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Abstract 
To clarify the phylogenetic position of Xenoturbella bocki and hemichordates (Balanoglossus carnosus and 
Saccoglossus kowalevskii), which occupy an ambiguous evolutionary position between vertebrates and 
invertebrates, we expanded a pre-existing baseline vertebrate data set by incorporating randomly selected 
invertebrates. Based on nucleotide content calculated from complete mitochondrial genomes, invertebrates were 
classified into two groups, high C/G and low C/G, with vertebrates placed within the high-C/G invertebrate 
group. X. bocki and hemichordates (B. carnosus and S. kowalevskii) also fell into the high-C/G invertebrate 
group. We also analyzed amino acid composition and nucleotide content of complete mitochondrial genomes or 
16S rRNA genes using Ward’s clustering method and neighbor-joining. In the resulting phylogenetic trees, 
invertebrates are classified into high C/G and low C/G categories, and vertebrates are divided into terrestrial and 
aquatic groups. In addition, X. bocki and representative hemichordates B. carnosus and S. kowalevskii appear to 
be more closely related to vertebrates than to invertebrates. 

Keywords: amino acid composition, complete mitochondrial genome, vertebrate, invertebrate, hemichordate, 
Xenoturbella, phylogenetic tree, evolution  

1. Introduction 
Evolution can be regarded as a branching process, whereby populations are altered over time and may speciate 
into separate branches. Approximately 150 years ago, Charles Darwin and Alfred Wallace established the 
concept of biological evolution by natural selection. Based on this theory, Charles Darwin and Ernst Haeckel 
developed the idea of phylogenetic trees as a visualization tool to aid readers’ understanding of biological 
evolution. 

Because evolution generally occurs over long periods of time and hence cannot be observed directly, scientists 
must construct phylogenies to infer evolutionary relationships among present-day organisms. Two different 
approaches — cladistics and phonetics — have been used to construct phylogenetic trees; the differences 
between these methods are beyond the scope of our study and are not described here.  

To construct phylogenetic trees representing organismal relationships, similarities or differences in organismal 
traits are analyzed using implicit or explicit mathematical models. These traits can be morphological or 
molecular. Morphological characters include anatomical characteristics of extant organisms and changes in the 
fossil record; the latter data are limited and tend to be ambiguous (Cobbett et al., 2007). Molecular data, 
including protein and DNA sequences, have been widely used for constructing phylogenetic trees (Zuckerkandl 
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& Pauling, 1962; Dayhoff et al., 1977; Sogin et al., 1986; Doolittle & Brown, 1994; Maizels & Weiner, 1994; 
DePouplana et al., 1998; Woese & Fox, 1977; Weisburg et al., 1991). Complete genome sequence data are not 
readily applied to phylogenetic tree construction, however, because of the enormous number of nucleotides 
constituting many different genes among organisms. We have recently shown that ratios of amino acid 
composition and nucleotide content are useful for genome research because they can characterize entire genomes 
(Sorimachi et al., 2001). Based on such indices, we were able to generate phylogenetic trees in which vertebrates 
were classified into two groups, terrestrial and aquatic, even though the analyzed organisms were chosen 
randomly without pre-defined criteria (Sorimachi et al., 2013a). Similar classification results were also obtained 
in the previous study when deliberately selected samples were added to the pre-existing baseline data set 
(Sorimachi & Okayasu, 2013). Our previously developed method is thus applicable to phylogenetic tree 
construction. In this study, we therefore used amino acid composition and nucleotide content of complete 
mitochondrial genomes to ascertain the phylogenetic position of Xenoturbella bocki and hemichordates, which 
occupy an ambiguous evolutionary position between vertebrates and invertebrates. 

