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Abstract: Codon evolution is influenced by an organelle-specific bias existing within cellular compartments. The discov-
ery of evidence that codon evolution is controlled by different factors among nuclei, mitochondria and chloroplasts, indi-
cates the existence of biases based on what we term “organelle biases”. In plant chloroplasts and mitochondria, nucleotide
substitutions, based on the correlations among nucleotides, were governed by the linear formula, y = ax + b, where y and x
represent nucleotide contents, and a and b are constants. In animal mitochondria, with respect to the correlations between
each nucleotide, only the correlations between purines (A versus G) or pyrimidines (C versus T) were almost linear, while
the other correlations between purine and pyrimidine (A or G versus T or C) were not. However, nucleotide substitutions,
based on the correlations of the same nucleotide between complete single-strand DNA and its coding or non-coding re-
gion, were always linear, y = ax + b, in any organelle. Linear correlations of the same nucleotide were also obtained be-
tween coding and non-coding region DNAs. The present results clearly reveal evidence that genome evolution is governed
by universal linear formulas, although different rules are apparently observed in the different organelle fields formed by
nuclei, mitochondria and chloroplasts. This report quantitatively demonstrates the existence of factors controlling genome

evolution that are expressed by linear formulas.

INTRODUCTION

Traditional molecular biology methods, based on the
amino acid sequences of proteins and the nucleotide se-
quences of nucleic acids, have contributed to our modern
understanding of biology, including evolution and
phylogeny. These approaches, however, are limited to the
analysis of relatively small numbers of the same genes
among different species. Recently, however, the develop-
ment of in silico, bioinformatic approaches has enabled
analyses of whole genome processes. By graphical presenta-
tion of the ratios of amino acids to the total number of amino
acids, or those of nucleotides to the total number of nucleo-
tides, we can readily draw conclusions from large data sets.
Based on this concept, we revealed first that the genome is
constructed homogeneously, with small units displaying
similar codon usages [1, 2] and coding for similar amino
acid compositions [2, 3]. We also showed that a gene assem-
bly encoding 3,000-7,000 amino acid residues shows a simi-
lar amino acid composition to the complete genome. As this
unit size is independent not only of genome size, but also of
species, either single or multiple units can be compared not
only in the same, but also in different genes or genomes [1-
3]. According this principle, it is possible to directly com-
pare different genomes consisting of different genes.

Although several basic hypotheses to explain codon for-
mations have been proposed [4-6], no unified theory has
been established. Nevertheless, it has been accepted that bi-
ased codon usage is a result of natural selection [7, 8] or
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mutational pressure [9-11]. We have previously shown, by
simulation analysis based on random choices of nucleotide
or amino acid residues, that codon formation was initially
established under certain controls based on pre-determined
amino acid sequences were formed in the absence of codons
[12].

Chargaff’s parity rules are universal for all replicating
organisms [13-15], and the persistence of the second parity
rule has been confirmed in a large number of genomes across
various taxonomic groups [16]. These results indicate that
nucleotide substitutions are strictly controlled by certain
forces during biological evolution. However, these rules
cannot reflect evolutionary differences among kingdoms.
Recently, we showed that codon evolution, from bacteria to
Homo sapiens, is governed by linear formulas [17], and that
correlations among nucleotides are also governed by linear
formulas in the non-coding region and in the organelle sin-
gle-strand DNA, as well as in the coding region of nuclear
DNA [17]. As nucleotide substitutions in nuclei are ex-
pressed by linear formulas, 64 codon usages can be naturally
estimated from just one nucleotide content in the genome
[17]. Based on these results, it is clear that nucleotide substi-
tutions, which can be expressed by linear formulas, are con-
trolled by certain rules. Therefore, the present study was
designed to determine whether any nucleotide substitution is
controlled by universal rules, not only in nuclei but also in
mitochondria or chloroplasts.

