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Although molecular phylogenetics is a strong tool for reconstructing the tree of 
life, many problems persist due to systematic errors caused by model mis-
specifications. Resolving misconstructed trees should lead us to better under-
stand the processes of molecular evolution. Mammalian mitogenomes provide us 
with a good opportunity in this respect, because the mammalian tree is well estab-
lished on the basis of multiple nuclear genes, and mitogenome trees are sometimes 
in conflict with it, for example concerning the positions of tarsiers and colugos.
The utility of mitogenomes as a phylogenetic marker is therefore sometimes ques-
tioned, and an important problem is whether any method can overcome the mis-
leading phylogenetic signals of mitogenomes. Here we show that the maximum 
likelihood tree of 463 eutherian mitogenomes reconstructed from nucleotide 
sequences of protein-encoding genes gives positions of tarsiers and colugos that are 
consistent with the well-established nuclear tree; this is the first study to obtain 
a consistent tree with respect to the positions of tarsiers and colugos using 
mitogenomes. Furthermore, our mitogenome tree of the 463 eutherians is mostly 
consistent with the nuclear gene tree. Previous mitogenomic studies have been 
hampered by sparse taxon sampling, and our analysis demonstrates the impor-
tance of dense taxon sampling to relieve the misleading phylogenetic signals of 
mitogenomes. However, because there are many convergent and parallel substi-
tutions in the amino acid sequences, the effect of dense taxon sampling on the 
accuracy of tree reconstruction seems to be very limited. We further show the 
importance of using synonymous substitutions with dense taxon sampling as well 
as with appropriate modeling in recovering the well-established tree from lower to 
even higher levels of eutherian phylogeny.
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INTRODUCTION

To understand biological events during evolution, reli-
able phylogenetic trees provide us with prerequisite 
information. Molecular phylogenetics has been playing 
an important role in clarifying the whole picture of the 
tree of life. At the same time, however, we have also 
faced difficulties in reconstructing phylogenetic trees, due 
not only to a shortage of information but also to system-
atic errors inherent in phylogenetic methods such as the 
long branch attraction artifact, the heterogeneity of 

nucleotide (or amino acid) composition among lineages 
(Phillips et al., 2004), heterotachy or covarion shift 
(Inagaki et al., 2004; Lopez et al., 2002), convergent evo-
lution at the molecular level (Li et al., 2010; Liu et al., 
2010; Yonezawa and Hasegawa, 2010) and heterogeneity 
of the tempo and mode of evolution among different genes 
(Nishihara et al., 2007). These systematic errors are due 
to model mis-specification: that is, the models assumed in 
phylogenetic inference are not realistic. To overcome 
these issues, many attempts have been made to improve 
the models (e.g., the nucleotide substitution model, amino 
acid substitution model, codon substitution model, 
gamma distribution model and covarion model) as well as 
to develop new approaches (e.g., removing fast-evolving 
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genes or sites, excluding sequences with long branches or 
extremely biased nucleotide compositions, and partition-
ing among sites or genes with different tempos and modes 
of evolution). In such a situation, the effect of dense 
taxon sampling on phylogenetic reconstruction has been 
argued extensively on the basis of simulated data and/or 
real sequencing data (Debry, 2005; Fiala and Sokal, 1985; 
Huelsenbeck, 1991; Kim, 1998; Poe, 2003; Rosenberg and 
Kumar, 2001; San Mauro et al., 2012; Townsend and 
Leuenberger, 2011; Townsend and Lopez-Giraldez, 2010; 
Zhao et al., 2013; Zwickl and Hillis, 2002). Many studies 
have indicated that increased taxon sampling can be one 
of the most practical and feasible approaches for improv-
ing phylogenetic estimates (Nabhan and Sarkar, 2012; 
Zwickl and Hillis, 2002). A positive correlation between 
increased taxon sampling and the accuracy of tree topol-
ogy has been demonstrated mainly on the basis of simu-
lated data (Hedtke et al., 2006; Zwickl and Hillis, 
2002). A better performance of denser taxon sampling 
has also been demonstrated with real data (Dimitrov et 
al., 2012). However, several studies (Rokas and Carroll, 
2005; Zhao et al., 2013; Corl and Ellegren, 2013) failed to 
indicate such a tendency, and questioned the better per-
formance of dense taxon sampling. Since we still do not 
fully understand the actual processes of molecular evolu-
tion, the existing molecular evolutionary models may be 
regarded as immature, and may be violated when applied 
to real sequence data. For example, as we discuss later, 
there are a considerable number of parallel and conver-
gent substitutions in mammalian mitochondrial genomes 
(mitogenomes). Because current molecular evolutionary 
models do not take account of these substitutions or of the 
interaction among loci, they can strongly mislead the 
inference of tree topologies. Therefore, it is important to 
investigate the impact of dense taxon sampling on tree 
inference with real sequence data. Since dense taxon 
sampling can increase the accuracy of ancestral state 
reconstructions (Heath et al., 2008), extensive analyses of 
real sequence data using increased taxon sampling can 
also provide us with an opportunity to better understand 
the processes of molecular evolution.