2. Materials and Methods 
Mitochondrial genome data were obtained from the National Center for Biotechnology Information (NCBI, 
http://www.ncbi.nlm.nih.gov/sites). In an earlier study, organisms were chosen according to the alphabetical 
order of their scientific names without considering their characteristics (Sorimachi et al., 2013a), because cluster 
analyses are significantly influenced by different sampling. Vertebrate species included 39 species from a 
previous study (Sorimachi et al., 2013a) to which 24 other vertebrates had been subsequently intentionally added 
to evaluate phylogenetic tree reconstructions (Sorimachi & Okayasu, 2013). For the current study, we added 58 
invertebrate species, which were randomly chosen based solely on the alphabetical order of their scientific 
names. Cluster analysis has five methods based on differences in calculation procedures to estimate the distance 
between two samples; Ward’s, nearest neighbor, furtherest neighbor, group average and centroid methods. 
Ward’s method has been widely used, and we used this method to classify various organisms (112 bacteria, 15 
archaea and 18 eukaryotes) (Okayasu & Sorimachi, 2009). In our recent study (Sorimachi & Okayasu, 2013), 
cetaceans (Balaenoptera musculus, Sousa chinensis, and Phocoena phocoena) form a small cluter that is closely 
related to hippopotamus. This placement is consistent with results of other studies (Catesy, Hayashi, Cronin, & 
Arctander, 1996; Ursing & Arnason, 1998), and supports the evolution of cetaceans from terrestrial vertebrates 
within the mammalian evolution. Based on these evidences, Ward’s method has been mainly used in the present 
study. Cluster analyses were carried out on the data using Ward’s (Ward, 1963) and neighbor-joining (Saitou & 
Nei, 1987) methods. Nucleotide contents of coding and non-coding regions of mitochondrial genomes were 
compared with the content of their complete corresponding single-strand DNA and normalized to 1 (G + C + T + 
A = 1). Predicted amino acid compositions of mitochondrial genome coding regions were estimated (Sorimachi 
et al., 2001; Sorimachi & Okayasu, 2004). Calculations were performed using Microsoft Excel (version 2003). 
Classifications based on Ward’s clustering method (Ward, 1963) were conducted using commercially 
purchased-multivariate software developed by ESUMI (Tokyo, Japan). 

3. Results 
3.1 Relationships Based on Nucleotide Content 

When nucleotide contents calculated from coding regions of complete mitochondrial genomes were plotted 
against those of entire genomes, invertebrates were classified into two groups: high C/G and low C/G (Figure 1). 
X. bocki and hemichordates (Balanoglossus carnosus and Saccoglossus kowalevskii) were located in the region 
where vertebrates and invertebrates overlapped. Vertebrates widely overlapped with high C/G invertebrates; on 
the plot, they were positioned in the upper right portion of the high-C/G invertebrate distribution (Figure 1). 

When relationships based on nucleotide content were examined between homonucleotides using linear 
regression in a previous study (Sorimachi et al., 2013b), linear regression lines with high regression coefficients 
were obtained. Two distinct lines corresponding to invertebrates and vertebrates were observed. Because these 
two lines form a “wedge-shape” when superimposed, we concluded that vertebrates and invertebrates diverged 
from a common ancestor (Sorimachi et al., 2013b), and that extant organisms diverged from a single origin 
(Sorimachi, 2010). X. bocki and the hemichordates were located between these two lines (Figure 2). 

3.2 Cluster Analysis of Invertebrates 

Based on nucleotide content from complete mitochondrial genomes, the 58 randomly chosen invertebrates 
(Sorimachi & Okayasu, 2008) were analyzed using Ward’s method (Ward, 1963). Three major clusters were 
obtained (Figure 3). Similar results were obtained using predicted amino acid composition, although the groups 
were not as well-differentiated (data not shown); this may be because the high- and low C/G invertebrate 
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classification is based on nucleotide relationships. In the tree generated using nucleotide content, one major 
cluster, consisting of Echinodermata, Mollusca, Arthropoda, and Placozoa — all high-C/G invertebrates except 
for Trichoplax adhaerens — is divided into two sub-clusters. The hemichordates B. carnosus and S. kowalevskii 
are found in one of these sub-clusters, with the deuterostome X. bocki falling into the other (Figure 3). The 
second major cluster, all low-C/G invertebrates, consists of Cnidaria, Arthropoda, Nematoda, and 
Platyhelminthes. Chordata (Branchiostoma belcheri) also falls into this major cluster, grouped with 
Platyhelminthes. The third major cluster consists of three sub-clusters. One of the three sub-clusters comprises 
Amoebozoa, Protozoa, Loukozoa, Mycetozoa, and Nematoda, all low-C/G invertebrates except for 
Dictyostelium citrinum. The second sub-cluster, containing high-C/G invertebrates, consists of Mollusca and 
Arthropoda. The final sub-cluster contains low-C/G organisms — Arthropoda, Protista (Tetrahymena pyriformis), 
and Nematoda (Strelkovimermis spiculatus and Romanomermis spiculatus), as well as high-C/G invertebrates.  

