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1 Introduction

Intragenomic heterogeneity of GC content is generally more evident in higher eukaryotes than in
prokaryotes and unicellular eukaryotes. Genomes of warm-vertebrates have long-range GC% mosaic
structures that are related to chromosome bands [1, 2]. GC content is considered a fundamental
characteristic of each genome and of genomic regions. However, we believe that GC content is too
simple a parameter to characterize the genome and specific genome regions. Each genomic sequence
registered by the International DNA Databank corresponds to one of the two DNA strands in a genome.
Therefore, the G and A contents are not necessarily equal to the C and T contents, respectively. This
tendency is more significant with respect to local sequence characteristics, and therefore, a method for
effectively visualizing distribution of the four nucleotides in a three-dimensional space would be useful.
We developed new techniques to visualize DNA sequence based on the fourth dimensional isometric
projection and used this method to predict replication origins and termini in bacterial genomes.

2 Method

To represent the nucleotides in DNA sequence numerically, a vector for the ith nucleotide was denoted
by bi=(biA, biT , biG, biC), Here, biA=1, biT =0, biG=0, and biC=0 if the ith nucleotide is A and so
on. With vector bi, the cumulative coordinate is defined by

xi =
∑i

k=1
bk.
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when we focused on the ith position xi relative to xi−w and xi+w, the angle becomes an important
parameter for understanding the relative relations of xi to xi−w and xi+w. This is done by calculating

cosθ = (xi−w − xi) · (xi+w − xi)/{|xi−w − xi| · |xi+w − xi|}.

here, w is the window size. This is referred to as the cosθ-representation. An isometric projection of a
DNA sequence composed of four nucleotides into a three-dimensional space is possible for cumulative
coordinate yi where

yi = (yi1, yi2, yi3) = (
i∑

k=0

tk1,
i∑

k=0

tk2,
i∑

k=0

tk3)

by assigning vector ti= (α, α, α) for A, ti= (-α, -α, α) for T, ti= (-α, α, -α) for G, and ti=
(α, -α,-α) for C. This projection is the fourth-dimensional isometric projection. The software that
generates the cosθ-map and fourth-dimensional isometric projection which is called “4D Isometric
Genome Analyzer”, was purchased from UNTROD, Inc. (Nara-shi, Nara-ken, Japan).

3 Results and Discussion

The cosθ-value from 1 to -1 is shown by the graduation from white to black. Positions in the white zone
extending from small to large base sizes correspond to switch points in long-range base composition
across the genome. Six switch points, N1 to N6 were obtained from the cosθ-map. This finding was con-
firmed by the configuration of the fourth-dimensional isometric projection. The switch points, N1, N2,
and N5, correspond to islands of horizontally transferred DNA (IHTs). Bacterial genomes are known to

Figure 1: cosθ (left) and fourth isometric projec-
tions (right) for N. meningitides.

undergo frequent rearrangements, and regions of
DNA derived from horizontal gene transfer of-
ten have atypical DNA composition relative to
the entire genome. The isometric projection
and cosθ-map can be used to visualize genome
heterogeneity in base composition and to dis-
tinguish zones that differ significantly from the
background base composition. One switch point
(N3) that is continuously invariant from small to
large window sizes in the cosθ-map is thought to
correspond to a replication origin.
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