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Abstract When nucleotide (G, C, T and A) contents were

plotted against each nucleotide, their relationships were

clearly expressed by a linear formula, y = ax + b in the

coding and non-coding regions. This linear relationship

was obtained from the complete single-stranded DNA.

Similarly, nucleotide contents at all three codon positions

were expressed by linear regression lines based on the

content of each nucleotide. In addition, 64 codon usages

were also expressed by linear formulas against nucleotide

content. Thus, the nucleotide content not only in coding

sequence but also in non-coding sequence can be expressed

by a linear formula, y = ax + b, in 145 organisms (112

bacteria, 15 archaea and 18 eukaryotes). Based on these

results, the ratio of C/T, G/T, C/A or G/A one can essen-

tially estimate all four nucleotide contents in the complete

single-stranded DNA, and the determination of any ratio of

two kinds of nucleotides can essentially estimate four

nucleotide contents, nucleotide contents at the three dif-

ferent codon positions and codon distributions at 64 codons

in the coding region. The maximum and minimum values

of G content were *0.35 and *0.15, respectively, among

various organisms examined. Codon evolution occurs

according to linear formulas between these two values.
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Introduction

A half century ago, great scientific concepts regarding

DNA structures were discovered: the helical double-

stranded structure of DNA (Watson and Crick 1953) and

Chargaff’s parity rule, in which C/G, T/A and (C+T)/

(A+G) ratios are one (Chargaff 1950). Chargaff’s parity

rule was later approximately proved in complete, single-

stranded DNA (Rudner et al. 1968; Sueoka 1999). Char-

gaff’s rules, which are universal for all replicating

organisms, cannot reflect evolutionary differences based on

different kingdoms. Therefore, the rules of genome con-

struction remain to be discovered.

Changes in nucleotides or amino acid sequences have

been applied to evolutionary research (Dayhoff et al. 1977;

Sogin et al. 1986; Woese et al. 1990; Doolittle et al. 1994;

Maizels and Weiner, 1994; DePouplana et al. 1998;

Sakagami et al. 2006), on the assumption that amino acid

sequence changes are linked to biological evolution. On the

other hand, the basic pattern of cellular amino acid com-

position is conserved in various organisms from bacteria to

mammalian cells (Sorimachi 1999; Sorimachi et al. 2000,

2001); and differences in cellular amino acid composition

among organisms seem to reflect biological evolution. In

addition, cellular amino acid compositions obtained

experimentally resemble those conveniently calculated

from a complete genome (Sorimachi et al. 2000, 2001). It

was a puzzle to explain why these amino acid compositions

obtained by two different methods, based on a protein

mixture and an all gene assembly, resemble each other.
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Quite recently, this puzzle was solved by the understanding

that a genome is putatively constructed with gene assem-

blies forming similar amino acid compositions (Sorimachi

and Okayasu 2003) and codon usages (Sorimachi and

Okayasu 2004b) not only in prokaryotes but also in

eukaryotes (Sorimachi and Okayasu 2004b; 2005). The

amino acid composition based on the complete genome is

mathematically represented by small gene assembly units

coding 3,000–7,000 amino acid residues (Sorimachi et al.

2005), and equivalently the amino acid composition

obtained experimentally from whole cells consisting of

various proteins is represented by certain protein mixtures.

A cellular amino acid composition based on phenotype

eventually resembles the genomic amino acid composition

based on genotype, as has been observed (Sorimachi et al.

2001a,b). Thus, the amino acid composition calculated

from a complete genome reflects genomic structures. Using

amino acid compositions, it is possible to compare among

organisms not only the same genes but also the gene

assemblies consisting of various different genes that rep-

resent the complete genome (Sorimachi and Okayasu 2003;

2005). Based on their complete genomes, bacteria are

classifiable into two groups, ‘S-type’ represented by

Staphylococcus aureus and ‘E-type’ represented by Esch-

erichia coli (Sorimachi and Okayasu 2004a).

