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ABSTRACT 

Cluster analyses using the amino acid content 
predicted from the coding regions (13 genes) of 
complete vertebrate mitochondrial genomes as 
traits grouped selected vertebrates into two clu- 
sters, terrestrial and aquatic vertebrates. Excep- 
tions were the hagfish (Eptatretus burgeri), th- 
ought to be an early ancestor of vertebrates, and 
the black spotted frog (Rana nigromaculata), 
which is terrestrial as an adult and aquatic as a 
larva. These two species fall into the terrestrial 
and aquatic clusters, respectively. Using the nu- 
cleotide (G, C, T and A) content in the coding 
and non-coding regions, and in the complete ge- 
nome as traits, similar results were obtained but 
with some additional exceptions. In addition, phy- 
logenetic analyses of 16S rRNA sequences pro- 
duced a consistent result. The results of this 
study indicated that vertebrate evolution is con- 
trolled by natural selection under both an inter- 
nal bias as a result of nucleotide replacement 
genomic rules, and an external bias caused by 
environmental biospheric conditions. 
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1. INTRODUCTION 

The concept of natural selection was established by 
Charles Darwin and Alfred Wallace 150 years ago. This 
theory was derived from specific differences or similari-  

ties in the phenotypes of organisms that lived on geo- 
logically isolated islands. The theory of biological evolu- 
tion has been further developed by palaeontology [1], 
using phenotypic changes in fossils, and by molecular 
biology [2], using genotypic changes (nucleotides or 
amino acids) in living organisms. The results from these 
studies have been used to draw phylogenetic trees that 
have helped make biological evolution more under- 
standable. 

Sorimachi [3] proposed that the amino acid composi- 
tion of cellular proteins reflects biological evolution. 
Methods for complete genome analysis were also devel- 
oped [4] and a draft sequence of the human genome was 
completed in 2001 [5,6]. However, the methods used for 
single gene analysis are unsuitable for the analysis of 
complete genomes, which consist of coding and non- 
coding regions. The amino acid composition of the pro- 
teins encoded in a genome is independent of the size of 
the genome. This property has been used to investigate 
the biological evolution of whole organisms [7]. The 
amino acid composition of the predicted proteins from 
the complete genomes of archaebacteria coincided with 
the composition obtained from whole cell lysates [8]. 

It has been reported that in complete single-stranded 
DNA genomes, the nucleotide content alternations were 
strictly controlled, and were expressed by linear regres- 
sion lines of nucleotide content relationships in both 
coding and non-coding regions [9]. In addition, Char- 
gaff’s second parity rule [10] was confirmed for a large 
number of complete double-stranded DNA genomes, and 
the nucleotide content relationships were expressed by 
linear formulas [11]. As a result of certain biases on nu- 
cleotide evolution, organisms have been classified into 
several groups, and many organisms have been classified 
based on cluster analyses using codon usage patterns or 
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amino acid contents as traits [12]. This study has been 
designed to detect the existence of natural selection in 
biological evolution using factors such as internal bias as 
a result of genomic rules, and external environmental 
(original natural selection) biases that might influence 
biological evolution. The aim was to classify the organ- 
isms into two groups based on amino acid content, the 
terrestrial and aquatic vertebrates, reflecting the fact that 
evolution proceeded independently within these different 
biospheres. 

2. MATERIALS AND METHODS  

Mitochondrial genome data were obtained from the 
National Center for Biotechnology Information (NCBI, 
http://www.ncbi.nlm.nih.gov/sites). The organisms ex- 
amined has been described previously [13]. In an earlier 
study, these organisms were chosen according to the al- 
phabetical order of the scientific name without any pre- 
possession for the organisms’ characteristics [13]. The 
nucleotide contents of the coding and non-coding regions 
of the mitochondrial genomes were compared to the 
content of the complete single DNA [13] and were nor- 
malized to 1 (G + C + T + A = 1). The predicted amino 
acid compositions of the coding regions of the complete 
mitochondrial genomes were estimated. The classifica- 
tions were performed by multivariate analyses using 
software developed by ESUMI (Tokyo, Japan). Calcula- 
tions were performed using Microsoft Excel (version 
2003). The construction of phylogenetic trees of 16S 
rRNA was carried out by the Neighbour-joining method 
[14] based on multiple alignment using clustal W, DI- 
NASIS Axon, developed by Hitachi Solutions, Ltd., (To- 
kyo, Japan). The target gene was 16S rRNA which has 
been well characterized [15,16]. 