Of seven species pairs belonging to the same genera, three (Bactrocera, Reticulitermes, and Acanthaster) 
remained joined in the phylogenetic tree; the other four species pairs (Tigriopus, Dictyostelium, Drosophila, and 
Hemichordata) were divided between separate clusters. 

Similar classifications were obtained when nucleotide content calculated from coding and non-coding regions of 
complete mitochondrial genomes was analyzed. 

 

 

Figure 1. Relationships based on nucleotide content of complete mitochondrial genomes. Values are normalized 
to 1 (G + C + T + A = 1). Closed blue squares, closed green triangles, and closed red squares represent high-C/G 

invertebrates, low-C/G invertebrates, and vertebrates, respectively 

 

 

Figure 2. Nucleotide relationships based on normalized vertebrate (red squares) and high-C/G invertebrate (blue 
squares) valuesThe G nucleotide content in the coding region (vertical axis) is plotted against G content in a 
complete single DNA strand (horizontal axis). Closed green triangles represent Xenoturbella and Hemichordata 
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3.3 Phylogenetic Analysis of Vertebrates and High-C/G Invertebrates Using Ward’s Method 

In our previous study (Sorimachi et al., 2013a), vertebrates were classified into terrestrial and aquatic groups 
based on cluster analysis of amino acid composition using Ward’s method. This classification was corroborated 
through analysis of 16S rRNA gene sequences using neighbor-joining. In this study, we consequently used 
Ward’s method to analyze amino acid composition of a sample set consisting of 39 vertebrate species and 31 
high-C/G invertebrates (Figure 4). In the resulting tree, vertebrates and invertebrates correspond to the two major 
groups, with the exception of the hemichordates and X. bocki, which are placed with the vertebrates. X. bocki is 
found in one of the two vertebrate sub-clusters, which comprises mammals and some reptiles, and is most 
closely related to reptiles. The hemichordates belong to the sub-cluster consisting of fish, amphibians, reptiles, 
and birds; within that sub-cluster, they are closely related to birds and reptiles. Hagfish (Eptatretus burgeri) is 
placed in the cluster consisting of mammals, consistent with our previous results (Sorimachi et al., 2013a). This 
placement may be due to its controversial characteristics (Janvier, 2010). 

We also analyzed this sample set using nucleotide content calculated from complete mitochondrial genome data, 
but similarly clear classifications were not obtained (data not shown). 

 
Echinococcus granulosus  
Venerupis philippinarum  
Schistosoma mansoni  
Trialeurodes vaporariorum  
Hutchinsoniella macracantha  
Caenorhabditis elegans  
Paragonimus westermani  
Lepeophtheirus salmonis  
Geodia neptuni  
Ligia oceanica  
Briareum asbestinum  
Tigriopus japonicus  
Pavona clavus  
Tigriopus californicus  
Porites porites  
Branchiostoma belcheri  
Polysphondylium pallidum  
Reclinomonas americana  
Physarum polycephalum  
Malawimonas jakobiformis  
Dictyostelium discoideum  
Thaumamermis cosgrovei  
Plasmodium vivax  
Dictyostelium citrinum ＊ 
Pagurus longicarpus ＊ 
Eriocheir sinensis ＊ 
Sepioteuthis lessoniana ＊ 
Dosidicus gigas ＊ 
Octopus vulgaris ＊ 
Metaseiulus occidentalis ＊ 
Todarodes pacificus ＊ 
Bactrocera oleae ＊ 
Bactrocera dorsalis ＊ 
Tetrahymena pyriformis  
Strelkovimermis spiculatus  
Varroa destructor ＊ 
Monosiga brevicollis ＊ 
Romanomermis culicivorax  
Drosophila simulans ＊ 
Anopheles gambiae ＊ 
Bombyx mori ＊ 
Drosophila melanogaste ＊ 
Adoxophyes honmai ＊ 
Xenoturbella bocki ＊ 
Tricholepidion gertschi ＊ 
Reticulitermes hageni ＊ 
Reticulitermes flavipes ＊ 
Lampsilis ornata ＊ 
Vargula hilgendorfii ＊ 
Saccoglossus kowalevskii ＊ 
Luidia quinalia ＊ 
Daphnia pulex ＊ 
Asterias amurensis ＊ 
Trichoplax adhaerens  
Balanoglossus carnosus ＊ 
Haliotis rubra ＊ 
Acanthaster planci ＊ 
Acanthaster brevispinus ＊ 