A genome constitutes coding and non-coding sequences

and linkages of coding sequences and non-coding

sequences are assumed to form two huge molecules,

respectively. This coding sequence is constructed with

putative small units with almost the same amino acid

composition (Sorimachi and Okayasu 2003) and codon

usage (Sorimachi and Okaysu 2004b). Thus, a small gene

assembly unit is almost equivalent to a complete genome.

The present study was designed to find certain rules that

govern nucleotide alternations in biological evolution.

Materials and methods

Codon usage databases were obtained from the Kazusa

DNA Research Institute (http://www.kazusa.or.jp/codon)

and from GenomeNet (http://www.genome.ad.jp). In the

present study, 145 organisms (Supplementary note) were

examined. Nucleotide contents in the coding sequence

excluding RNA genes were calculated from the all genes

contained in the complete genome, and those in the non-

coding sequence including RNA genes were obtained from

the subtraction of nucleotides in coding sequence from the

complete genome. A complete genome is assumed con-

sisting of two huge molecules which represent a coding and

a non-coding sequence. Under this assumption, figures

based on nucleotide sequences exclude intra-strand devia-

tions, and all organisms are compared with each other

based on inter-species deviations (Sorimachi and Okayasu

2004a). The programs which estimate nucleotide contents

in the coding sequence, nucleotide distributions at the three

codon positions, 64 codons and amino acid compositions

from just one nucleotide content were available on request.

Statistical analysis was done with Excel 2003.

Results and discussion

Ratios of nucleotides

In Ureaplasma urealyticum (7.5 9 105 nt) and Mycobacte-

rium tuberculosis (4.4 9 106 nt), the nucleotide contents

and their ratios in the coding sequence were almost the same

between the forward and reverse strands, and no significant

difference was also observed in the non-coding sequence

between the two strands (Table 1). Consistent results were

obtained in Arabidopsis thaliana chromosome I (3.0 9 107

nt) (Table 1), although some difference was detected in

Encephalitozoon cuniculi chromosome XI (2.7 9 105 nt),

(data not shown). U. urealyticum was examined as the

organism which has the smallest genomic size and M.

tuberuculosis was examined as the bacterium which has

comparatively large genomic size among bacteria. A. thali-

ana was examined as the eukaryote which has been

characterized earlier. Messenger RNA-synonymous strands

with purine-rich clusters induce differences in nucleotide

contents between the forward and reverse strands (Szybalski

et al. 1966) and deviations from Chargaff’s second parity

rule (Nikolaou and Almirantis 2006; Bell and Forsdyke

2006). One of the reasons for this may be based on the small

size of DNA segments examined (Sorimachi and Okaysu

2003; 2004a,b; Bell and Forsdyke 1999). On the other hand,

symmetry was observed in long nucleotide sequences

(Prabhu 1993) and in complete genomes (Qi and Cuticchia

2001). When the mutation rates are similar for comple-

mentary nucleotide substitutions between the two strands,

nucleotide contents are the same between them (Sueoka

1995). These intra-strand differences may be based on

mutational (Lobry and Sueoka 2002), replicational and

transcriptional biases (McInerney 1998), or inversions and

inverted transpositions (Albrecht-Beuhler 2006); however

the reason for these differences has not yet been completely

evaluated. The non-coding sequence complementally cor-

relates with the coding sequence to satisfy Chargaff’s rules.

The total number of genes (*25,000) is quite similar

between Homo sapiens (International Human Genome

Sequencing Consortium 2001; Venter et al. 2001) and sea

urchin (Sea Urchin Genome Sequencing Consortium 2006),

although their complete genome sizes, 3.2 9 108 and

8.1 9 108 bp, respectively, differ substantially. In addition,

*70% of genes were the same between these two species.
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Thus, evolutionary differences between these two species

may be based on differences in the non-coding sequence.