Mammalian mitogenomes provide us with a good exam-
ple for this purpose. Thanks to extensive analyses in the 
last two decades, the whole picture of the mammalian 
tree has mostly been clarified (Arnason et al., 2008; 
Meredith et al., 2011; Murphy et al., 2001; Nishihara et 
al., 2006; Prasad et al., 2008). According to these stud-
ies, eutherian mammals are divided into three major lin-
eages: Boreotheria (sometimes called Boreoeutheria; 
human, mouse, shrew, bat, cat, horse, cow, whale, etc.), 
Afrotheria (elephant, dugong, tenrec, aardvark, etc.) and 
Xenarthra (armadillo, sloth, anteater, etc.). They are 
thought to originate from the Laurasian, African and 
South American continents, respectively. Moreover, 
Boreotheria is divided into Euarchontoglires and 

Laurasiatheria. The former consists of Primates, 
Scandentia, Dermoptera, Lagomorpha and Rodentia; the 
latter consists of Eulipotyphla, Chiroptera, Cetartiodac-
tyla, Perissodactyla, Carnivora and Pholidota (Asher and 
Helgen, 2010). These findings were mainly based on 
analyses of multiple nuclear gene loci. However, mitog-
enome trees are sometimes in conflict with the well-
established nuclear tree.

For example, in the phylogeny of Euarchontoglires, 
analyses of nuclear sequences, indels and SINEs estab-
lished that Dermoptera (colugos) is sister to Primates and 
that Tarsiidae (tarsiers) belongs to Haplorhini; i.e., tarsi-
ers are closer to simians than to prosimians (Jameson et 
al., 2011; Janečka et al., 2007; Perelman et al., 2011; 
Schmitz et al., 2001; Schmitz and Zischler, 2003). On 
the other hand, many studies using protein-encoding 
genes of mitogenomes suggested a different scenario: Der-
moptera is sister to Simiiformes (simians), rejecting the 
monophyly of Primates, and Tarsiidae does not form a 
clade with Simiiformes (Arnason et al., 2002; Chatterjee 
et al., 2009; da Fonseca et al., 2008; Gibson et al., 2005; 
Kjer and Honeycutt, 2007; Matsui et al., 2009; Reyes et 
al., 2004; Xu et al., 2012). Figure 1 shows several trees 
from previous studies that have used different genetic 
markers. Trees (a–c) in Fig. 1 are based on mitoge-
nomes, while tree (d) is based on nuclear markers. The 
conflicting positioning of Dermoptera and Tarsiidae in the 
mitogenome tree may be due to similar nucleotide compo-
sitions of mitogenomes between Dermoptera and Simii-
formes, and between Tarsiidae and Strepsirrhini (Gibson 
et al., 2005; Matsui et al., 2009; Schmitz et al., 2002a).

Fig. 1. Previously proposed phylogenetic relationships within 
the Euarchontoglires based on mitogenome sequences (trees a–
c) and nuclear markers (tree d). (tree a) Arnason et al., 2008, 
14 Primates. (tree b) Arnason et al., 2002, 9 Primates; Reyes et 
al., 2004, 10 Primates; Gibson et al., 2005, 12 Primates; Matsui 
et al., 2009, 24 Primates; Chatterjee et al., 2009, 19 
Primates. (tree c) Kjer and Honeycutt, 2007, 11 Primates (tree 
d) Janečka et al., 2007, nuclear genes; Jameson et al., 2011, 
nuclear genes; Schmitz et al., 2001, SINEs.
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In this report, by focusing on the phylogenetic positions 
of Dermoptera and Tarsiidae, as well as on other problem-
atic taxa such as Pholidota and Cetacea, as case studies, 
we show that dense taxon sampling can relieve the mis-
leading phylogenetic signals of mitogenomes when the 
maximum likelihood (ML) method is used with an appro-
priate model. Furthermore, we demonstrate a better 
performance of codon-based partition analyses than 
amino acid analyses, and show the importance of synon-
ymous substitutions during denser taxon sampling.
Since natural selection operates directly on amino acid 
sequences, there may be many parallel or convergent sub-
stitutions at the amino acid level due to strong functional 
constraints. In such a case, no matter how dense the 
taxon sampling, there would be no remarkable increase in 
the accuracy of tree reconstruction. In contrast, synony-
mous substitutions can be regarded as nearly neutral, 
and therefore signatures of phylogenetic traits may be 
recorded more explicitly. However, the effect of multiple 
substitutions could present a serious problem in using 
synonymous substitutions to clarify higher taxonomic 
relationships because of their high evolutionary rate. We 
show that, if dense taxon sampling as well as an appro-
priate model are available, information from synonymous 
substitutions is useful even in the study of higher taxo-
nomic relationships.