Figure 3. Phylogenetic tree generated using Ward’s cluster analysis method (Ward, 1963) from nucleotide 
content of complete mitochondrial genomes. High-C/G and low-C/G invertebrates are indicated in blue (*) and 

black (null), respectively 
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Figure 4. Phylogenetic tree generated using Ward’s cluster analysis method (Ward, 1963) from predicted amino 
acid composition of complete mitochondrial genomes of 31 invertebrates and 39 vertebrates. High-C/G 

invertebrates and vertebrates in indicated in blue (*) and red (null), respectively 

Eptatretus burgeri  
Xenopus laevis  
Lyciasalamandra atifi  
Homo sapiens  
Chelonia mydas  
Rattus norvegicus  
Mus musculus castaneus  
Sus scrofa  
Cavia porcellus  
Eumetopias jubatus  
Canis familiaris  
Lemur catta  
Ovis aries  
Bubalus bubalis  
Equus caballus  
Artibeus jamaicensis  
Chlamydosaurus kingii  
Boa constrictor  
Xenoturbella bocki  ＊ 
Oryzias latipes  
Theragra chalcogramma  
Gadus morhua  
Takifugu rubripes  
Polyodon spathula  
Cyprinus carpio  
Paralichthys olivaceus  
Diodon holocanthus  
Oncorhynchus mykiss  
Myripristis berndti  
Reinhardtius hippoglossoides  
Auxis rochei  
Neoceratodus forsteri  
Latimeria chalumnae  
Danio rerio  
Amia calva  
Heteronotia binoei  
Gekko gecko  
Taeniopygia guttata  
Rana nigromaculata  
Gallus gallus  
Saccoglossus kowalevskii ＊ 
Balanoglossus carnosus ＊ 
Monosiga brevicollis ＊ 
Dictyostelium citrinum ＊ 
Metaseiulus occidentalis ＊ 
Varroa destructor ＊ 
Bombyx mori ＊ 
Adoxophyes honmai ＊ 
Sepioteuthis lessoniana  ＊ 
Vargula hilgendorfii ＊ 
Lampsilis ornata ＊ 
Haliotis rubra ＊ 
Daphnia pulex ＊ 
Reticulitermes hageni ＊ 
Reticulitermes flavipes ＊ 
Tricholepidion gertschi ＊ 
Pagurus longicarpus ＊ 
Eriocheir sinensis ＊ 
Octopus vulgaris ＊ 
Todarodes pacificus ＊ 
Dosidicus gigas ＊ 
Bactrocera oleae ＊ 
Bactrocera dorsalis ＊ 
Drosophila simulans ＊ 
Drosophila melanogaste ＊ 
Anopheles gambiae ＊ 
Luidia quinalia ＊ 
Asterias amurensis ＊ 
Acanthaster planci ＊ 
Acanthaster brevispinus ＊ 



www.ccsenet.org/ijb International Journal of Biology Vol. 6, No. 1; 2014 

87 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Phylogenetic tree generated using Ward’s cluster analysis method (Ward, 1963) from predicted amino 
acid composition of complete mitochondrial genomes of 29 invertebrates and 63 vertebrates. High-C/G 

invertebrates and vertebrates are shown in blue (*) and red (null), respectively 

 

