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The creation of arteficial random sequences using blocks (Fig. 9), 
codon-triplets (Fig. 10) and a nucleosome binding consensus 
sequence (Fig. 11), using random or gene-like block arrangements 
(the latter two) as well as different base pair or codon/block 
concentrations, explain the multi-scaling and fine-structured 
long-range  correlations of Eukarya (Fig. 3-5), Archaea and Bacteria 
(Fig. 13). The multi-scaling behaviour is due to blocks and the 
fine-structure due to the codon usuage and and in Homo sapiens 
nucleosome binding. The periodicity of 12 bp for Pseudomonas 
aeruginosa PA01 cannot be reproduced by pure codon-usage and 
might be due to a special syntax of codons.

The fine-structured multi-scaling correlation 
behavi-ours show a higher similarity within different 
Euka-riotic species than between major regna (Fig. 
6). Archaea and Bacteria sequences can be visually 
subdivided into different classes (Fig. 13). Pearson 
correlation matrices between the C(l) or δ(l) were 
computed, transformed into distance matrices and 
used for tree construction by neighbour joining (NJ) 
or the unweighted pair group method by average 
(UPGMA) using the programme PAUP. Whereas, the 
Eukarya tree agrees with the phylogentic tree, for 
Archaea and Bacteria the four qualitive groups are 
validated and suggest a new classification system.

All analysed Eukarya genomes show 
beyond a simple long-range power-law, 
different local correlation coefficients: 
A first region with one (Fig. 3, 5) or two 
(Fig. 4) maxima between 50 and      
2000 bp is followed by a region of one 
or more second maxima at ~105 bp. 
This multi-scaling behaviour is species 
specific and can be explained by a 
block organization of genomes.  Within 
the multi-scaling a fine-structure is 
present which survives averaging. It is 
attributable to the codon usage for 
lower Eukarya (Fig. 4, 5) and solely to 
nucleosomal binding in the case of 
Homo sapiens (Fig. 3). The second 
maxima region and fine-structure of 
Homo sapiens might be due to a 
folding of the chromatin fiber into 
aggregates of loops, since only such a 
topology leads to such an evolutionary 
stable motive.

Fig..3: Homo sapiens multi-scaling (A, B) and
fine-structure (C, F), surviving averaging (D, E).

Half Moon

Fig..4: Drosophila melanogaster (A-C) and Arabidopsis thaliana (D, E) multi-scaling
and fine-structure (C, E), surviving averaging (B).
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Fig..9: Simulation of random seqences with different sized (A) 
and concentrated (B) blocks. 

Fig..10: Simulation and comparison to real sequences of random 
sequences with random codon triplets, distributed according to the 
real codon usage-tabels. The codons were either mixed under a 
random sequence or arranged in gene-like blocks, using different 
concentrations.

Fig..12: Simulation of random sequences using a  nucleosome 
binding consensus sequence arranged in gene-like blocks and 
different block concentration within a total random sequence. 

Despite the successful linear sequencing of the genome its sequential 
organization, i. e. the relations within sequences, and its connection to the 
three-dimensional structure is widely unknown despite its importance for gene 
regulation and replication. Through correlation analyses of completely sequenced 
Archaea, Bacteria and Eukarya genomes, we show an approach relating the 
sequential to the three-dimensional genome organization.

The analyses of the sequential organization of genomes attempted 
here is based on the root mean concentration fluctuation function 
C(l) of the concentration profile of purines/pyrimidines along the 
DNA sequence: from the base concentration in a window of l bases, 
the base concentration in the whole base sequence of length L is 
subtracted and squared. The average is taken over all s=L-l+1 
windows and finally the square root is computed:

To avoid numeric instability (Fig. 1A&B) the equation is expanded to

with n,N being the base probability e. g. P = 1 for purines and else 0. 
Since C(l) follows a power-law behaviour, the slope is the correlation 
coefficient δ.
Beyond non-random simple power-law correlations almost on the 
entire length scale of sequences (Fig. 1A), δ varies locally on 
different scales, indicating so called multi-scaling behaviour (Fig. 
1A&C). The correlations deviate also clearly from those of random 
sequences up to large scales (Fig. 1A&C, Fig. 2A&B) before the 
cut-off due to the finite sequence length. The information relevant 
for tree construction is located at either small or large scales (Fig. 
2C).