MATERIALS AND METHODS

Sequence data In this study, only protein-encoding 
genes in the mitogenomes were analyzed. Hudelot et al. 
(2003) instead analyzed mitogenome tRNAs and rRNAs.
Despite sparse taxon sampling, their Bayesian tree of 69 
mammals, obtained using both paired and unpaired 
regions of mitochondrial rRNA and tRNA genes, was 
mostly consistent with the well-established nuclear tree 
including the sister group position of Dermoptera with 
Primates, although the sister group relationship of Tarsi-
idae with Strepsirrhini was preferred. Matsui et al. 
(2009) did not include Dermoptera in their analyses, but 
their rRNA analysis of mitochondria supported the sister 
group relationship of Tarsiidae with Simiiformes, 
although weakly. Thus, it seems that the misleading 
phylogenetic signal of the mitogenome is confined to the 
protein-encoding genes.

Mitogenome data from 463 eutherians were retrieved 
from GenBank, and species names and accession numbers 
are listed in Supplementary Table S1. All protein-
encoding genes in the mitogenome except nd6 were 
aligned separately by the MUSCLE program (Edgar, 
2004) and were concatenated for the analysis. In total, 
12 genes were used and the total length of the alignment 
was 10,704 bp.

Phylogenetic inference A phylogenetic tree was inferred 

by the ML method (Felsenstein, 1981) with RAxML ver. 
7.04 (Stamatakis, 2006; Stamatakis et al., 2008) for the 
heuristic tree search. The GTR + Γ + I model (Hasegawa 
et al., 1985; Rodriguez et al., 1990; Yang, 1996) and the 
mtMAM + F + Γ + I model (Hasegawa et al., 1985; Yang, 
1996; Yang et al., 1998) were applied for nucleotide and 
amino acid sequence data, respectively. To evaluate the 
confidence of the internal branches, bootstrap probabili-
ties (BPs) were estimated by the standard bootstrap 
method and the rapid bootstrap method (Stamatakis et 
al., 2008), with 1,000 replications for the nucleotide 
sequences and 500 replications for the amino acid 
sequences. In the nucleotide ML analyses with RAxML, 
partition was applied to distinguish among the three 
codon positions (ML_CodonPartition) in our main analy-
sis, but an analysis without partition (ML_NoPartition) 
was also carried out for comparison. Furthermore, ML 
analyses using only third codon positions (ML_3), using 
1st + 2nd positions (ML_12) and using translated amino 
acid sequences (ML_aa) were also carried out. When 
partition was applied, the parameters of the model 
including the branch lengths were separately estimated 
for each codon position.

The ancestral states of internal nodes were inferred by 
the CODEML program in PAML ver. 4 (Yang, 2007) using 
the empirical Bayesian approach with the mtMAM + F + 
Γ model (Yang, 1996; Yang et al., 1998). Parallel and 
convergent substitution sites were identified by compar-
ing the estimated ancestral and the extant sequences.

Evaluation of the effect of dense taxon sampling 
The effect of dense taxon sampling on the accuracy of tree 
inference was evaluated in the following way. First, to 
reduce the computational burden, one representative spe-
cies was selected from each genus, yielding 273 species in 
total. The ML tree of the 273 species using GTR + I + Γ + 
codon partition model was inferred and was consistent 
with the ML_CodonPartition tree based on 463 species 
(Supplementary Figs. S1 and S2 for the 463 and 273 spe-
cies, respectively). Next, in addition to the five 
sequences of tarsier, colugo, pangolin, sperm whale and 
pygmy sperm whale, we randomly sampled 50, 100, 150, 
200, and 240 sequences from the remaining 268 
sequences. These datasets contain one tarsier and one 
colugo sequence, and are named T1C1. Furthermore, to 
take advantage of the deep branchings between the two 
species of tarsiers and among individuals of colugo, two 
extra colugo sequences and one extra tarsier sequence 
were added to each sample, giving two tarsier and three 
colugo sequences in total; this data set is named 
T2C3. The ML trees were inferred using RAxML with 
the GTR + I + Γ model with ML_CodonPartition for each 
sample. These procedures were repeated 10 times.

The effect of taxon sampling densities of the in-group 
and out-group was evaluated, taking Euarchontoglires as 
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an example. The dataset includes 64 sequences of 
Primates and Dermoptera as the in-group, and 59 
sequences of Rodentia, Lagomorpha and Scandentia as an 
out-group. A ML tree of all 123 Euarchontoglires 
sequences was inferred using the GTR + I + Γ + codon 
partition model (Supplementary Fig. S3) and found to be 
basically consistent with the ML_CodonPartition tree 
using the 463-species data set, except for several nodes, 

such as those concerning the phylogenetic position of 
Tupaia and the relationship between Lepilemur and 
Propithecus. In addition to the two tarsier and three 
colugo sequences from the in-group and five tree shrew 
sequences from the out-group, we randomly selected 10, 
20, 30, 40 or 50 sequences from the in-group other than 
tarsiers and colugos and 10, 20, 30 or 40 sequences from 
the out-group other than tree shrews. For each in-group 