Nucleotide contents against G content

Plotting C, T and A contents against G content, these

relationships were clearly expressed by a linear formula,

y = ax + b, in the coding and non-coding regions. Further,

linear correlations were obtained from other nucleotide

combinations (Fig. 1). Quite recently, linear relationships

between nucleotide contents in complete single-stranded

DNA consisting of coding and non-coding sequences were

obtained from the huge number of bacteria, archaea,

eukaryotes and viruses consisting of double-stranded DNA

(Mitchell and Bridge 2006). Based on linear formulas

presented in Table 2, determination of any ratio of two

kinds of nucleotide can essentially estimate the contents of

all four nucleotides. In addition, according to Chargaff’s

rules, G = C, T = A, T = -C +0.5 and A = -G + 0.5;

thus, the ratio of C/T, G/T, C/A or G/A can essentially

estimate all four nucleotide contents.

Nucleotide contents in the coding regions

C, T and A contents were plotted against G content in 145

organisms (Fig. 2a). Regression lines based on different

nucleotide combinations are shown in Electronic Supple-

mentary Material Fig. 1. Each regression line and its

correlation coefficient based on 145 organisms are sum-

marized in Table 2; those based on different kingdoms are

summarized in Supplementary Table 1. Every correlation

coefficient was close to one. C and A versus G content

were expressed by linear formulas with almost the same

slope (*1.3) and showing a conflicting sign, while C and

A versus T content were expressed by formulas with the

same slope, but showing reversed signs. The summations

of intersections representing nucleotide contents were one,

and those of the slopes were zero; G + C + A + T = 1.

Similarly, correlations of G and T versus C or A content

were expressed by linear formulas with the reciprocal of

*1.3 as the slope. As the two linear formulas representing

G and C contents intersect at a G content of 0.36 (Fig. 2b,

left panel and Table 2), the ratio of C to G was less than

one below a G content of 0.36. In fact, the ratio of C to G of

many organisms with a G content of less than 0.36 was less

than one (Fig. 2b, middle panel). Similarly, as the two

linear formulas representing A and T contents intersect at a

G content of 0.32 (Fig. 2b right panel), the ratio of T to A

of many organisms with a G content of less than 0.32 is

less than one. Furthermore, when the two lines, (A + G)

and (T + C), intersect at a G content of 0.34, the ratio of

(T + C) to (A + G) is less than one below a G content of

0.34 (Fig.2c). Thus, the ratios of C to G, T to A and (T + C)

to (A +G) strongly depend on the G content; these values

approach one when the G content approaches the value

where the two lines intercross. These relationships can

explain Szybalski’s rule, which indicates that (T+C)/(A+G)

\ 1 in coding sequence (Szybalski et al. 1966).

Table 1 Ratios of nucleotide, C/G, T/A and (C+T)/(A+G) in the

complete single-strand DNA

G C T A C/G T/A (C+T)/

(A+G)

