i.e. inthe nucleus) have a similar texture of se-
guence, or in other words possess a monochronous se-
guence. The rational explanation for this can come from
only two sources; (i) al chromosomes originate from a
common ancestor and (ii) frequent recombinations occur
between the chromosomes. The former asserts a rather
unnatural conseguence, which is that all chromosomes
evolved from the same sequence to different sequences
and acquired novel functions. Segmental duplication [7]
and chromosomal duplication must have occurred during
the course of evolution, as originally suggested by Ohno
[24]. However, it does not mean that the 24 human chro-
mosomes evolved from a single ancestral chromosome
confined in a cdll, since this would be highly unrealis-
tic. On the other hand, chromosome recombinations have
been observed on various occasions, such as meiotic seg-
regation [25] recombinational repair [26], SOS responses
[26], and movable elements [6, 27]. Furthermore, recent
observations of segmental duplications [7, 8] must have
also contributed to generating the current genome state (it
is necessary to note that chromosomes might have gath-
ered and evolved prior to the establishment of the current
species). Actually, the result shown here clearly demon-
strates the possibility of frequent non-homologous re-
combinations between chromosomes. The ‘Frequent re-
combination’ hypothesis can be further supported by the
fact that eukaryotic genomes contain a high ratio of non-
coding regions such as introns and intergenic sequences
that are not only permissible to non-homol ogous recom-
binations (which do not always lead to gene disruption)
but also to a high probability of recombination. Here,
we propose a natural interpretation of the phenomenon
of chromosome homogenization: the ancestral chromo-
somes that had been recruited by successive duplication
of chromosomes and/or by cell-fusion of different or-
ganisms evolved to their present state through a highly
sophisticated mechanism of evolution, which must have
involved recombinations such as exon [28] and module
[15] shuffling. Interestingly, since the overwhelmingly
larger portion of eukaryotic chromosomes are composed
of non-coding sequences such as introns and intergenic
sequences, the monochronous property observed here
must be attributed mostly to such sequences, thusindicat-
ing that such non-coding sequences retain the genome-
wide common yet species-specific property detected by
oligostickiness. This is not yet interpretable but what is
clear is that it can not be attributed only to highly repet-
itive sequences such as the Alu and L1 families (over
40% of the whole genome sequence in the human genome
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[6]) since the nematode genome contains only 7% repet-
itive sequence [29, 30]. Repetitive sequences such as
the Alu and L1 families do not show high oligostickiness
to probes P2 and P5 and they can not substantially con-
tribute to the high oligostickinesses of P2 and P5 in hu-
man chromosomes (Figure 4D). This is contrary to the
hypothesis of repetitive sequence-caused homogeneity of
chromosomes, although they may be responsible for a
considerable contribution of homogeneity. Nevertheless,
recombination seems to be the main cause of this phe-
nomenon. From Figure 4, the featuring oligostickiness
for each organism can easily beread. (i) P12 (AACGAC-
GACGACG) is commonly sticky to yeast and nematode
genomes but of very low oligostickiness to the human
genome. (ii) P3 (AGAGAGAGAGAGA) ismost sticky to
the nematode genome. (iii) P5(dA12) isthe best discrim-
inator between bacteria and eukaryotes, since oligosticki-
ness to the bacterial genomeis much suppressed, whereas
that to the eukaryote genomes is high. The advantage of
this oligostickiness-based representation is that it allows
such features to be easily recognized.

A B

3

Figure 4. Chromosome structures of four organisms rep-
resented by a spider-web chart of oligostickiness. The
same representation and symbols are used here asin Fig-
ure 2. In addition, oligostickiness values plotted on the
radial axes are connected with a line to form a circle
for each chromosome for multi-chromosomal genomes
(B~ D). These circles are superimposed. Oligosticki-
ness is plotted on a logarithmic scale with three poly-
gons crossing at 103, 102, and 10! (inner to outer). A,
Escherichia coli genome; B, Saccharomyces cerevisiae
(16 chromosomes); C, Caenorhabditis elegans (6 chro-
mosomes); D, Homo sapiens (22 autosomesand X and Y
chromosomes).
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b1

— O AAAAAAAAAAAA-TTTTTITTTITTTT
— B CCCCCCCCCCCC-GGGGGGLGEGEGEEG
ATGOOTEEGETGGEGE-CCCACCCACCCA

— @ CTCTCTCTCTCT -GAGAGAGAGAGA '
— @AGGTTAGACCTC-GAGGTGTAACCT ¥

T BAGAACGCGCCTG-CAGGCGCGTTCT
— ACGATGCTAGCAT-ATGCTAGCATCG

Oligosickiness for probe X-bar

n.01

Oligostickiness for probe X

Figure 5. Correlations of oligostickiness valuesfor pairs of complementary probes obtained with 45 chromosomes
from 16 species and 2 random sequences. Seven pairs of complementary oligonucleotides (probes) are adopted:
colored symbolsfor these pairs (pairs of X and X-bar) are shown as an Insert in thisfigure (upper-left). Correlation
coefficients (R) calculated for each set, which is composed of values obtained with 47 chromosomes or similar, are
shown beside the least-square line. The width of the lines corresponds to the range of distribution of values (thus,
values for probes of A12/T1» give the highest correlation coefficient (0.99) and widest range (0.000006~ 0.73)).
Insert shows range of lower values of oligostickiness (right-bottom). Global oligostickiness is referred to here (in

other words, averaged oligostickiness over entire range).

