GBE

Resolving the Phylogenetic Position of Coelacanth: The
Closest Relative Is Not Always the Most Appropriate Outgroup

Naoko Takezaki'* and Hidenori Nishihara?

'Life Science Research Center, Kagawa University, Mikicho, Kitagun, Kagawa, Japan

2Graduate School of Bioscience and Biotechnology, Tokyo Institute of Technology, Nagatsuta-Cho, Midori-Ku, Yokohama, Kanagawa, Japan
*Corresponding author: E-mail: takezaki@med.kagawa-u.ac.jp.

Accepted: March 19, 2016

Data deposition: Lungfish sequence reads were deposited in NCBI Sequence Read Archive under the accession numbers SRX895335 and
SRX895362.

Abstract

Determining the phylogenetic relationship of two extant lineages of lobe-finned fish, coelacanths and lungfishes, and tetrapods is
important for understanding the origin of tetrapods. We analyzed data sets from two previous studies along with a newly collected
data set, each of which had varying numbers of species and genes and varying extent of missing sites. We found that in all the data sets
the sister relationship of lungfish and tetrapods was constructed with the use of cartilaginous fish as the outgroup with a high degree
of statistical support. In contrast, when ray-finned fish were used as the outgroup, which is taxonomically an immediate outgroup of
lobe-finned fish and tetrapods, the sister relationship of coelacanth and tetrapods was supported most strongly, although the
statistical support was weaker. Even though it is generally accepted that the closest relative is an appropriate outgroup, our analysis
suggested that the large divergence of the ray-finned fish as indicated by their long branch lengths and different amino acid

frequencies made them less suitable as an outgroup than cartilaginous fish.
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Introduction

Jawed vertebrates are divided into two groups: cartilaginous
fish (CF) and bony vertebrates. The latter comprise ray-finned
fish (RF) and lobe-finned vertebrates (fig. 1a). Lobe-finned ver-
tebrates, in turn, include tetrapods and lobe-finned fish.
Coelacanths and lungfishes are two extant lineages of this
group of fishes (fig. 1b) (Clack 2002; Benton 2005, 2015).
Resolving the phylogenetic relationship of tetrapods, coela-
canths, and lungfishes is important for understanding the
origin of tetrapods and revealing the process of transition of
vertebrates from water to land. The traditional view is that
coelacanths are a sister group of tetrapods (Romer 1966)
(Tree 2, fig. 1b). Recent paleontological studies favor the lung-
fish—tetrapod sister relationship (Tree 1, fig. 1b) (Zhu et al.
2001; Clack 2002; Zhu and Yu 2002; Zhu et al. 2006,
2009; Swartz 2009; Benton 2015). However, morphological
studies have supported each of the three possible relationships
of the three lineages including the sister relationship of lung-
fishes and coelacanths (Tree 3, fig. 1b), and this relationship is
still controversial (Schultze and Trueb 1991; Clack 2002;
Benton 2015).

Molecular phylogenetic studies have also generated all
three relationships (Gorr et al. 1991; Zardoya et al. 1998;
Venkatesh et al. 2001; Brinkmann et al. 2004). The result
was equivocal even with the use of 44 nuclear genes
(Takezaki et al. 2004). However, recently, owing to sequenc-
ing of the coelacanth genome (Amemiya et al. 2013; Nikaido
et al. 2013), two studies (Amemiya et al. 2013 [100,583
amino acid sites from 251 genes from 22 species]; Liang
et al. 2013 [690,838 amino acid sites from 1,290 genes
from 10 species]) reconstructed the sister relationship of lung-
fish and tetrapods with high statistical support.

Phylogenomics has become a popular approach for reveal-
ing evolutionary relationships. Although the use of a large
amount of data is effective in reducing sampling error in the
estimation of phylogeny, gathering genomic data from many
species has its own problems (Philippe et al. 2005). The effects
of missing data in sequence alignments because of varying
guality among genome sequences and the loss of genes in
specific lineages are not well understood (Philippe et al. 2011).
Combining information from many genes that have been sub-
jected to heterogeneous evolutionary processes by
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Fic. 1.—The phylogenetic relationship of the major lineages in jawed
vertebrates and lobe-finned vertebrates. (a) The relationship of major lin-
eages in jawed vertebrates. (b) Three possible relationships for the three
extant lineages of lobe-finned vertebrates: Sister relationships of lungfishes
and tetrapods (Tree 1), coelacanths and tetrapods (Tree 2), and lungfishes
and coelacanths (Tree 3).

concatenation of gene sequences may generate errors
(Nishihara et al. 2007; Hess and Goldman 2011).
Furthermore, there may be factors to give systematic biases
to phylogeny construction such as different nucleotide/amino
acid compositions or heterotachious change among species/
taxonomic groups (Phillips et al. 2004; Rodriguez-Ezpeleta
et al. 2007). Therefore, even with the phylogenomic ap-
proach, careful consideration is necessary in taxon sampling
and the choice of tree-making methods and substitution
models.

In this study, to evaluate these effects and potential errors
in the phylogenomic analysis of coelacanth, lungfish, and tet-
rapods, we analyzed the data sets used by the previous two
studies and our newly collected data (242,475 amino acid
sites from 831 genes from 26 species).