Ureaplasma urealyticum

Codinga

Forward 0.143 0.115 0.343 0.399 0.803 0.861 0.845

Reverse 0.141 0.116 0.341 0.402 0.825 0.850 0.844

Both 0.142 0.115 0.342 0.400 0.813 0.856 0.844

Non-codingb

Forward 0.117 0.135 0.398 0.349 1.156 1.140 1.144

Reverse 0.121 0.133 0.395 0.351 1.097 1.125 1.118

Both 0.119 0.134 0.397 0.350 1.125 1.132 1.130

Complete

Single

strand

0.129 0.126 0.372 0.373 0.970 0.997 0.990

Mycobacterium tuberculosis

Codinga

Forward 0.335 0.322 0.174 0.168 0.960 1.036 0.985

Reverse 0.336 0.322 0.173 0.169 0.959 1.023 0.981

Both 0.336 0.322 0.174 0.169 0.960 1.030 0.983

Non-codingb

Forward 0.322 0.333 0.170 0.175 1.036 0.975 1.014

Reverse 0.322 0.333 0.171 0.174 1.036 0.984 1.017

Both 0.322 0.333 0.171 0.174 1.036 0.980 1.016

Complete

Single

strand

0.327 0.329 0.172 0.172 1.004 1.000 1.002

Arabidopsis thaliana

Codinga

Forward 0.239 0.203 0.272 0.287 0.849 0.948 0.903

Reverse 0.238 0.202 0.272 0.287 0.850 0.946 0.902

Both 0.239 0.203 0.272 0.287 0.849 0.947 0.903

Non-codingb

Forward 0.170 0.176 0.328 0.326 1.036 1.006 1.016

Reverse 0.169 0.176 0.328 0.326 1.038 1.006 1.017

Both 0.170 0.176 0.328 0.326 1.037 1.006 1.017

Complete

Single

strand

0.179 0.180 0.320 0.321 1.003 0.999 1.000

a RNA genes were removed
b RNA genes were included
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Nucleotide contents at different codon positions

The four nucleotide frequencies in human (Zhang and

Chou 1993; 1996) and E. coli (Zhang and Chou 1994)

genes were graphically presented by a point in a three-

dimensional space. Meanwhile, the similar codon usage

approach was also used to analyze the HIV proteins (Chou

and Zhang 1992) and anti-sense proteins (Chou et al.

1996). On the other hand G, C, T and A contents at all three

codon positions were expressed by linear regression lines

based on the content of each nucleotide (Electronic Sup-

plementary Material Fig. 2a–d). Nucleotide contents varied

very considerably at the third codon position, while only

small changes were observed at the second codon position.

This relates to synonymous codons, which are degenerate

G G G

0.2

0.4

C

0.2

0.4

T

0.2

0.4

A

Coding Non-coding Complete single strand

0.30.20 0.1 0.30.20 0.1 0.30.20 0.1

0.30.20 0.1 0.30.20 0.1 0.30.20 0.1

0.30.20 0.1 0.30.20 0.1 0.30.20 0.1

G G G

G G G

Fig. 1 Nucleotide contents

versus G content in the

complete single-strand DNA.

Closed diamond and circle
represent bacteria (Ureaplasma
urealyticum, Mycobacterium
tuberculosis, Treponema
pallidum and

Carboxydothermus
hydrogenoformans), and

eukaryotes (Arabidopsis
thaliana and Plasmodium
falciparum), respectively. All

regression lines were drawn

computationally

Table 2 Regression lines representing nucleotide contents in the

coding region based on 145 organisms

G ¼ 1:00G � 0:00 ð1:00Þ
C ¼ 1:24G � 0:09 ð0:95Þ
T ¼ �0:95G þ 0:49 ð0:97Þ
A ¼ �1:30G þ 0:60 ð0:97Þ
R 0 1:00

C ¼ 1:00C þ 0:00 ð1:00Þ
G ¼ 0:73C þ 0:09 ð0:95Þ
T ¼ �0:72C þ 0:41 ð0:96Þ
A ¼ �1:01C þ 0:50 ð0:98Þ
R 0 1:00

A ¼ 1:00A þ 0:00 ð1:00Þ
G ¼ �0:72A þ 0:45 ð0:97Þ
C ¼ �0:96A þ 0:49 ð0:98Þ
T ¼ 0:68A þ 0:06 ð0:94Þa
R 0 1:00

T ¼ 1:00T � 0:00ð1:00Þ
G ¼ �1:00T þ 0:50ð0:97Þ
C ¼ �1:29T þ 0:55ð0:96Þ
A ¼ 1:29T � 0:55ð0:94Þa
R 0 1:00

The value in parentheses is a correlation coefficient obtained from

145 organisms

P \ 10-66

a t = 31.930
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Fig. 2 Nucleotide contents and nucleotide ratios against G content. a,

C, T and A contents in the coding sequence were plotted against the G

content in the coding sequence of 145 organisms. b, Linear formulas

representing A, T, and C contents were based on the regression lines

drawn in figure 1a. c, Linear formulas, (A + G) and (T + C), were

obtained from the 4 linear formulas drawn in figure 2b. Red, blue and

green represent bacteria, archaea and eukaryotes, respectively.