3.2 Similar oligostickiness between comple-
mentary probes

Another piece of evidence supports the frequent recom-
bination hypothesis. Figure 5 shows that each pair of
oligonucleotides of complementary sequences has very
close oligostickiness values (statistically shown as cor-
relation coefficients (R): most of these correlation co-
efficients are very close to one). This relationship is
valid for al recombinations of chromosomes and com-
plementary probes with the sole exception of human
chromosomes examined with the probe dCGATGCTAG-
CAT(=X)/ dATGCTAGCATCG(=X-bar) (this exception

150

isvery prominent as can be seen by the vertically-stacked
triangles around 0.006 of oligostickiness for probe X in
Figure 5). This indicates the extremely abnormal phe-
nomenon that probe X binds equally to al human chro-
mosomes while X-bar differs from chromosome to chro-
mosome. So far we are unable to find any artifact to ex-
plain this phenomenon. Therefore, this might indicate
a specific unknown function of this sequence for human
chromosomes. On the other hand, the R values regarding
non-complementary pairs of probes, such as dCGATGC-
TAGCAT/ dTACGATCGTAGC or dTGCTGCTGCTGC/
dCGTCGTCGTCGT, which have arelationship in terms

J. Comput. Chem. Jpn., Vol. 3, No. 4 (2004)



of mutually-inverted sequences, were not so high (0.51
and —0.1, respectively) (not included in Figure 5 for clar-
ity). Another important point that should be noted is the
wide range of oligostickiness (e.g. 0.000006~ 0.73 for
probe dA 1, and 0.002~ 0.3 for probe dC;2). Considering
the occurrence of frequent recombinations established
above, this phenomenon can only be explained by intro-
ducing two modes (the parallel and antiparallel modes;
if the orientation of either of two adjacent chromosomes
is reversed (face about) just before recombination, then
‘paralel’ is converted to ‘antiparallel’) during recombi-
nation. These results must represent the well-shuffled
state of those sequences, which is attained after vigor-
ous recombinations between chromosomes irrespectively
of the direction of DNA. This should not be taken simply
asamatter of course because, in completely random arti-
ficial genome sequences (Table 1) asindicated in Figure
5 (the insert plotted with the circles outlined in red), the
oligostickiness can be the same for a pair of complemen-
tary oligonucleotidesthat is, riding on the line of sope 1.
Evidently, thisis not valid for those sequences that have
highly deviated from the random state like poly (dA), to
which the probe dT42 bound well but to which its comple-
mentary probe dA 2 did not. Thereisno need for probe X
to have a similar oligostickiness as the probe X-bar with
regard to the same chromosome. Therefore, this repre-
sents evidence that supports the frequent recombination
hypothesis. The other wide distribution of oligostickiness
among genomes is a type of representation of species di-
versity acquired during the course of evolution (leading
to the concept of negentropy [31]) while equal oligostick-
iness for complementary primers (e.g. dCGATGCTAG-
CAT/ dATGCATGCATGC) represents the opposite en-
tropic effect during evolution.

Therefore, chromosomes have maintained their iden-
tity by rendering themselvesisolated in the nucleus while
they have been mangled to homogeneity with respect to
their hyper-structure, as observed in this study, by en-
tropic force due to confinement in the nucleus. The re-
sultant chromosomes still retain the information essential
for the organism, and the improvement of the quality of
information occurs by rare chance events (evolution).

Finaly, it is quite natural to suppose that any pair of
chromosomes taken from two species in close relation-
ship have mutually similar oligostickiness values since
their genomes should have originated from a near, com-
mon ancestor. Oligostickiness analysis may be useful
for estimating such an evolutional distance between close
Species.

4 Conclusions
Software for the analysis of genome oligostickiness was

applied to detecting the homogeneity of chromosomes
that could be interpreted in terms of random-mode fre-
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guent recombination of chromosomes with a consider-
able contribution of repeated sequences. The visual rep-
resentation, known as the spider-web chart of oligo-
stickiness, is useful in simplifying the huge amount of
information from genome sequences to a manageable
database and yet is sufficiently powerful to present the
facts clearly. Several features of the human genome as
well as those of the yeast and nematode genomes were
depicted by oligostickiness, providing novel implications.

The authors are grateful for financia assistance from the
Kouhi fund from the Japanese government.
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