METHODS

All genomic data were obtained from GenomeNet
(http://www.genome.ad.jp) and codon usages were obtained
from the Kazusa DNA Research Institute (http://www.kazu
sa.or.jp/codon). All gene and genome DNA sequences were
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obtained from the National Center for Biotechnology Informa-
tion (NCBI) (http://www.ncbi.nlm.nih. gov/sites). Amino acid
compositions and nucleotide contents were calculated on a
personal computer, as described previously [17-19]. Nucleo-
tide contents in the coding sequence, excluding RNA genes,
were calculated from all genes contained in the complete mi-
tochondrial and chloroplast genomes, and those in the non-
coding sequence, including RNA genes, were obtained from
the subtraction of nucleotides in the coding sequence from the
complete mitochondrial and chloroplast single strand DNAs
throughout this study. Genes located in both forward and re-
verse (without conversion) strands were used. Based on these
procedures, a complete genome is assumed consisting of two
huge molecules which represent a coding and a non-coding
sequence. Figures calculated from nucleotide sequences ex-
clude intra-strand deviations, and all organisms or organelles
are compared with each other based on inter-species devia-
tions. All calculations were performed using Microsoft Excel
2003. The amino acid order on the radar chart is based on the
elution order of each amino acid from HPLC [20]. Statistical
analysis was done with Excel 2003.

Sorimachiand Okayasu

RESULTS AND DISCUSSION
Codon Usages and Amino Acid Compositions

In the present study, 97 chloroplasts, 49 plant mitochon-
dria and 105 animal mitochondria were examined (Addi-
tional data file 1). Plasmids coding for more than 3,000
amino acid residues showed similar amino acid compositions
to their parental nuclei in bacteria and archaea [18], as shown
in Fig. (1). This evidence clearly indicates that nucleotide
substitutions in nuclei occurred synchronously between pa-
rental nuclei and their plasmids during biological evolution.
This also suggests that plasmids are derived from their pa-
rental nuclei. On the other hand, plant cells have characteris-
tic DNASs in nuclei, chloroplasts and mitochondria. In Oryza
sativa (rice), codon usage patterns and amino acid composi-
tions differ among the DNAs of the three organelles, as
shown in Fig. (2). GC alternations in codon usages occurred
synchronously among these three organelles. However, these
differences do not mean that the codon evolution of the three
genomes is governed by three different rules, because both
chloroplasts [21] and mitochondria [22] are likely to be de-
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Fig. (2). Codon usage patterns and amino acid compositions. Codon usage (bar chart), a, b and ¢, and amino acid composition (radar chart),
a’,b’, c’, dand e, are expressed as percentages of all codons and amino acids, respectively.

rived from symbiotic relationships during evolution. The
amino acid compositions in chloroplasts and mitochondria
from two species, Arabidopsis thaliana and green algae (Os-
trecoccus tauri), are shown in Fig. (2d) and (2e). Their pat-
terns resemble each other, although high concentrations of
Leu and lle were observed in mitochondria (Fig. 2e). In both
chloroplasts and mitochondria, Ile concentrations reduced in
parallel with increases in G or C content at the third codon
position (Fig. 2), as observed in the complete nuclear ge-
nomes of bacteria, archaea and eukaryotes [17].

Correlations Between Nucleotide Contents in Plant Or-
ganelles

Correlations between two nucleotide species in the cod-
ing region were examined in chloroplasts and mitochondria
in various plant species. The correlation between G and C
was expressed by almost the same linear regression line be-

tween chloroplasts and mitochondria, as shown in Fig (3).
However, these two lines based on chloroplasts and mito-
chondria significantly differed from that based on nuclei.
Similarly, the correlation between G and either T or A, and
that between C and either T or A, were also expressed by
linear regression lines with almost the same slopes, but with
different constant values on the y axis. For inverse correla-
tions, consistent results were obtained (Additional data file
2). The equations and correlation coefficients obtained com-
putationally are summarized in Table 1. Almost the same
slopes were obtained for the linear regression lines, but there
were different constant values on the y axes. These results
indicate that nucleotide substitution rates were almost the
same among nuclei, mitochondria and chloroplasts, and that
the original nucleotide contents differed among them. Thus,
nucleotide alternations in the coding region differ between
chloroplasts and mitochondria based on the slope and con-
stant values.
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Fig. (3). Correlation of nucleotide contents plotted against G, C or T content in coding region in eukaryotic nuclei, chloroplasts and mito-
chondria. Red, green and purple represent 18 eukaryotes, 97 chloroplasts and 49 plant mitochondria, respectively. Colored regression lines

were computationally drawn. On the figure, a and b represent the slope and intercept, respectively, in y = ax + b, and w represents both fac-
tors. ** p<0.01, * 0.05>p >0.01.
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Tablel. Correlation of Nucleotide Contents. Values in Pa-

rentheses are Correlation Coefficients

Chloroplasts (99)

