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ABSTRACT

The examination of organelle nucleotide con-
tents across a range of groups can provide in-
sight into evolutionary history. We compared the
nucleotide contents of a large number of verte-
brate and high C/G ratio invertebrate mitochon-
dria in both coding/non-coding regions and
complete strands. For most nucleotides tested,
high regression coefficients were obtained;
when plotted with lines of best fit, G and T con-
tents formed a cuneiform, and C and A contents
over-lapped. These findings suggest that ver-
tebrate and high C/G ratio invertebrate mito-
chondria descended independently from the
same origin.
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1. INTRODUCTION

Assuming that nucleotide or amino acid replacement
rates are constant in a gene during biological evolution
[1], evolutionary phylogenetic trees have been drawn
based on differences in nucleotide (or amino acid) sub-
stitutions in target genes [2-6]. However, gene stability is
known to vary across genes within an organisms and
between organisms. In addition, evolutionary phyloge-
netic trees are assumed to have a single origin. However,
Darwin did not explicitly state this in his seminal text
“On the Origin of Species”. Using cluster analyses, we
previously quantified the nucleotide contents of a range
or organisms (bacteria, archaea and eukaryotes) using
data from complete genomes [7]. Eventually, all organ-
isms were classified into two codon patterns, and analy-
sis suggested that these two groups diverged from a sin-
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gle origin [7]. However, these results were based on
mathematical analyses and not direct evidence. Further-
more, the addition and removal of taxa have large effects
on tree topology in phylogenetic trees.

The fact that evolution can be expressed using a linear
formula suggests that evolution proceeded linearly. Thus,
the expression of two evolutionary processes using lines
of best fit can be informative. Crossing of the two lines
suggests that the two evolutionary processes diverged at
one stage, and a formation of a cuneiform at the end of
the two lines suggests that both evolved from a single
origin [8]. In fact, invertebrate mitochondria were di-
vided into two groups based on two regression lines;
high C/G and low C/G ratios [9,10]. A species diver-
gence later in evolutionary history would be indicated by
separation into two lines. The degree of difference in two
evolutionary processes is expressed by the angle of the
cuneiform; small and large differences in evolution are
expressed by sharp and dull angles, respectively, and the
same evolutionary processes by an overlapping single
line. Prior analyses have shown regression lines repre-
senting nucleotide relationships in coding regions were
almost identical in chromosomal DNA among bacteria,
archaea and eukaryotes [11]. In a previous study [12],
two regression lines representing the homonucleotide
contents in chloroplast and plant mitochondria formed a
cuneiform in both coding and non-coding regions. Using
a similar approach a recent study used genomic data to
provide simple evidence for the single origin of life [10].
The present study was designed to determine the evolu-
tionary history of vertebrate and invertebrate mitochon-
dria, since both were grouped together in a previous
study [12].

2. METHODS

Genome data were obtained from the National Center
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for Biotechnology Information (http://www.ncbi.nlm.nih.
gov/sites), and the list of organelles examined has been
described previously [12]. The nucleotide contents of
coding and non-coding regions were compared in rela-
tion to the complete single DNA strand [10]. When plot-
ted, the nucleotide contents were normalizedto 1 (G + C
+ A+ T =1). Calculations were performed using Micro-
soft Excel (version 2003).

3. RESULTS AND DISCUSSION

In a previous study [9], when the relationship between
four nucleotide contents were examined, linear regres-
sion lines with high regression coefficients were obtained
in nuclear, chloroplast and plant mitochondria in the
complete genome. Plotting four nucleotide relationships
in animal mitochondria, the relationships were het-
eroskedastic. After classifying invertebrate mitochondria
into two groups, the relationships between homonucleo-
tides and their analogs were approximately linear in in-
vertebrate mitochondria [10]. However, a group of ver-
tebrate mitochondria was incorporated into one of the
invertebrate groups, and nucleotide alterations were lim-
ited to homonucleotides [12].

In this study, the homonucleotide content relationships
(between coding/non-coding regions and the complete
strand) were expressed by linear regression and lines of
best fit. The nucleotide contents in the coding regions
were plotted against G nucleotide contents in the com-
plete strand (Figure 1). A correlation was found between
G content in the coding region and complete single DNA
strand, and a clear separation was found between verte-
brate and high C/G ratio invertebrate mitochondria (Fig-
ure 1). The two regression lines formed a cuneiform
suggesting that both descended independently from the
same single origin. However, it might not be denied that
both lines converge in mitochondrial evolution.
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Figure 1. Nucleotide relationships in normalized vertebrate
(red squares) and high C/G ratio invertebrate (blue square)
mitochondrial values. The G nucleotide content in the coding
region (vertical axis) is plotted against G content in the com-
plete single DNA strand (horizontal axis).
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Classification of hagfish (Eptatreus burgeri), which is
basal to vertebrate and is living fossil, has been contro-
versial [13]. Hagfish whose total G content (0.106) was
lowest among vertebrate examined completely fitted the
vertebrate line rather than the invertebrate line (Figure 1).
On the other hand, bony fish (Orysias latipes) G content
(0.179) was the top of the line, while human being (Homo
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Figure 2. Nucleotide relationships in normalized vertebrate
(red squares) and high C/G ratio invertebrate (blue squares)
mitochondrial values. The nucleotide content in the coding
region (vertical axis) is plotted against the G content in the
complete single DNA strand (horizontal axis). (a) C; (b) T; (c)
A.
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sapiens) G content (0.132) was the middle of the line.
These results suggest that the G content apparently in-
creases along evolution. In fact, G or C content of the
origin of life was ~0.03 based on mathematical calcula-
tions, while that of T or A was ~0.47 [10].