Colored regression lines were computationally drawn
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codons. The ratios of C and G, T and A and (C + T) and

(A + G) at the first codon position were \ 1, while that of

C and G at the second codon position was [1 (Electronic

Supplementary Material Fig. 3). The ratios of T and A and

(C + T) and (A + G) at the second codon position were

between 0.5 and 1.5, and those of C and G, T and A and

(C + T) and (A + G) at the third codon position were

between 0.5 and 2.0 (Electronic Supplementary Material

Fig. 3). Thus, the Szybalski’s rule cannot apply to the

second and third codon positions. Moderate changes were

observed at the first codon position. The regression lines

and correlation coefficients are summarized in Table 3 and

Electronic Supplementary Material Table 2a–c. The cor-

relation coefficients were very close to one, except that of

T content at the second codon position. This indicates that

essentially any nucleotide content can be used to estimate

nucleotide contents at the three codon positions. The

summations of intersections representing nucleotide con-

tents at the first, second and third codon positions were 1/3,

and those of the slopes were zero (Table 3). Nucleotide

alternations are strictly governed by these conditions

regarding the intersection and slope in biological evolution.

In addition, G and T were expressed by regression lines

with almost the same slopes, but with the opposite sign

(Table 3 and Electronic Supplementary Material Table 2a–c).

A similar relationship between C and A was obtained.

Sixty-four codon usages

Regression lines representing 64 codons against certain

nucleotide were computationally calculated from 145

organisms (data not shown), and 64 codon usages were

estimated by 64 linear formulas. When the 0.189 G content

of Staphylococcus aureus was applied to the formula, the

64 codons were estimated (Fig. 3a). This codon usage

pattern resembled that calculated from the complete gen-

ome (Fig. 3b). Furthermore, the estimated amino acid

composition resembled that directly calculated from the

complete genome (Figs. 3a’ and b’). Radar charts have

been used to illustrate the difference in amino acid com-

position for predicting protein subcellular localization

(Chou and Elrod 1999). Also, radar charts were applied in a

different manner to show the subsite coupling for the

cleavable peptides by HIV protease (Chou 1993). Radar

charts were applied in a different manner to show

Table 3 Regression lines representing nucleotide contents at the three codon positions based on 145 organisms

First letter Second letter Third letter

G

g1 ¼ 0:257G þ 0:049 ð0:93Þ
c1 ¼ 0:305G � 0:009 ð0:89Þ
t1 ¼ �0:200G þ 0:109 ð0:94Þ
a1 ¼ �0:362G þ 0:185 ð0:93ÞP

0 0:333

g2 ¼ 0:161G þ 0:016 ð0:95Þ
c2 ¼ 0:177G þ 0:029 ð0:84Þ
t2 ¼ �0:074G þ 0:119 ð0:59Þa
a2 ¼ �0:264G þ 0:169 ð0:92ÞP

0 0:333

g3 ¼ 0:583G � 0:065 ð0:99Þ
c3 ¼ 0:762G � 0:106 ð0:95Þ
t3 ¼ �0:674G þ 0:259 ð0:97Þ
a3 ¼ �0:670G þ 0:245 ð0:96ÞP

0 0:333

C

g1 ¼ 0:183C þ 0:072 ð0:87Þ
c1 ¼ 0:250C þ 0:011 ð0:95Þ
t1 ¼ �0:149C þ 0:093 ð0:92Þ
a1 ¼ �0:284C þ 0:158 ð0:95ÞP

0 0:333

g2 ¼ 0:120C þ 0:029 ð0:92Þ
c2 ¼ 0:148C þ 0:040 ð0:91Þ
t2 ¼ �0:068C þ 0:116 ð0:70Þ
a1 ¼ �0:200C þ 0:148 ð0:91ÞP