G = 1.000G - 0.000 (1.00)

C=0.917G + 0.015 (0.89)
T =-0.950G + 0.493 (0.90)
A=-0.967G + 0.492 (0.90)

C = 1.000C + 0.000 (1.00)
G = 0.856C + 0.046 (0.89)
T =-0.912C + 0.486 (0.90)
A =-0.944C + 0.487 (0.91)

A= 1.000A + 0.000 (1.00)
G = - 0.835A + 0.447 (0.90)
C=-0.873A + 0.458 (0.91)
T =0.708A + 0.096 (0.72)

T=1.000 +0.000 (1.00)

G =-0.858T + 0.457 (0.90)
C = - 0.882T + 0.464 (0.90)
A =0.740T +0.078 (0.72)

Mitochondria (49)

G = 1.000G - 0.000 (1.00)
C = 0872G + 0.010 (0.85)
T=-0811G +0.482 (0.74)
A=-1061G + 0.508 (0.84)

C = 1.000C + 0.000 (1.00)
G = 0.834C + 0.039 (0.85)
T=-0.847C + 0.478 (0.79)
A=-0.987C + 0.483 (0.80)

A= 1.000A + 0.000 (1.00)
G = - 0.669A + 0.390 (0.84)
C =-0.650A + 0.372 (0.80)
T =0.319A + 0.238 (0.37)

T = 1.000T + 0.000 (1.00)
G =-0.681T + 0.406 (0.74)
C = - 0.744T + 0.415 (0.79)
A=0.425T +0.178 (0.37)

Eukaryotes (18)*

G = 1.000G - 0.000 (1.00)
C =1.013G - 0.020 (0.90)
T =-0.824G + 0.446 (0.93)
A=-1.189G + 0.574 (0.95)

C = 1.000C + 0.000 (1.00)
G = 0.806C + 0.059 (0.90)
T =-0.734C + 0.413 (0.93)
A=-1.072C + 0.528 (0.96)

A= 1.000A + 0.000 (1.00)
G = - 0.754A + 0.457 (0.95)
C =-0.854A + 0.470 (0.96)
T = 0.609A + 0.073 (0.86)

T =1.000T - 0.000 (1.00)

G =-1.047T + 0.499 (0.93)
C=-1.172T + 0.514 (0.93)
A=1.219T - 0.013 (0.86)

* Data related to eukaryotes are referred from an earlier report of ours [17].

Animal Mitochondria

The codon usages in human nuclei and mitochondria are
shown in Fig. (4). The patterns differ between the two or-
ganelles. As presented in Fig. (2), codon usage patterns are
closely linked to amino acid compositions. Amino acid com-
positions, based on various animal mitochondria, are shown
in Fig. (4). Extremely high Leu, lle and Thr contents were
observed in human (H. sapiens) mitochondria. In our previ-
ous studies [1-3], a gene assembly coding for 3,000 - 7,000
amino acid residues was shown to have almost the same
amino acid composition as the complete genome, even
though the coding size may differ.

In vertebrate mitochondria, extremely high Leu, lle and
Thr concentrations were observed in salamander, reptile (Eu-
rycea cirrigera), bird (Gallus gallus) and fish (Latimeria
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chalumnae and Diodon holocunthus). Comparing the shapes
of the radar charts, based on Pro, Ala and Thr concentra-
tions, that of the ancient fish, the coelacanth (L. chalumnae),
more closely resembles those of salamander and bird com-
pared than those of other fish (D. holocunthus). Those of
salamander and bird resemble each other, consistent with the
close phylogeny of these species. These results are consistent
with the already established phylogenetic concept.