Dictyostelium citrinum ＊ 
Sepioteuthis lessoniana ＊ 
Metaseiulus occidentalis ＊ 
Bombyx mori ＊ 
Adoxophyes honmai ＊ 
Vargula hilgendorfii ＊ 
Lampsilis ornata ＊ 
Haliotis rubra ＊ 
Daphnia pulex ＊ 
Reticulitermes hageni ＊ 
Reticulitermes flavipes ＊ 
Tricholepidion gertschi ＊ 
Pagurus longicarpus ＊ 
Eriocheir sinensis ＊ 
Octopus vulgaris ＊ 
Todarodes pacificus ＊ 
Dosidicus gigas ＊ 
Bactrocera oleae ＊ 
Bactrocera dorsalis ＊ 
Drosophila simulans ＊ 
Drosophila melanogaste ＊ 
Anopheles gambiae ＊ 
Luidia quinalia ＊ 
Asterias amurensis ＊ 
Acanthaster planci ＊ 
Acanthaster brevispinus ＊ 
Eptatretus burgeri  
Xenoturbella bocki ＊ 
Boa constrictor  
Macaca mulatta  
Pan troglodytes  
Pan paniscus  
Homo sapiens  
Gorilla gorilla  
Ornithorhynchus anatinus  
Sousa chinensis  
Phocoena phocoena  
Balaenoptera musculus  
Lyciasalamandra atifi  
Equus caballus  
Diceros bicornis  
Chelonia mydas  
Rattus norvegicus  
Mus musculus castaneus  
Metachirus nudicaudatus  
Macropus robustus  
Sus scrofa  
Cavia porcellus  
Canis familiaris  
Lemur catta  
Ovis aries  
Capra hircus  
Cervus nippon yakushimae  
Bubalus bubalis  
Hexaprotodon liberiensis  
Eumetopias jubatus  
Artibeus jamaicensis  
Oryzias latipes  
Theragra chalcogramma  
Gadus morhua  
Takifugu rubripes  
Polyodon spathula  
Cyprinus carpio  
Paralichthys olivaceus  
Diodon holocanthus  
Oncorhynchus mykiss  
Myripristis berndti  
Reinhardtius hippoglossoides  
Auxis rochei  
Neoceratodus forsteri  
Latimeria chalumnae  
Hippocampus kuda  
Rana nigromaculata  
Danio rerio  
Anguilla marmorata  
Amia calva  
Saccoglossus kowalevskii ＊ 
Balanoglossus carnosus ＊ 
Xenopus laevis  
Chiloscyllium punctatum  
Plesiobatis daviesi  
Heterodontus francisci  
Amblyraja radiata  
Heteronotia binoei  
Gekko gecko  
Chlamydosaurus kingii  
Taeniopygia guttata  
Gallus gallus  
Lampetra fluviatilis  
Crocodylus niloticus  
Gavialis gangeticus  
Alligator mississippiensis  
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Lemur catta
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Artibeus jamaicensis
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Equus caballus
Diceros bicornis
Eumetopias jubatus
Canis familiaris
Hexaprotodon liberiensis
Cervus nippon yakushimae
Bubalus bubalis
Ovis aries
Capra hircus
Balaenoptera musculus
Sousa chinensis
Phocoena phocoena
Chelonia mydas
Taeniopygia guttata
Gallus gallus
Alligator mississippiensis
Gavialis gangeticus
Crocodylus niloticus
Rana nigromaculata
Eptatretus burgeri
Lampetra fluviatilis
Heteronotia binoei
Gekko gecko
Chlamydosaurus kingii
Boa constrictor
Balanoglossus carnosus ＊
Asterias amurensis ＊
Luidia quinalia ＊
Acanthaster planci ＊
Acanthaster brevispinus ＊
Saccoglossus kowalevskii ＊
Lampsilis ornata ＊
Xenoturbella bocki ＊
Dictyostelium citrinum ＊
Eriocheir sinensis ＊
Sepioteuthis lessoniana ＊
Haliotis rubra ＊
Octopus vulgaris ＊
Todarodes pacificus ＊
Dosidicus gigas ＊
Pagurus longicarpus ＊
Vargula hilgendorfii ＊
Tricholepidion gertschi ＊
Reticulitermes flavipes ＊
Daphnia pulex ＊
Bactrocera oleae ＊
Bactrocera dorsalis ＊
Drosophila melanogaste ＊
Anopheles gambiae ＊
Adoxophyes honmai ＊
Metaseiulus occidentalis ＊
Bombyx mori ＊
Varroa destructor ＊
Monosiga brevicollis ＊

 

Figure 6. Phylogenetic tree generated using neighbor-joining (Saitou & Nei, 1987) from predicted amino acid 
composition of complete mitochondrial genomes. High-C/G invertebrates and vertebrates are designated by blue 

(*) and red (null), respectively 
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In our previous studies, additional vertebrates were deliberately selected to aid evaluation of reconstructed 
phylogenetic trees and were added to a set of randomly chosen vertebrates from an earlier study (Sorimachi & 
Okayasu, 2013). The number of vertebrate species in the expanded data set was increased to 63 in this fashion. 
Predicted amino acid compositions of these samples were analyzed using Ward’s method, resulting in 
classification into three major clusters (Figure 5). High-C/G invertebrates form one major cluster, with 
vertebrates classified into two clusters. One vertebrate cluster consists of a large mammalian group and a small 
cluster that includes hagfish (E. burgeri), snake (Boa constrictor), and X. bocki; and the other comprises a large 
fish sub-cluster and various other sub-clusters including hemichordates, amphibians, reptiles, and birds. The 
Hemichordata are closely related to amphibians and reptiles. In this analysis, the hemichordates were separated 
from X. bocki, belonging to different clusters. All of these species fall into vertebrate groups, however, and are 
separate from invertebrates. 