Fig. 2. The ML_CodonPartition tree of 463 eutherian mitogenomes. The tree was estimated by RAxML ver. 7.04 (Stamatakis, 2006; 
Stamatakis et al., 2008) using the GTR + Γ + I model (Hasegawa et al., 1985; Rodriguez et al., 1990; Yang, 1996) with partition among 
three codon positions. The scale bar indicates 0.2 substitutions per site. The pictures were drawn by Utako Kikutani.
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Fig. 3. The Euarchontoglires part of the ML_CodonPartition tree. Numbers at nodes indicate bootstrap probabilities 
(BPs) in % (nodes without BP indications are 100% supported). The scale bar indicates 0.5 substitutions per site. Photos 
show representatives of the families, and do not necessarily correspond to the indicated species. The photos were all taken 
by M. H. except for Galeopterus variegatus (courtesy of Teruyuki Komiya).
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Fig. 4. Effect of denser taxon sampling on the accuracy of inferring Eutheria and Euarchontoglires trees. Horizontal axes indicate 
sample size (number of sequences) and vertical axes indicate the number of times well-established trees were recovered among 10 
trials. (a) Phylogenetic positions of the tarsier and colugo as inferred from +5 test data (one species from one genus) and +8 test data 
(one species from one genus, except for two species of Tarsius and three individuals of colugo). (b) Phylogenetic positions of the sperm 
whale and pangolin as inferred from T1C1. For detailed procedures, see the main text. (c) Phylogenetic positions of the tarsier and 
colugo as inferred from in-group sampling test data. (d) Phylogenetic positions of the tarsier and colugo as inferred from out-group 
sampling test data. (e) Phylogenetic positions of the colugo and the sperm whale inferred from out-group sampling test data on the 
basis of amino acid (aa) sequence data. Heuristic searches of the ML tree by the RAxML program were carried out for (a) to 
(d). However, since inferring the ML tree from the amino acid sequences was computationally too expensive, two topologies were com-
pared by PAML for (e) for the primate+colugo, and whale, respectively. For the Primates, (((Simiiformes, Tarsius), Strepsirrhini), 
Colugo) and (((Simiiformes, Colugo), Tarsius), Strepsirrhini) were compared. For the whales, (((Delphinoidea + Inoidea + Lipotoidea, 
Ziphioidea + Platanistoidea), Physeteroidea), Mysticeti) and (((Mysticeti, Ziphioidea + Platanistoidea), Physeteroidea), Delphinoidea + 
Inoidea + Lipotoidea) were compared.
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test, all taxa of the out-group were used, while for each 
out-group test, all in-group taxa were used. A ML tree 
was inferred using RAxML with the GTR + I + Γ + codon 
partition model. The procedures were repeated 10 times, 
and numbers of trees displaying the well-established posi-
tions of colugo and tarsier in the 10 trials were counted.

RESULTS

Phylogenetic relationships and effect of dense taxon 
sampling The ML tree of 463 taxa with the partition 
among different codon positions (ML_CodonPartition) is 
summarized in Fig. 2, and the detailed tree is shown in 
Supplementary Figs. S1 (463 species) and S2 (273 species: 
one representative species selected from each genus).
Remarkably, the tree is mostly consistent with the well-
established tree derived from analyses of nuclear 
DNA. The Euarchontoglires part of the tree is given in 
Fig. 3 (the detailed tree is shown in Supplementary Fig. 
S3), in which Dermoptera is sister to Primates, and 
Tarsiidae is sister to Simiiformes, consistent with the 
nuclear DNA analyses (Jameson et al., 2011; Janečka et 
al., 2007; Perelman et al., 2011; Schmitz et al., 2001; 
Schmitz and Zischler, 2003). Previous mitogenome anal-
yses all failed to obtain such relationships (Arnason et al., 
2002; Chatterjee et al., 2009; da Fonseca et al., 2008; 
Gibson et al., 2005; Kjer and Honeycutt, 2007; Matsui et 
al., 2009; Reyes et al., 2004; Xu et al., 2012), and our 
study is the first to obtain them using protein-encoding 
genes of mitogenomes. As will be discussed later, the 
phylogenetic positions of the pangolins (Pholidota), which 
is sister to Carnivora, and the sperm whales (Physeteridae, 
Cetacea), which represent the basal lineage of Odontoceti, 
are consistent with the well-established relationships 
already shown by previous studies (Arnason et al., 2008; 
Hassanin et al., 2012). Concerning the positions of tar-
sier and colugo, the main difference between our and pre-
vious mitogenome analyses is denser taxon sampling in 

our analysis. Therefore, we think the improvement of 
our result is mainly due to this denser taxon sampling.
To test this hypothesis, we evaluated the effect of dense 
taxon sampling (Fig. 4a) on BPs of each node in each trial 
(Supplementary Table S2). For the positions of tarsier 
and colugo, as taxon sample size increases, the probabil-
ity of obtaining the well-established tree also increases, 
especially in the T2C3 (two tarsier and three colugo 
sequences) data set.

We also evaluated the effect of dense taxon sampling on 
the phylogenetic positions of pangolins (Manis) and 
sperm whales. Figure 4b shows the number of trees hav-
ing the well-established positions of sperm whale and 
pangolin. The number of trees with the well-established 
position of sperm whale increases when the taxon sample 
size becomes larger, but the increase of taxon sample size 
has little effect on the position of pangolin.