3. RESULTS  

3.1. Amino Acid Compositions 

In the analysis of amino acid compositions in the hu- 
man (Homo sapiens) mitochondrial genome, the Leu 
content was extremely high compared with the other 
amino acids (Figure 1(a)) and differed from that re- 
ported in nuclear genomes [13]. The Glu content was the 
lowest among the Asp, Glu and Ser contents, and the Thr 
and Met contents were higher than the Ala and Val con- 
tents, respectively. These differences formed characteris- 
tic shapes on the radar charts. The human mitochondrial 
genome was used to represent terrestrial vertebrates and 
the mitochondrial genome of Japanese medaka, bony fish 
(Oryzias latipes), was used to represent aquatic verte- 
brates. The amino acid composition in O. latipes was- 
similar to that of the human mitochondrial genome (Fig- 
ure 1(b)). However, the relationships among the Asp, 
Glu and Ser contents and the Thr and Ala, and Val and  
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Figure 1. Radar charts of the predicted amino acid composi- 
tions of thirteen mitochondrial genes. Values are expressed as 
percentages of all the amino acids. (a) Homo sapiens; (b) 
Oryzias laptis; (c) Rana nitromaculata; (d) Latimeria chalum- 
nae; (e) Eptatretus burgeri. 
 
Met contents were significantly inverse compared with 
their content in human mitochondria. The relationships 
between the amino acid contents of human and bony fish 
(O. latipes) were used to represent the characteristics of 
terrestrial and aquatic vertebrates (Figure 2). 

The black spotted pond frog (Rana nigromaculata), 
which is terrestrial as an adult and aquatic as a larva 
(tadpole) had an amino acid content pattern that was 
midway between the terrestrial and aquatic patterns 
(Figure 1(c)). Specifically, the relationship among the 
Asp, Glu and Ser contents in the frog mitochondria re- 
sembled that in the human mitochondria, while relation- 
ships between Thr and Ala contents, and between Val and 
Met contents resembled those in the bony fish mitochon- 
dria. However, the amino acid content of the African 
clawed frog (Xenopus laevis) mitochondrial genome  
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Figure 2. Dendrogram based on amino acid compositions of the coding regions of the vertebrate mitochondrial genomes. 
 
matched that of the terrestrial group (Figure 2). 

3.2. Cluster Analysis Based on Amino Acid 
Compositions 

The coelacanth (Latimeria chalumnae) is thought of as 
a living fossil but the amino acid composition of the mi- 
tochondrial genome was similar to that of human mito- 
chondria, although the Asp, Glu and Ser content pattern 
was intermediate between that of human and bony fish 
(Figure 1(d)). 

Using the amino acid composition as the trait, the ver- 
tebrates examined in this study were separated into two 
major clusters (Figure 3): the terrestrial vertebrate clus- 
ter represented by humans; and the aquatic vertebrate 
cluster represented by the bony fish (O. latipes). The 
exceptions were the hagfish (E. burgeri) that fell into the 
terrestrial vertebrate cluster and the black spotted frog (R. 
nigromaculata) that clustered with the aquatic verte- 
brates. The radar chart representing the amino acid com- 
position of each organism from the cluster analyses is 
available in Figure 2. The coelacanth (L. chalumnae), 
Queensland lungfish (Neoceratodus forsteri), which is a 
living fossil and one of the oldest living vertebrate gen- 
era, and American paddlefish (Polyodon spathula), which 
is the oldest surviving animal species in North America, 
all belonged to an additional small cluster. 

Hagfish (Eptatretus burgeri) are thought to be the ori- 
gin of vertebrates [17]. However, the amino acid compo- 
sition of hagfish mitochondria differed from that of the 
human, bony fish, frog and coelacanth (Figure 1(e)). 

The relationships among the amino acid contents of 
Asp, Glu and Ser, between Thr and Ala, and between Val 
and Met resembled the terrestrial vertebrate pattern. An 
exception was the high Pro content, which was a charac- 
teristic of the hagfish mitochondrial genome. 

In previous studies [12,18], 12 eubacteria were classi- 
fied into two groups, G type representing Staphylococcus 
aureus and E type representing Escherichia coli, based 
on their amino acid compositions [18]. Furthermore, 
other organisms including bacteria, archaea and eukary- 
otes were classified into two groups based on their codon 
patterns, GC-rich and AT-rich, by cluster analyses [12]. 
The G type and E type classification was confirmed by 
other computer analyses [19]. 

3.3. Cluster Analysis Based on Nucleotide 
Contents 

Using the G, C, A and T content of the coding regions 
of the mitochondrial genomes as the trait for cluster 
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Figure 3. Dendrogram of vertebrates obtained from cluster 
analysis using the amino acid compositions of thirteen mito- 
chondrial genes as traits. Green and blue characters represent 
terrestrial and aquatic vertebrates, respectively. 
 
analyses, the vertebrates again separated into the two 
major clusters (Figure 4). Coelacanth (L. chalumnae), 
hagfish (E. burgeri) and zebrafish (Daino rerio) clustered 
with the terrestrial vertebrates, while black spotted frog 
(R. nigromaculata) and the water buffalo (Bubalus bub- 
alis) clustered with the aquatic vertebrates. 

In the non-coding regions of the mitochondrial ge- 
nomes, some of the terrestrial vertebrates clustered with 
the major aquatic group (Figure 5). The hagfish was 
grouped with the terrestrial vertebrates, while the stellar 
sea lion (Eumetopias jubatus) was in the aquatic group. 
However, the cluster analyses for the non-coding regions 
showed that the clustering was not random, indicating 
that evolution of the non-coding regions was also con- 
trolled. 