3.4 Neighbor-Joining Analysis Using Complete Mitochondrial Genome Nucleotide Sequences 

Using nucleotide sequences of complete mitochondrial genomes, neighbor-joining analysis generated a different 
topology, as shown in Figure 6. Two groups, vertebrates and invertebrates, are evident, although clearly distinct 
major clusters were not obtained. X. bocki and hemichordates B. carnosus and S. kowalevskii are placed among 
the invertebrates, but do not form a separate cluster. They are apparently intermediate between vertebrates and 
invertebrates. 

3.5 Neighbor-Joining Analysis Using 16S rRNA Gene Sequences 

When 16S rRNA gene sequences were analyzed, the hemichordates and X. bocki were not found in the major 
cluster containing most of the invertebrates (Figure 7). According to the phylogenetic tree, these three species are 
closely related to one another, and also to Lampsilis ornata and Metaseiulus occidentalis. Hemichordata and X. 
bocki are more closely related to vertebrates than to invertebrates. 

3.6 Phylogenetic Analysis of Vertebrates and Invertebrates 

Using predicted amino acid composition from complete mitochondrial genomes, low-C/G invertebrates were 
also examined. We added 29 low-C/G invertebrate species to the data set consisting of 29 high-C/G invertebrates 
and 63 vertebrates. Using Ward’s method, vertebrates and invertebrates were completely classified into two 
major clusters (Figure 8). In the resulting tree, X. bocki and Hemichordata (S. kowalevskii and B. carnosus) are 
placed into the vertebrate group. Hemichordata belongs to a fish sub-cluster, while X. bocki is grouped with 
Chlamydosaurus kingii and B. constrictor in the mammalian sub-cluster. Hagfish (E. burgeri) falls into the 
invertebrate group, in contrast to its placement among the vertebrates in our other analyses (Figures 4-7) and in 
our previous studies (Sorimachi et al., 2013a; Sorimachi & Okayasu, 2013).  

Among the 7 species pairs in the set of 58 invertebrates analyzed, only three were paired in the phylogenetic tree 
generated from analysis of invertebrates alone (Figure 3). When 63 vertebrate species were analyzed along with 
58 invertebrates, all 7 species pairs were found in the phylogenetic tree (Figure 8), even though increased 
sampling increases coincidental similarities and leads to worsening clustering results. These results support the 
appropriateness of Ward’s method using amino acid composition. The results of cluster analysis of the data set 
consisting of 58 invertebrate and 63 vertebrate species are consistent with our previous results (Sorimachi et al., 
2013a; Sorimachi & Okayasu, 2013).  

4. Discussion 
In our previous study (Sorimachi & Okayasu, 2003), we demonstrated that a universally representative 
phylogenetic tree is not currently available because of various factors affecting phylogenetic results. Increased 
sampling and reductions in the number of character states increase coincidental similarities, leading to worsening 
clustering results. Conversely, factors that reduce coincidental similarities yield better phylogenetic constructions. 
When amino acid composition was analyzed using two independent clustering methods, vertebrates and 
invertebrates were well-differentiated, even when the number of vertebrates was increased from 32 to 63 
(Figures 3-8). In addition, hemichordates and X. bocki were placed with vertebrates, and were separated from 
invertebrates. Based on these results, X. bocki and hemichordates B. carnosus and S. kowalevskii are more 
closely related to vertebrates than to invertebrates. 

 

 

 



www.ccsenet.org/ijb International Journal of Biology Vol. 6, No. 1; 2014 

90 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Phylogenetic tree generated using neighbor-joining (Saitou & Nei, 1987) from 16S rRNA gene 
sequences. High-C/G invertebrates and vertebrates are shown in blue (*) and red (null), respectively 