Comparing different methods and datasets The res-
ults obtained from various models and methods are com-
pared in Table 1 with respect to the four phylogenetic 
issues (the tree topologies by each model and method 
were indicated in Supplementary Figs. S4-S10). Con-
trary to the high performance of ML_CodonPartition with 
nucleotide sequences for tree reconstruction, the perfor-
mance of the amino acid model was poor, and the amino 
acid tree (ML_aa; Supplementary Fig. S7) gave a sister 
group relationship of Dermoptera to Simiiformes as in 
previous mitogenome analyses, and a sister group rela-
tionship of Tarsiidae to the clade formed by Dermoptera 
and Simiiformes. The position of the sperm whale was 
also erroneous.

Interestingly, the ML analysis using only third codon 
positions (ML_3) performs unexpectedly well in resolving 
relatively shallow branchings such as the phylogenetic 
relationships within orders (the Primates and Cetacea 
parts of ML_3 are shown in Figs. 5 and 6, respectively); 
ML_3 gave sister group relationships between Tarsiidae 

Table 1. Phylogenetic positions estimated by various methods and models

tarsier
Tarsiiformes

colugo
Dermoptera

pangolin
Pholidota

sperm whale
Physeteridae

ML_CodonPartition
*Sister to

Simiiformes (64)
*Sister to

Primates (57)
*Sister to

Carnivora (79)
*Basal

Odontoceti (64)

ML_NoPartition
*Sister to

Simiiformes (59)
Sister to

Haplorhini (47)
*Sister to

Carnivora (66)
*Basal

Odontoceti (62)

ML_3
*Sister to

Simiiformes (88)
*Sister to

Primates (50)
Sister to

Cetartiodactyla (37)
*Basal

Odontoceti (80)

ML_12
Sister to Dermoptera +

Simiiformes (40)
Sister to

Simiiformes (48)
*Sister to

Carnivora (80)
*Basal

Odontoceti (34)

ML_aa
Sister to Dermoptera +

Simiiformes (65)
Sister to

Simiiformes (94)
*Sister to

Carnivora (81)
Sister to Platanista +

Ziphiidae + Mysticeti (41)

Asterisks (*) indicate agreement with putatively correct position established by nuclear gene sequences, indels 
and SINEs. Figures in parentheses indicate BPs in %.
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and Simiiformes (88% BP) and between Dermoptera and 
the monophyletic Primates (50% BP) (Table 1), consistent 
with the ML_CodonPartition analysis, while the other 
analyses (ML_12, ML_aa; see MATERIALS AND METH-
ODS for details) failed to recover these relationships.
Since ML_3 uses only the third codon positions, which 

evolve faster than other positions, it gave misleading rela-
tionships for several deep branchings as expected, but 
still gave agreement with the well-established relation-
ships for most shallow branchings, sometimes showing 
even better performance than ML_aa and ML_12.
ML_NoPartition gave a result consistent with 

Fig. 5. The Primates part of the ML_3 tree. Numbers at nodes indicate % BPs (nodes without BP indications are 100% supported).
The scale bar indicates 0.5 substitutions per site. Photos show representatives of the families, and do not necessarily correspond to 
the indicated species. The photos were all taken by M. H.
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ML_CodonPartition concerning the position of Tariiformes, 
but the position of Dermoptera was erroneous, indicating 
that the appropriate treatment of third codon positions by 
partitioning is essential for recovering the well-
established tree. The ML_CodonPartition model is much 
better than the ML_NoPartition model in terms of a 
model selection criterion such as AIC (Akaike, 1973): 
2,614,915.4 vs. 2,684,863.3 for ML_CodonPartition and 
ML_NoPartition, respectively.

DISCUSSION

Impact of dense taxon sampling and its pitfalls 
Some authors have argued that increased taxon sampling 
could greatly reduce phylogenetic errors (Goloboff et al., 
2009; Heath et al., 2008; Hillis, 1996; Zwickl and Hillis, 
2002), while others have concluded that it has little ben-
efit for phylogenetic inference compared to increased 

sequence length (Kim, 1996; Rosenberg and Kumar, 2001; 
Zhao et al., 2013). Our analysis convincingly showed 
that dense taxon sampling is important (Heath et al., 
2008; Hillis, 1996; Zwickl and Hillis, 2002). Previously, 
it was generally considered that adding more taxa to a 
phylogenetic inference creates a more complex problem of 
tree topology searching among a huge number of trees, 
and Kim (1996) argued that increasing the number of 
characters is a more practical way to improve phyloge-
netic accuracy. However, as Nishihara et al. (2007) dem-
onstrated, systematic errors present a serious problem in 
such a large dataset with respect to the number of char-
acters, but with sparse taxon sampling (see also the Sup-
plementary text, “Bias of phylogenetic inference and 
importance of taxon sampling”).

Recent improvements in phylogenetic algorithms and 
in computational power have removed many constraints 
on analyzing large, thoroughly sampled datasets (Heath 

Fig. 6. The Cetacea part of the ML_3 tree. Numbers at nodes indicate % BPs (nodes without BP indications are 100% supported).
The scale bar indicates 0.2 substitutions per site. Photos show representatives of the families, and do not necessarily correspond to 
the indicated species. The photos were all taken by M. H.