In invertebrate mitochondria, high Phe content, as well as
high Leu and lle concentrations, were observed in Daphnia
(Daphnia pulex), insect (Drosophila melanogaster) and
worm (Caenorhabditis elegans) (Fig. 4). These characteristic
amino acid composition patterns have never been observed
in the nuclear DNA of any organism previously examined
[17, 18], nor in any plant organelle, as described in the pre-
sent study (Fig. 2). However, Phe and Ser concentrations
were low and, in Dictyostelium discoideum, the lle concen-
tration was higher than the Leu concentration. The shape of
the radar chart based on Lys, Asp, Glu and Ser in D. discoi-
deum differs completely from those of the other inverte-
brates. This is consistent with differences in coding gene
numbers in mitochondria between D. discoideum and the
other invertebrates. Thus, it seems that codon evolution in
animal mitochondria is governed by different rules to those
that exist in the nucleus or in plant organelles (Figs. 2 and 3).
In nuclear DNA, the abundance of some amino acids was
correlated to G + C contents [23], and additionally the amino
acid composition coded in the complete genome can be es-
timated by just a single nucleotide content [19].  Further-
more, it has been shown that codon frequencies are strongly
correlated with some amino acid concentrations in nuclear
DNA based on the complete genome [24].

Correlations Between Nucleotides in Animal Mitochon-
dria

To evaluate the rule that controls codon evolution in
animal mitochondria, correlations between nucleotide con-
tents were examined in the coding region. The G content was
plotted against C, T and A contents, C content was plotted
against T and A content, and T content was plotted against A
content (Fig. 5). On these graphical plots, the vertebrate and
invertebrate groups were apparently isolated into two differ-
ent distributions without correlation, and only correlations
between C and T and between G and A were seen (linear
regression lines not shown) (Fig. 5). Thus, nucleotide substi-
tutions between purines or pyrimidines seem to be con-
trolled, whereas those between purine and pyrimidine seem
not to be controlled. When plant mitochondrial data were
simultaneously plotted over animal mitochondrial data, they
were localized in the invertebrate group. On the basis of the
correlations between C and T and between G and A, three
distribution groups, having different regression lines, were
obtained. Thus, codon evolution among plant, vertebrate and
invertebrate mitochondria took place under different condi-
tions. However, plant and vertebrate groups are distributed
within the invertebrate group rather than in three independ-
ent groups. Thus, based on the present results, it seems that
invertebrate mitochondria possess a mixture of different
characteristics.
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Fig. (4). Codon usage patterns and amino acid compositions. Codon usage (bar) and amino acid composition (radar chart) are expressed as
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Correlations Between the Same Nucleotides

between pyrimidine and purine, although linear regression

lines were obtained between purines and pyrimidines (Fig.

Based on GC and AT skews, mitochondria were classi-
fied into three groups, and their DNA deviated from Char-
gaff’s second parity rule, while chloroplast genomes shared
the patterns of bacterial genomes [25]. Deviations from
Chargaff’s second parity rule were attributed to the small
size of the mitochondrial DNA. Plotting nucleotide contents

from the same mitochondrial DNA revealed no correlation are shown in Table 2.

5). However, plotting the contents of the same nucleotide
between coding and non-coding regions produced linear re-
gression lines in any organelle, including mitochondria (Fig.
6 and Additional data file 3). These results indicate that any
nucleotide substitution is governed by linear formulas. The
slope and constant values in the regression line, y = ax + b



Organelle Biases

The Open Genomics Journal, 2008, Volume 1 39

0.4 0.4 e 0.4 .': 1
:' o "::":l |: Y . ";I..'l.[l'
o bl hete G ah .
b l-""I!‘I' + " ...-l' + 0 BN
5 N 5 v 5 L
£ R £ o E L
S 02wty , S 0.2 S 0.2
@) ' ' \ ! |ll|' B < ]
U '
0
0" 01 0.3 0.1 0.3 001 0.3
G Content G Content G Content
0.4 i 04 S 0.4/
O i EAN A T
© ) f a . !:" Y WY :ll'l K
= = " g I
8 8 38 ' ot
£ 0.2 £0.2 02 7/
&) @) @) '
B~ < < -
—/
0 0 o 7/
0.1 0.3 0.1 0.3 0.2 0.4
C Content C Content T Content

Fig. (5). Correlation of nucleotide contents plotted against G, C or T content in coding region in vertebrate and invertebrate mitochondria.
Red and blue represent 45 vertebrate and 60 invertebrate mitochondria, respectively. Plant mitochondria (green) were simultaneously plotted.