High C/G ratio invertebrate plus vertebrate mitochon-
dria heteronucleotides (the C/T coding regions) showed
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Figure 3. Homonucleotide relationships in normalized verte-
brate (red squares) and high C/G ratio invertebrate (blue square)
mitochondrial values. The nucleotide content in the coding
region (vertical axis) is plotted against homonucleotide content
in the complete single DNA strand (horizontal axis). (a) C; (b)
T; () A.
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weak correlation with G content (in the complete strand),
and the regression coefficients were relatively small
(Figures 2(a) and (b)). The relationships between verte-
brate-only mitochondria T/C and G contents were het-
eroskedastic, and their distributions did not overlap [10].
The correlation between A and G nucleotides was com-
paratively higher than with the pyrimidines C and T
(Figure 2(c) and Table 1).

Two high regression coefficients with overlapping lines
of best fit were found when plotting C or A contents (the
coding region and complete single DNA strand; Figure
3). This suggests that C and A alternations were similar
in the evolutionary history of vertebrate and high C/G
ratio invertebrate mitochondria, while the formation of a
cuneiform in T content (vertebrate and high C/G ratio
invertebrate mitochondria) suggests that both groups
descended independently from the same origin.

In summary, both the G and T homonucleotide rela-
tionships suggest that the two organelle groups de-
scended from the same origin. When non-coding and the
complete nucleotide contents were investigated, similar
results were obtained (Figures 4 and 5), a finding consis-
tent with a previous report [10]. However, although G and
T homonucleotide regression lines formed a cuneiform,

Table 1. Regression lines representing nucleotide contents in
the coding and non-coding regions against the nucleotide con-
tents in the complete single strand DNA based on vertebrate
plus high C/G ratio invertebrate mitochondria.

Coding R Non-coding R

Gc=0.725 G +0.032 0.92
Ge(i)=0.781 G +0.299  0.94
Ge(v) =0.948 G—0.004  0.96
Cc=1.732G +0.023 0.75
Tc=-0.966 G + 0.421 0.55
Ac=-1491G+0524 085

Gn=1532G-0059  0.93
Gn(i) = 1.364 G- 0.050 0.96
Gn(v) = 1.133 G + 0.007 0.87
Cn=1585G-0.002 078
Tn=-1819G+0531 0.79
An=-1299G +0530 0.81

Gc=0.195C +0.081 0.55
Cc=1.037 C+0.005 0.99
Tc=-0.649 C + 0.448 0.82
Ac =-0.583 C + 0.466 0.74

Gn =0.630 C-0.006 0.85
Cn =0.893 C -0.005 0.97
Tn=-0.959C+0519 0.92
An=-0564C+0.492 0.78

Gc=-0.211 T +0.189 0.49
Cc=-1.119 T +0.580 0.90
Tc=0.920 T +0.025 0.98
Tc())=0.984 T-0.002  0.98
Te(v)=1.167 T-0.037  0.98
Ac=0.410 T + 0.207 0.44

Gn=-0641T+0331 072
Cn=-0.936T+0.482 0.86
Tn=1159T-0049  0.94
Tn(i)=1.016 T+0.010 0.94
Tn(v) = 0.647 T +0.078 0.80
An=0419T+0236 048

Gc=-0.329A+0.239 0.71
Cc =-1.017 A+ 0.596 0.75
Tc=0.334 A+0.180 0.33
Ac=1.012A-0.014 0.98

Gn=-0.829A+0.433 0.86
Cn=-0940A+0.525 0.79
Tn=0.867 A-0.003 0.64
An =0.902 A+ 0.054 0.96

Xc and Xn mean the nucleotide content in the coding and non-coding re-
gions, respectively. (i) and (v) represent 31 high C/G ratio invertebrate and
45 vertebrate mitochondria, respectively.
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Figure 4. Nucleotide relationships in normalized vertebrate red squares) and high C/G ratio invertebrate (blue squares) mitochondrial
values. The nucleotide content in the non-coding region (vertical axis) is plotted against the G content in the complete single DNA
strand (horizontal axis). () G; (b) A; (c) T; (d) C.
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Figure 5. Homonucleotide relationships in normalized vertebrate (red squares) and high C/G ratio invertebrate (blue square) mito-
chondrial values. The nucleotide content in the non-coding region (vertical axis) is plotted against homonucleotide content in the
complete single DNA strand (horizontal axis). (a) C; (b) T; (c) A.
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C and A homonucleotide regression lines overlapped.
The reason for this is unclear, particularly since G and A
nucleotides are both purines, and C and T both pyrimidi-
nes.

The findings suggest that vertebrate and high C/G ra-
tio invertebrate mitochondria descended independently
from the same origin. It has previously been suggested
that mitochondria were derived from proteobacteria [14,
15]; if this is the case, the findings from this study sug-
gest that this occurred once in evolutionary history.
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