246 J. WU et al.

et al., 2008).
The ML method takes account of the ancestral states of 

the nodes, and therefore dense taxon sampling should be 
of benefit in overcoming misleading phylogenetic signals 
such as the long-branch attraction (LBA) artifact 
(Felsenstein, 1978; Kück et al., 2012). The increase of 
taxon sampling could cut long branches and helps to cor-
rectly evaluate multiple substitutions. The ML method 
has an obvious advantage over the distance method, 
which does not take account of the ancestral states. The 
parsimony method does take them into account, and the 
accuracy of this method is reportedly increased by denser 
taxon sampling (Debry, 2005). However, this method 
ignores multiple substitutions in a site and is therefore 
prone to be more seriously affected by the LBA than is the 
ML (see also Supplementary text). Although the ML 
method is thus superior to the alternative methods, it is 
extremely computationally demanding, and was therefore 
previously impractical for analyzing a dataset with dense 
taxon sampling. Due to the development of computer 
technology and of powerful algorithms (Stamatakis, 2006; 
Stamatakis et al., 2008), the ML method has now become 
practical even with a large number of taxa.

According to the taxon sampling test, when the number 
of samples increases, the probability of obtaining the well-
established tree also increases. This result strongly 
suggests that increased taxon sampling can reduce sys-
tematic error. Noticeably, in most of the previous stud-
ies using mitogenomes (Arnason et al., 2002; Gibson et 
al., 2005; Kjer and Honeycutt, 2007; Reyes et al., 2004), 
only around ten species of Primates were included.
According to Fig. 4d and Supplementary Tables S3 and 
S4, when the in-group sample size is around 10, the prob-
ability of recovering the well-established tree is around 
0.1. This may explain why the previous studies failed to 
obtain the well-established relationship. By increasing 
the number of in-group sequences, the probability of 
obtaining the well-established positions of tarsier and 
colugo increased, while increasing the number of out-
group species did not affect the probability of obtaining 
the well-established tree because it was already obtained 
with only 10 out-group species. Although Matsui et al. 
(2009) and Chatterjee et al. (2009) used more (around 20) 
Primate species, they still failed to obtain the well-
established relationships. When a phylogenetic tree was 
inferred with the same out-group as used by Matsui et al. 
(2009) (tree shrew, mouse, and rat) and all 64 species of 
the in-group, it failed to match the well-established tree 
(Supplementary Fig. S11). However, if distantly related 
species from the mouse and rat clade among the Glires 
were added (e.g., two extra species of rabbit), the well-
established tree was obtained, although the bootstrap 
support was low (Supplementary Fig. S12). Thus, the 
selection of out-group species is also important.

It is also notable that although denser taxon sampling 

can increase the probability of obtaining the well-
established tree, it has little effect on the level of nodal 
support. Despite the dense taxon sampling, misleading 
signals caused by several factors as mentioned above still 
apparently exist, and therefore nodal support is low in 
many problematic taxa (see also the Supplementary text 
“Comparison of the standard and rapid bootstrap meth-
ods” as well as Supplementary Fig. S13).

In contrast to the usefulness of dense taxon sampling 
for the nucleotide sequence data, the tree topology on the 
basis of the amino acid sequence data was highly inaccu-
rate even under dense taxon sampling (Fig. 4e). This 
may be caused by the information loss of synonymous 
substitutions, and the well-established tree could not be 
recovered simply due to the lack of informative sites.
However, the strong nodal support for the colugo/
Simiiformes clade (94%) implies the existence of signals 
that strongly mislead the tree topology, probably arising 
from convergent or parallel substitutions at the amino 
acid level. We reconstructed the ancestral states of 
amino acids using the ML_CodonPartition tree topology 
and found several parallel amino acid substitutions 
between the colugo branch and the ancestral branches 
within Haplorhini, and between the tarsier branch and 
the ancestral branches of Strepsirrhini, as well as 
between the ancestral baleen whale and other toothed 
whales (Table 2). Current models of phyogenetics do not 
assume parallel and convergent evolution. Therefore, in 
such a case, it is possible that however dense the taxon 
sampling was, the well-established tree might not be 
achievable.

Importance of synonymous substitutions Another
finding of our analyses was the importance of synony-
mous substitutions in inferring the eutherian mitoge-
nome tree. The substitution rate of the mitogenome is 
very high, and the number of transitional nucleotide dif-
ferences in third codon positions (always synonymous in 
the eutherian mitochondrial code) is almost the same in 
human/chimpanzee and human/orangutan comparisons 
(732/751 and 856/864 in our dataset) (Hasegawa et al., 
1985), although the orangutan divergence from human is 
roughly twice as old as the chimpanzee divergence (dos 
Reis et al., 2012). This means that a substantial number 
of multiple substitutions have accumulated between 
human and orangutan. For this reason, it was presumed 
that phylogenetic analyses might be hampered by synon-
ymous noise, and third codon positions were often dis-
carded from the analyses (Reyes et al., 2004) or amino 
acid sequences were used instead (Arnason et al., 2002; 
Cao et al., 2000; Xu et al., 2012).