Acanthaster planci ＊
Haliotis rubra ＊
Daphnia pulex ＊
Tricholepidion gertschi ＊
Reticulitermes flavipes ＊
Vargula hilgendorfii ＊
Octopus vulgaris ＊
Sepioteuthis lessoniana ＊
Todarodes pacificus ＊
Dosidicus gigas ＊
Varroa destructor ＊
Pagurus longicarpus ＊
Eriocheir japonica sinensis ＊
Anopheles gambiae ＊
Drosophila melanogaste ＊
Bactrocera dorsalis ＊
Bombyx mori ＊
Adoxophyes honmai ＊
Monosiga brevicollis ＊
Anguilla marmorata
Danio rerio
Cyprinus carpio
Oryzias latipes
Hippocampus kuda
Theragra chalcogramma
Gadus morhua
Takifugu rubripes
Oncorhynchus mykiss
Myripristis berndti
Reinhardtius hippoglossoides
Paralichthys olivaceus
Diodon holocanthus
Auxis rochei
Polyodon spathula
Amia calva
Neoceratodus forsteri
Latimeria chalumnae
Xenopus laevis
Lyciasalamandra atifi
Heterodontus francisci
Chiloscyllium punctatum
Plesiobatis daviesi
Amblyraja radiata
Rana nigromaculata
Ornithorhynchus anatinus
Metachirus nudicaudatus
Macropus robustus
Rattus norvegicus
Mus musculus castaneus
Cavia porcellus
Macaca mulatta 
Gorilla gorilla
Homo sapiens
Pan troglodytes
Pan paniscus
Lemur catta
Artibeus jamaicensis
Eumetopias jubatus
Canis familiaris
Equus caballus
Diceros bicornis
Cervus nippon yakushimae
Bubalus bubalis
Ovis aries
Capra hircus
Sus scrofa
Hexaprotodon liberiensis
Balaenoptera musculus
Sousa chinensis
Phocoena phocoena
Heteronotia binoei
Gekko gecko
Chlamydosaurus kingii
Boa constrictor
Chelonia mydas
Gallus gallus
Taeniopygia guttata
Eudyptes chrysocome
Alligator mississippiensis
Gavialis gangeticus
Crocodylus niloticus
Lampetra fluviatilis
Eptatretus burgeri
Saccoglossus kowalevskii ＊
Balanoglossus carnosus ＊
Xenoturbella bocki ＊
Lampsilis ornata ＊
Metaseiulus occidentalis ＊



www.ccsenet.org/ijb International Journal of Biology Vol. 6, No. 1; 2014 

91 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Phylogenetic tree generated using Ward’s cluster analysis method (Ward, 1963) from predicted amino 
acid composition of complete mitochondrial genomes of 58 invertebrates and 63 vertebrates.High-C/G 

invertebrates, low-C/G invertebrates, and vertebrates are indicated in blue (*), black (**), and red (null), 
respectively 

Tetrahymena pyriformis ＊＊
Monosiga brevicollis ＊＊
Malawimonas jakobiformis ＊＊

Physarum polycephalum ＊＊
Reclinomonas americana ＊＊

Polysphondylium pallidum ＊＊
Dictyostelium discoideum ＊＊
Dictyostelium citrinum ＊

Thaumamermis cosgrovei ＊＊
Strelkovimermis spiculatus ＊＊

Romanomermis culicivorax ＊＊
Caenorhabditis elegans ＊＊
Trialeurodes vaporariorum ＊＊

Metaseiulus occidentalis ＊
Varroa destructor ＊＊

Bombyx mori ＊
Adoxophyes honmai ＊
Paragonimus westermani ＊＊

Schistosoma mansoni ＊＊
Echinococcus granulosus ＊＊
Trichoplax adhaerens ＊＊

Porites porites ＊＊
Pavona clavus ＊＊

Geodia neptuni ＊＊
Briareum asbestinum ＊＊
Venerupis philippinarum ＊＊

Tigriopus japonicus ＊＊
Tigriopus californicus ＊＊

Lepeophtheirus salmonis ＊＊
Branchiostoma belcheri ＊＊
Vargula hilgendorfii ＊

Ligia oceanica ＊＊
Lampsilis ornata ＊

Haliotis rubra ＊
Daphnia pulex ＊
Plasmodium vivax ＊＊

Luidia quinalia ＊
Asterias amurensis ＊
Acanthaster planci ＊

Acanthaster brevispinus ＊
Reticulitermes hageni ＊

Reticulitermes flavipes ＊
Hutchinsoniella macracantha ＊＊
Tricholepidion gertschi ＊