Using the G, C, T and A content of the entire genome 
as the trait, two major clusters were formed (Figure 6). 
Hagfish (E. burgeri), coelacanth (L. chalumnae), Que- 
ensland lungfish (Neoceratodus forsteri), carp (Cyprinus 
carpio) and zebrafish (D. rerio) all clustered with the 
main terrestrial group while black spotted frog (R. ni- 
gromaculata) clustered with the main aquatic group. In 
this analysis, the three most ancient kinds of fish (hagfish, 
coelacanth, and Queensland lungfish) robustly clustered 
with the terrestrial group. 

 

Figure 4. Dendrogram based on the nucleotide contents of the 
vertebrate mitochondrial coding regions. 
 

3.4. Phylogenetic Tree Based on 16S rRNA 
Sequences 

A consistent result was obtained by the Neighbour- 
joining method [14] using 16S rRNA sequences, as shown 
in Figure 7. Vertebrates were separated into two major 
clusters, terrestrial and aquatic, although the hagfish was 
incorporated into the cluster of the terrestrial vertebrates. 

4. DISCUSSION 

Using the nucleotide contents as traits, the vertebrates 
in the sample were classified into two major clusters, 
terrestrial and aquatic; however, some exceptions were 
observed (Figures 2-7). These results indicated that al- 
ternations in nucleotide content were controlled by in- 
ternal biases that, in the cluster analyses, resulted in the 
formation of several clusters. Because nucleotide alter- 
nations are strictly governed by linear formulae in both 
the coding and non-coding regions [11], the codon usage 
pattern of an organism can be estimated by the insertion 
of its nucleotide content into a specific linear formula [9]. 
If the nucleotide alternations had occurred at random in 
the genomes of the selected organisms, such a clear 
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Figure 5. Dendrogram based on the nucleotide contents of the 
vertebrate mitochondrial non-coding regions. 
 
separation between the terrestrial and aquatic vertebrates 
might not have been observed in the cluster analyses. 
Using amino acid content, the vertebrates in the sample 
were similarly classified into two major clusters, terres- 
trial and aquatic. The exceptions were the hagfish (E. 
burgeri) and the frog (R. nigromaculata) that clustered 
with the terrestrial and aquatic vertebrates, respectively 
(Figures 2-7). In the cluster analyses using the amino 
acid compositions at traits, the decrease in the number of 
exceptions might be because of the inclusion of pheno- 
type expressions that were reflected in the amino acid 
composition [3]. Nevertheless, the clear separation of the 
two clusters representing the terrestrial and aquatic ver- 
tebrates indicates that both internal and external biases 
have contributed to codon evolution in the selected or- 
ganisms. 

Although the frog (R. nigromaculata) was consistently 
grouped with the aquatic vertebrates, this may reflect the 
conservation of tadpole characteristics after metamor- 
phosis. The clustering of the hagfish (E. burgeri) with the 
terrestrial vertebrates may reflect the controversy over 
the classification of this fish [17]. In a previous study 
[20], the nucleotide content of the hagfish (E. burgeri) 
mitochondria was found to fit the vertebrate regression 

 

Figure 6. Dendrogram based on the nucleotide contents of the 
vertebrate complete mitochondrial genomes. 
 
line better than the invertebrate regression line, and the 
vertebrate mitochondria diverged from the same origin of 
invertebrate mitochondria. If the hagfish truly belongs to 
the terrestrial group it suggests that hagfish still possess 
some primitive vertebrate mitochondrial characteristics 
that were present before its evolution. Terrestrial and 
aquatic vertebrates have evolved independently, and ver- 
tebrate evolution under natural selection has occurred 
based on both nucleotide alternation rules and on bio- 
sphere biases. In this study, the vertebrates were classi- 
fied completely into the terrestrial and aquatic groups 
indicating that the barriers between these two biospheres 
have been definitive for vertebrate evolution. Because 
the mitochondrial function is not linked directly with 
either the genomic rules or with the biospheres, the pre- 
sent findings reflect vertebrate evolution itself. 

5. CONCLUSION 

Vertebrates were classified into two clusters, terrestrial 
and aquatic vertebrates, in the phylogenetic trees based 
on the amino acid content predicted from the complete 
mitochondrial genomes, nucleotide content of the com- 
plete mitochondrial genomes and 16s rRNA sequence 
homologies, with some exceptions. The hagfish (Epta- 
tretus burgeri), which is thought to be an early vertebrate, 
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Figure 7. Phylogenetic tree of 16S rRNA. The parameters used 
for multiple alignments: Gap open penalty; 15, gap extension 
penalty; 6.66, gap distance; 8, max div.; 40. 
 
falls into the terrestrial group. Thus, vertebrate evolution 
is controlled by natural selection under both an internal 
bias as a result of nucleotide replacement rules, and an 
external bias caused by environmental biospheric condi- 
tions. 
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