Even in this situation, our analyses showed that syn-
onymous substitutions substantially improve phyloge-
netic inference if the taxon sampling is sufficiently dense, 
consistent with a suggestion from previous work (Seo and 
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Kishino, 2008; Simmons et al., 2006).
It should be noted that we are not directly comparing 

third codon positions of two arbitrary sequences which 
diverged 50–80 million years ago. In such a comparison, 
it is difficult to evaluate correctly the number of substitu-
tions during the long time period because of abundant 
multiple substitutions. The ML method we are using 
cuts long branches short and can correctly infer the ances-
tral states of intermediate splitting when taxon sampling 
becomes dense. A possible concern is that only one spe-
cies from Dermoptera is used in Fig. 3. In this case, an 
extremely slow evolutionary rate in colugos, represented 
by a short branch in Fig. 3, might have contributed to 
recovery of the phylogenetic signals contained in the third 
codon positions. As mentioned above, there are parallel 
and convergent substitutions at the amino acid level. In 
addition to parallel and convergent evolution, there 
appear to be other unknown factors that mislead tree 
inference, because, even when such amino acid sites were 
excluded from the analysis, an erroneous tree was still 

reconstructed (data not shown).
Parallel and convergent substitutions of amino acids 

are probably due to functional constraints on protein 
structure. In constrast, synonymous substitutions can 
be regarded as nearly neutral, and signatures of the phy-
logenetic traits may thus be recorded more explicitly.
Misleading signals at the amino acid level may be 
relieved by the inclusion of third codon positions in the 
analysis. This suggests that selection of nearly neutral 
sites was also preferred as well as the phylogenetic rep-
resentativeness of the taxon sampling.

Further perspectives This study has shown an unex-
pectedly high resolution of deep branchings as inferred 
from densely sampled mitogenome data, indicating the 
importance of dense taxon sampling as well as the use of 
appropriate models. However, several issues remain to 
be resolved.

First, the position of Scandentia (tree shrews) is prob-
lematic (Fig. 2). In this study, Scandentia is represented 

Table 2. Numbers of convergent and parallel substitution sites between branches

(a) Primates and Dermoptera

Ancestral branch leading to Number of convergent sites Number of parallel substitutions

Dermoptera Haplorhini 1 7

Dermoptera Simiiformes 0 45

Dermoptera Tarsiiformes 0 37

Dermoptera Platyrrhini 0 32

Dermoptera Catarrhini+Hominoidea 35

Dermoptera Catarrhini 6 13

Dermoptera Hominoidea 0 11

Total 8 180

Tarsiiformes Strepsirrhini 0 11

Tarsiiformes Lemuroidea 0 2

Tarsiiformes Lorisoidea 0 23

Total 0 36

(b) Cetacea

Ancestral branch leading to Number of convergent sites Number of parallel substitutions

Mysticeti Physeteroidea 0 2

Mysticeti Ziphioidea+Platanistoidea 1 1

Mysticeti Platanistoidea 0 5

Mysticeti Delphinoidea+Inoidea+Lipotoidea 1 1

Total  2 9

Physeteroidea Platanistoidea 0 12

Physeteroidea Delphinoidea+Inoidea+Lipotoidea 0 3

Total 0 15

Platanistoidea Delphinoidea+Inoidea+Lipotoidea 0 10

Total 0 10
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only by Tupaia belangeri, and it was placed as a sister 
group to Lagomorpha. With a BP of only 19%, this place-
ment is very uncertain from the dataset we analyzed.
The placement of Scandentia with Dermoptera and 
Primates in the grouping Euarchonta has been supported 
by nuclear evidence including retroposon-insertion analy-
sis (Kreigs et al., 2007; McCormack et al., 2012; Song et 
al., 2012) as well as genome-scale analyses (Fan et al., 
2013; however, their data did not include Dermoptera).
On the other hand, the relationships among Scandentia, 
Dermoptera and Primates within the monophyletic 
Euarchonta were left as an unresolved trichotomy 
(Janečka et al., 2007; Nie et al., 2008; Martin, 2008). We 
extensively examined the position of Scandentia within 
Euarchontoglires on the basis of mitgenome data (Supple-
mentary text). As a result, the relationships of “the sis-
ter to Lagomorpha (the ML tree)” and “the most basal 
among Euarchontoglires (the second best tree)” were indis-
tinguishable in terms of the likelihood score. However, as 
mentioned above, these topologies are unlikely. On the 
other hand, the tree topologies that support the 
“Euarchonta hypothesis” were marginally rejected, prob-
ably because of the sparse sampling of Scandentia and 
Dermoptera in this study. Although our study included 
only one species each of Scandentia and Dermoptera, 
Scandentia is a diversified order that includes distant 
groups from Tupaia, such as Ptilocercus and Dendrogale 
(Roberts et al., 2011), and Dermoptera has another genus, 
Cynocephalus, that is distant from Galeopithecus 
(Janečka et al., 2007). Inclusion of these additional taxa 
in the mitogenome analysis should contribute to resolving 
the phylogenetic relationships among orders in Euar-
chonta.