0 0:333

g3 ¼ 0:428C � 0:016 ð0:95Þ
c3 ¼ 0:602C � 0:051 ð0:98Þ
t2 ¼ �0:503C þ 0:203 ð0:94Þ
a3 ¼ �0:527C þ 0:196 ð0:98ÞP

0 0:333

T

g1 ¼ �0:253T þ 0:176 0:89ð Þ
c1 ¼ �0:305T þ 0:143 ð0:87Þ
t1 ¼ 0:205T þ 0:008 ð0:94Þ
a1 ¼ 0:353T þ 0:006 ð0:88ÞP

0 0:333

g2 ¼ �0:158T þ 0:096 ð0:91Þ
c2 ¼ �0180T þ 0:118 ð0:83Þ
t2 ¼ 0:085T þ 0:079 ð0:66Þb
a2 ¼ 0:252T þ 0:040 ð0:86ÞP

0 0:333

g3 ¼ �0586T þ 0:227 ð0:97Þ
c3 ¼ �0:803T þ 0:285 ð0:98Þ
t3 ¼ 0:710T � 0:087 ð0:99Þ
a3 ¼ 0:680T � 0:092 ð0:95ÞP

0 0:333

A

g1 ¼ �0:183A þ 0:164 ð0:89Þ
c1 ¼ �0:245A þ 0:134 ð0:96Þ
t1 ¼ 0:144A þ 0:019 ð0:91Þ
a1 ¼ 0:284A þ 0:016 ð0:98ÞP

0 0:333

g2 ¼ �0:120A þ 0:090 ð0:95Þ
c2 ¼ �0:144A þ 0:113 ð0:91Þ
t2 ¼ 0:060A þ 0:084 ð0:64Þc
a2 ¼ 0:203A þ 0:047 ð0:95ÞP

0 0:333

g3 ¼ �0:420A þ 0:196 ð0:95Þ
c3 ¼ 0:570A þ 0:242 ð0:96Þ
t3 ¼ 0:477A � 0:042 ð0:91Þ
a3 ¼ 0:513A � 0:063 ð0:98ÞP

0 0:333

The value in parentheses is a correlation coefficient
a t = 8.682, P \ 10-14

b t = 10.531, P \ 10-18

c t = 10.009, P \ 10-17
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interaction of HIV protease and proteins (Chou 1993).

Consistent results were obtained from E. coli (Figs. 3c, d,

c’ and d’ When the linear formulas based on these 145

organisms were applied to H. sapiens, whose 0.264 G

content was similar to that of E. coli, at 0.273, the amino

acid composition of H. sapiens resembled that of E. coli

(data not shown). However, applying linear formulas based

on eukaryotes to H. sapiens, the estimated amino acid

composition resembled that based on the complete genome

(Figs. 3e’ and f’). Additionally, many regression lines

0

4

8

0

4

8

8

0

4

8

0

4

8

4

0

0

4

8

Fig. 3 Codon usage patterns

and amino acid compositions.

Codon usages (a, c and e) and

amino acid compositions (a’, c’
and e’) were estimated by our

programs, based on empirical

formulas (Supplementary

Methods Information), and

codon usages (b, d and f) and

amino acid composition (b’, d’
and f’) were calculated from the

complete genome (Sorimachi

et al. 2001). Codon usage (bar)

and amino acid composition

(radar chart) were expressed by

percent of total codons and

amino acids, respectively
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differ among bacteria, archaea and eukaryotes. Thus, bio-

logical evolution differs among different kingdoms. Some

amino acid compositions were related to G+C contents in

cells, but other amino acid compositions did not, as shown

by experimental (Sueoka 1961) and theoretical (Lobry

1997) investigations. This means that the amino acid

composition is not expressed by the G+C content. Thus,

our present study is the first in which the amino acid

composition and codon usages of organisms were esti-

mated from the content of just one nucleotide. All

nucleotide alternations, including Chargaff’s rules, are

correlated with each other by linear formulas, and these

alternations occur synchronously (Sorimachi and Okayasu

2003; 2004b).
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