Fig..1: Root mean squared concentration fluctuation function C(l) (A) and its slope, 
the correlation coefficient δ(l) (B), of random sequences and Homo sapiens. The 
error made by using unstable numerics (A,red; B).

CONCLUSION 
Correlation analysis revealed the sequential 
organiza-tion, and its connection to the 
three-dimensional organization of genomes. All 
sequences showed long-range power-law correlations 
on almost the entire observable scale with different 
local correlation coefficients. This multi-scaling 
behaviour was species specific and is due to a block 
organization of geno-mes as shown by sequence 
simulations.  A fine-struc-ture is present and 
attributable to the codon usage and to nucleosomal 
binding. Computer generated random sequences 
assuming the codon usage and nucleosomal binding 
agree with these results. Muta-tion by sequence 
reshuffling destroyed all correla-tions, thus their 
stability seems evolutionary tightly controlled and 
connected to the spatial genome organization on large 
scales. Trees constructed from the correlation 
behaviour were as expected for Eukarya and led to a 
new classification system for Archaea and Bacteria. In 
summary, these findings suggest a complex 
sequential organization of genomes closely 
connected to their three-dimensional organization.

All analysed Archaea (Fig. 13A-B) and Bacteria (Fig. 13C-L) genomes show 
beyond a simple long-range power-law, also different local correlation 
coefficients: A first maximum between 500 and 2000 bp is followed by a region 
of one or more second maxima or a plateau between ~105 and ~106 bp. The 
behaviour is more diverse than expected from the similarity between the 
chromosomes within the single Eukarya species. Nevertheless, their general 
appearance allows qualitative and  quantitative classification by tree 
construction into four major classes referred to as A (e. g. Aquifex aeolicus, 
Eropyrum pernix), A’ (e. g. Campylobacter jejuni), A’’ (only Methanobacterium 
thermoautotrophicum deltaH and Xylella fastidiosa) and B (e. g. Bacillus 
halodurans or Clostridium acetobutylicum) with distinct general behaviour. 
Amazingly, in the lattest the  degree of correlation sometimes is extreme and  
even above -0.1 and decrease for window sizes >105 bp sharply with hardly any 
fluctuation. This supports again the high correlation degree suppressing the 
fluctuations, common else and for random sequences (Fig. 1B).

Fig..13: Archaea (A, B) and Bacteria (C-L) multi-scaling and fine-structure.

Fig..6: Comparison of the average correlation behaviour of Eukarya,
Archaea and Bacteria  classes.
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Fig..5: Saccharomyces cerevisae and Schizosaccharomyces pombe
multi-scaling and fine-structure.

Fig..7: Tree of Eukarya.

Fig..8: Tree of
Archaea & Bacteria.
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Fig..2: Standard deviation of C(l) (A) and δ(l) (B) of the fluctuations appearing in 
random sequences (Fig. 1C). Information distribution in C(l) and δ(l) by correlating 
trees to phylogenetic trees (C).
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Abstract 
 
 
The largely unresolved sequential organization, i.e. the relations within DNA sequences, and its connection to 
the three-dimensional organization of genomes was investigated by correlation analyses of completely 
sequenced chromosomes from Viroids, Archaea, Bacteria, Arabidopsis thaliana, Saccharomyces cerevisae, 
Schizosaccharomyces pombe, Encephalitozoon cunniculi, Drosophila melangoster, Homo sapiens, chloroplasts 
and mitochondria. All sequences revealed long-range power-law correlations almost on the entire observable 
scale. The local correlation coefficient shows close to random correlations on the scale of a few base pairs, a first 
maximum from 40-3400 bp, and often a region of one or more second maxima from 10^5-3x10^5 bp. This 
multi-scaling behaviour is species specific and can be explained by a block organization of genomes. Within this 
multi-scaling behaviour an additional fine-structure is present and attributable to the codon usage in all except 
the human sequences. Here it is connected to nucleosomal binding. Computer generated random sequences 
assuming a block organization, the codon usage and nucleosomal binding agree with these results. Mutation by 
simulated sequence reshuffling destroyed all correlations, thus their stability seems evolutionary tightly 
controlled and connected to the spatial genome organization. On large scales the sequence correlations agree 
very well with the three-dimensional folding of the 30 nm chromatin fibre into the Multi-Loop-Subcompartment 
(MLS) model, in which ~100 kbp loops form rosettes, connected by a linker, within chromosomes. 
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