Plotting the content of the same nucleotide in an organ-
elle single strand against that in coding or non-coding region
DNA, in chloroplasts and mitochondria (used as compari-
son), produced linear regression lines. Two lines, based on
each organelle, always crossed at almost the same nucleotide
concentrations, and significantly differed from each other
(Fig. 7 and Additional data file 4). These results indicate that
nucleotide substitutions between chloroplasts and mitochon-
dria are controlled by different rules, even in the same plant.
The slope and constant values of the regression lines are
shown in Table 3. In nuclear DNA, the correlations among
nucleotide contents in the organelle, coding and non-coding
region DNAs were linear [17]. Plotting the content of the
same nucleotide in an organelle single strand against that in
coding or non-coding region DNA revealed correlations ex-
pressed by linear regression lines (Fig. 8 and Table 4). Simi-
larly, linear regression lines were obtained when comparing
nucleotide contents in the organelle, coding and non-coding

DNAs, in both chloroplasts and plant mitochondria (data not
shown).

Assuming that codon evolution is based on stoichiomet-
ric reactions of DNA with certain small molecules, numer-
ous small molecules that change with evolutionary time
should exist in each organelle to control time-dependent nu-
cleotide alternations. Such a small molecule has not been
identified. It has been reported that evolution is based on
neutral mutations [26, 27]. In addition, Sueoka [28] proposed
that mutations are not random but occur with a directionality
toward higher or lower G + C content of DNA. Asymmetri-
cal directional mutation pressure was observed in mammal-
ian mitochondria [29]. If codon evolution is based on just
spontaneous mutation, codon evolution should be governed
by the same rules among the nucleus, chloroplast and
mitochondrion. However, there are different rules in
different organelles. Rapid mutations were observed
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in animal mitochondria [30]. As codon evolution occurs syn-
chronously over the genome [1, 2, 19], the effect on DNA
should be steady and homogeneous. To satisfy these condi-
tions, an “organelle specific field” existing inside each or-
ganelle has been proposed in this study. The fact that com-
pletely different codon usages can show almost the same
amino acid compositions (Fig. 9) strongly supports the exis-
tence an “organelle biases”. Thus, all organisms show a
similar “star-shape” in their cellular [31-33] and genomic [1,
17, 19] amino acid compositions on the radar chart. With
respect to the same nucleotide, the correlations between the
single strand and its coding or non-coding regions are linear,
even in mitochondria. These results clearly indicate that cod-
ing and non-coding regions are strongly linked to each other
in nucleotide alternations.
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Table 2.  Correlation of Nucleotide Contents. Values of Slope,
Constant and Correlation Coefficients of Regression
Lines Based on Vertebrate, Invertebrate and Plant
Mitochondria
Slope Constant r
Complete:Coding 0.954 0.003 0.97
G Complete:Non-coding 1.003 0.009 0.90
Coding:Non-coding 0.875 0.034 0.78
Complete:Coding 1.084 -0.012 0.99
c Complete:Non-coding 0.811 0.026 0.93
Coding:Non-coding 0.690 0.047 0.86
Complete:Coding 1.009 0.005 0.97
T Complete:Non-coding 0.934 0.009 0.89
Coding:Non-coding 0.789 0.052 0.77
Complete:Coding 1.070 -0.030 0.98
A Complete:Non-coding 0.824 0.071 0.89
Coding:Non-coding 0.662 0.129 0.78
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Fig. (7). Correlation of G contents compared between the complete
single strand and its coding or non-coding regions. Blue and green
represent plant mitochondria and chloroplasts, respectively. On the
figure, a and b represent the slope and intercept, respectively, iny =
ax + b, and w represents both factors. ** p < 0.01, * 0.05 > p > 0.01.
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Fig. (8). Correlation of nucleotide contents compared between the complete single strand and its coding or non-coding regions. Red and blue
represent correlations between the nuclear complete single strand and its coding or non-coding regions, respectively. Original data are cited
from our previous study [17]. On the figure, a and b represent the slope and intercept, respectively, iny = ax + b, and w represents both fac-
tors. ** p<0.01, *0.05>p >0.01.