Second, the rooting problem of the eutherian mammals 
still remains. When the marsupial mammals and mono-
tremes were used as out-groups, the Rodentia was placed 
as the most basal group of eutherian mammals, and 
moreover was recognized as a paraphyletic group (Supple-
mentary Fig. S14). The monophyly of Rodentia and the 
phylogenetic position of this order are well established on 
the basis of nuclear evidence including retroposon-
insertion analysis and genome scale analysis (Murphy et 
al., 2001; Nishihara et al., 2006, 2007; Fan et al., 2013).
Therefore, this topology of the rooted tree on the basis of 
the mitgenome is unlikely.

Third, the position of Erinaceidae (hedgehog and 
moonrat) still remains unsettled. We did not include 
Erinaceidae in our analysis, because the position of 
Erinaceidae has not been settled, as noted in the Supple-
mentary text. Although Erinaceidae was placed as the 
most basal lineage among eutherian mammals on the 
basis of the mitgenome analysis (Supplementary text), 
this phylogenetic position is unlikely from nuclear 
evidence (Murphy et al., 2001; Douady et al., 2002; 
Hallström et al., 2011; Zhou et al., 2012). The aberrant 

placement of Erinaceidae was attributed to their distinct 
nucleotide compositions and rapid rate of mitogenome 
evolutoion, particularly in hedgehogs (Lin et al., 2002; 
Nikaido et al., 2003; Gibson et al., 2005). Applying 
three-state (AGY) and four-state (AGTC) general time-
reversible models for the first and second codon positions 
improved the position of Erinaceidae, placing them at the 
base of Laurasiatheria and making Eulipotyphla para-
phyletic (Gibson et al., 2005). Even if a eutherian 
unrooted tree was inferred, Erinaceidae was highly 
nested within rodents (data not shown).

The second and third problems are caused by the LBA 
artifact, and also by the convergently acquired nucleotide 
and/or amino acid composition similarity (Yonezawa and 
Hasegawa, 2010) between rodents and marsupials (data 
not shown). To solve them, we tried several strategies 
including (1) application of more realistic models such as 
the UNREST model that does not assume “time reversib-
lity” (Yang, 1994), a modified version of the HKY85 model 
(Yang, 2007) that allows heterogeneity of the nucleotide 
composition bias among lineages, and a more accurate 
amino acid substitution model derived from a huge 
amount of mammalian mitogenome data (Wu et al., in 
preparation), and (2) exclusion of fast-evolving sites and 
heterotachy sites that can cause the LBA. However, 
none of these approaches resolved the rooting problem of 
eutherian mammals or the phylogenetic position of hedge-
hogs.

Since the overall tree topology of eutherian mammals 
has been established by nuclear gene analyses, we can 
conclude that the relationships inferred from mitoge-
nomes, such as the early branching of hedgehogs in 
Eutheria and the paraphyly of Rodentia, were caused by 
an artifact of phylogenetic inference. Therefore, further 
studies using mitogenomes to refine the well-established 
tree are needed to reveal more accurately the mechanism 
of mitogenome evolution and to improve the models used 
in phylogenetic analyses.

CONCLUSIONS

By taking advantage of the rapid accumulation of mito-
genome sequences in the database and of the develop-
ment of powerful software for phylogenetic inference 
based on ML (Stamatakis, 2006; Stamatakis et al., 2008), 
we estimated the ML tree of 463 eutherian species from 
their mitogenome sequences. With such a densely sam-
pled data set, we could obtain relationships that were con-
sistent with the well-established nuclear DNA tree, 
whereas all previous mitogenome analyses failed to 
obtain such relationships. This is probably due to the 
denser taxon sampling used in our analysis, which thus 
emphasizes the importance of dense taxon sampling in 
phylogenetic inference. Furthermore, we showed the 
importance of using synonymous substitutions with an 
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appropriate model for inferring the well-established tree 
up to the subordinal level. However, we found that there 
are many parallel and convergent substitutions in the 
amino acid sequences, and, in such a case, in contrast to 
the high performance of dense taxon sampling concerning 
the accuracy of tree reconstruction at the nucleotide 
sequence level, it has almost no effect at the amino acid 
sequence level. Another point raised by our analysis is 
the importance of using an appropriate model in the ML 
analysis. ML analyses with poor models and analyses 
using alternative methods such as MP and NJ could not 
take full advantage of dense taxon sampling, and failed 
to obtain relationships that were consistent with the well-
established nuclear DNA tree. Reconstructing the tree 
of life is prerequisite to understanding how Earth’s biodi-
versity evolved, and it is important to choose an adequate 
phylogenetic marker for this purpose. Although mitoge-
nomes sometimes give a misleading phylogeny, we have 
shown that this shortcoming can be partially overcome by 
increasing the density of taxon sampling in conjunction 
with adequate phylogenetic models and methods, and we 
emphasize the usefulness of mitogenomes in reconstruct-
ing the tree of life.
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