Pagurus longicarpus ＊
Eriocheir sinensis ＊

Sepioteuthis lessoniana ＊
Octopus vulgaris ＊
Todarodes pacificus ＊

Dosidicus gigas ＊
Bactrocera oleae ＊

Bactrocera dorsalis ＊
Drosophila simulans ＊
Drosophila melanogaste ＊

Anopheles gambiae ＊
Eptatretus burgeri
Saccoglossus kowalevskii ＊

Balanoglossus carnosus ＊
Oryzias latipes
Theragra chalcogramma
Gadus morhua
Paralichthys olivaceus
Diodon holocanthus
Oncorhynchus mykiss
Myripristis berndti
Reinhardtius hippoglossoides
Auxis rochei
Neoceratodus forsteri
Latimeria chalumnae
Hippocampus kuda
Takifugu rubripes
Polyodon spathula
Cyprinus carpio
Anguilla marmorata
Danio rerio
Amia calva
Xenoturbella bocki ＊

Chlamydosaurus kingii
Boa constrictor
Rattus norvegicus
Mus musculus castaneus
Metachirus nudicaudatus
Macropus robustus
Sus scrofa
Ovis aries
Capra hircus
Cervus nippon yakushimae
Bubalus bubalis
Equus caballus
Diceros bicornis
Cavia porcellus
Lemur catta
Canis familiaris
Hexaprotodon liberiensis
Eumetopias jubatus
Artibeus jamaicensis
Heteronotia binoei
Gekko gecko
Macaca mulatta 
Pan troglodytes
Pan paniscus
Homo sapiens
Gorilla gorilla
Chelonia mydas
Ornithorhynchus anatinus
Sousa chinensis
Phocoena phocoena
Balaenoptera musculus
Chiloscyllium punctatum
Plesiobatis daviesi
Heterodontus francisci
Amblyraja radiata
Taeniopygia guttata
Rana nigromaculata
Gallus gallus
Xenopus laevis
Lyciasalamandra atifi
Lampetra fluviatilis
Crocodylus niloticus
Gavialis gangeticus
Alligator mississippiensis
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Neighbor-joining analysis of 16S rRNA gene sequences separated X. bocki and hemichordates from the 
invertebrate group and placed them within the vertebrates, whereas L. ornata and M. occidentalis were distinct 
from invertebrates (Figure 6). X. bocki and Hemichordata are obviously more closely related to vertebrates than 
invertebrates, although some exceptions were observed. In addition, neighbor-joining using predicted amino acid 
composition from mitochondrial genomes suggested that X. bocki and Hemichordata are closely related to 
vertebrates (Figure 7). Based on these results, X. bocki and hemichordates (B. carnosus and S. kowalevskii) are 
closely related to vertebrates. 

The taxonomic position of the genus Xenoturbella has long been uncertain (Westblad, 1949). It was once thought 
to be closely related to mollusks (Noren & Jondelius, 1997), but this conclusion was due to DNA contamination 
from mollusks, a food source for Xenoturbella (Bourlat et al., 2006; Israelsson & Budd, 2006). The genus 
currently comprises its own phylum, and a close relationship with Acoelomorpha is strongly supported based on 
both morphological and molecular data (Lundkin, 1998; Raikova et al., 2000; Hejnol et al., 2009). A sister group 
relationship with echinoderms and hemichordates was also recently reported (Philippe et al., 2011). In our study, 
in contrast, Xenoturbella is closely allied with reptiles (B. constrictor) and hagfish (E. burgeri) (Figure 5), or to 
reptiles (B. constrictor and C. kingii) (Figure 4). These results are based on Ward’s method using amino acid 
composition. According to cluster analyses using mixtures of vertebrates and invertebrates, Xenoturbella is more 
closely related to vertebrates than to invertebrates, falling into a large cluster consisting of all mammals. In 
addition, Xenoturbella is separated from another large cluster consisting of all fish, although hemichordates 
belong to this cluster. Ultimately, Xenoturbella is closely related to neither Echinodermata nor Hemichordata in 
our present study. 

5. Conclusion 
Among the invertebrates, the Hemichordata are the closest extant phylogenetic relatives of chordates, and have 
been described as a sister group to echinoderms such as the sea urchin (Philippe et al., 2011). In our study, 
consistent with this classification, hemichordates fall into a cluster consisting of echinoderms, mollusks, and 
arthropods (Figure 2). Xenoturbella is also contained in this cluster. Cluster analyses using samples of 
vertebrates and invertebrates, however, revealed that hemichordates are more closely related to vertebrates than 
to invertebrates, and that they are phylogenetically distant from X. bocki (Figures 4-8). Based on these results, 
both hemichordates and Xenoturbella are more closely related to vertebrates than to invertebrates, but do not 
fully belong in either group. 
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