Table 3. Correlation of Nucleotide Contents. Values of Slope, Constant and Correlation Coefficients of Regression Lines Based on
Chloroplasts and Mitochondria

Chloroplasts Mitochondria
Slope Constant r Slope Constant r

Complete:Coding 0.781 0.045 0.93 0.993 -0.005 0.97

G Complete:Non-coding 1.247 -0.050 0.97 0.839 0.040 0.90
Coding:Non-coding 1.302 -0.067 0.85 0.728 0.065 0.80
Complete:Coding 0.809 0.037 0.96 0.955 0.002 0.98

C Complete:Non-coding 1.236 -0.046 0.97 0.956 0.014 0.97
Coding:Non-coding 1.326 -0.064 0.88 0.941 0.022 0.93
Complete:Coding 0.831 0.051 0.93 0.984 0.018 0.93

T Complete:Non-coding 1.181 -0.054 0.96 0.685 0.088 0.83
Coding:Non-coding 1.130 -0.035 0.82 0.498 0.142 0.63
Complete:Coding 0.804 0.058 0.96 1.078 -0.027 0.98

A Complete:Non-coding 1.244 -0.073 0.97 0.840 0.049 0.92
Coding:Non-coding 1.348 -0.100 0.89 0.689 0.099 0.84
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Fig. (9). Codon usage patterns and amino acid compositions of chloroplasts. Codon usage (bar), a and b, and amino acid composition (radar
chart), a’, and b’, are expressed as percentages of all codons and amino acids, respectively.

Table4. Correlation of Nucleotide Contents. Values of Slope,
Constant and Correlation Coefficients of Regression
Lines Based on Nuclear DNA
Slope Constant r
Complete:Coding 0.892 0.051 0.97
G Complete:Non-coding 1.013 -0.017 1.00
Coding:Non-coding 1.075 -0.061 0.97
Complete:Coding 0.957 0.001 1.00
C Complete:Non-coding 1.043 0.000 0.99
Coding:Non-coding 1.073 0.002 0.98
Complete:Coding 0.625 0.085 0.94
T Complete:Non-coding 1.173 -0.041 1.00
Coding:Non-coding 1.624 -0.131 0.92
Complete:Coding 1.212 -0.058 0.98
A Complete:Non-coding 0.881 0.031 0.99
Coding:Non-coding 0.693 0.083 0.96

CONCLUSION

All nucleotide substitutions in the whole genome are
wholly governed by a universal rule expressed by linear
formulas based on the same nucleotide in any organelle. All
nucleotide substitutions that occur in biological evolution
and the substitutions in coding and non-coding regions are
strictly linked to each other.

The apparent great divergence to Homo sapiens from
bacteria is expressed by linear formulas with small turbu-
lences based on the complete genome in biological evolution
[17]. Chargaff’s parity rules governing all organisms, ex-
pressed by the linear formulas G=C, T=A, T=-C + 0.5
and A = -G + 0.5, completely exclude these turbulences.

Thus, biological evolution seems to be observed as a result
of mere nucleotide substitutions based on simple mathemati-
cal principles, while natural selection affects species preser-
vation after nucleotide alternations. Therefore, it seems hard
to elucidate a direct correlation between genotypic and phe-
notypic alternations in biological evolution.

ADDITIONAL DATA FILES

The following additional data files are available with the
online version of this paper. Additional data file 1 is a list of
species examined in the present study. Additional data file 2
shows correlations between different nucleotides in eukaryo-
tes, chloroplasts and plant mitochondria. Additional data file
3 shows correlations between the same nucleotides in a
complete single strand and its coding or non-coding regions,
in vertebrate, invertebrate and plant mitochondria. Addi-
tional data file 4 shows between the same nucleotides in a
complete single strand and its coding or non-coding regions,
in plant mitochondria and chloroplasts.
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