Materials and Methods

RNA Extraction of Lungfish and Transcriptome Analysis

A right pectoral fin and pelvic fin were dissected from a lung-
fish (Protopterus dolloi) and used for RNA extraction. The tis-
sues were individually homogenized in TRIzol reagent (Life
Technologies, Inc.), and RNAs were extracted with TRIzol ac-
cording to the manufacturer’s procedure. The RNA samples
were used to construct individual paired-end libraries with

~200-bp inserts followed by sequencing using the lllumina
HiSeq 2000 at Beijing Genomics Institute (Shenzhen, China).
Over 4.4 Gb of paired-end 100-bp reads were generated from
each sample. Low-quality bases were trimmed using the
DynamicTrim program in SolexaQA (Cox et al. 2010) with a
Phred quality score cutoff of 20. All the reads were used for de
novo transcriptome assembling with Trinity (Grabherr et al.
2011), and putative coding sequences were extracted using
TransDecoder (http://transdecoder.github.io/). Finally, a total
of 23,485 open reading frame sequences with >450 bp was
obtained. The lungfish sequence reads were deposited in
NCBI Sequence Read Archive under the accession numbers
SRX895335 and SRX895362.

Sequence Data of 25 Vertebrate Species

RNA-seq data from little skate (Leucoraja erinacea), spotted
catshark  (Scyliorhinus  canicula), and elephant shark
(Callorhinchus mili) were retrieved from NCBI (accession num-
bers SRX036536-SRX036538), and coding sequence assem-
blies were generated according to the procedure described
above. For the three sharks, 28,856, 25,650, and 27,829
open reading frame sequences of >300bp were generated,
respectively.cDNA data were downloaded from Ensembl re-
lease 76 (Cunningham et al. 2015) for human (Homo sapiens),
mouse (Mus musculus), dog (Canis lupus familiaris), armadillo
(Dasypus novemcinctus), elephant (Loxodonta africana), opos-
sum (Monodelphis domestica), Tasmanian devil (Sarcophilus
harrisii), turkey (Meleagris gallopavo), chicken (Gallus gallus),
duck (Anas platyrhynchos), flycatcher (Ficedula albicollis),
turtle (Pelodliscus sinensis), lizard (Anolis carolinensis), western
clawed frog (Xenopus tropicalis), coelacanth (Latimeria cha-
lumnae), zebrafish (Danio rerio), medaka (Oryzias latipes), pla-
tyfish (Xiphophorus maculatus), tilapia (Oreochromis niloticus),
stickleback (Gasterosteus aculeatus), pufferfish (Takifugu
rubripes), and cod (Gadus morhua).

Collection of Orthologs from 26 Species

First, we obtained orthologs for lungfish, shark, and human
genes. A BLAST search was done with the lungfish genes as
the query sequences against data from each of the three shark
species and the human data. With the best-hit genes from the
sharks and human as queries, the search was done against the
human data and the shark data, respectively. If the human
and shark genes were reciprocal best hits, they were consid-
ered as orthologs of the lungfish gene used as the first query.
Similarly, coelacanth orthologs were obtained by the BLAST
search, using the lungfish genes as queries against the coela-
canth data and the human data. In this case, if the best-hit
genes of coelacanth and human were annotated as 1-to-1
orthologs in Ensembl, we considered them as orthologs of
the lungfish gene of the query.

In these BLAST searches, we used the lungfish data as the
gueries because insufficient transcriptome coverage might
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prevent the finding of orthologs. We used the human data as
a search database to anchor the ortholog search. Nucleotide
BLAST (r=2, G =2, E = 2, e-value cutoff of 1 x 107%) was
used in all the searches because protein BLAST is likely to give
a false hit for paralogous genes sharing the same amino acid
domain because of high sequence similarity.

Orthologs of the 13 nonhuman tetrapods and zebrafish
were collected according to 1-to-1 ortholog annotation with
human genes in Ensembl, and orthologs of teleost fish except
for zebrafish according to the 1-to-1 ortholog annotation with
zebrafish genes. The collected ortholog data were translated
to amino acid sequences and aligned using MAFFT (Katoh and
Standley 2013) with highly accurate settings of —maxiterate
1000 and —localpair. All the alignments were visually checked,
and obviously misaligned regions such as those including
highly variable positions and species-specific splice variants
were excluded. Ambiguous sites and gap-containing sites
were also excluded. Genes of short length (<100 amino
acids) were discarded. Finally, 831 genes with 242,475
ungapped amino acid positions were obtained for the 26 spe-
cies (data set IIl).

Sequence Data from Previous Studies

The data from two previous studies were provided by the
authors upon our request. Data from Amemiya et al. consisted
of concatenated sequences from 20 species with 112,212
amino acid sites (table 1) (data set I). Compared with the
data for 22 vertebrates with 100,583 amino acid sites de-
scribed in Amemiya et al. (2013), 2 CFs (spotted catshark
and elephant shark) were missing and the number of included
amino acid positions was slightly larger.

Sequence data provided by Liang et al. consisted of align-
ments of 1,465 individual genes. We used alignments of
1,288 genes with >50 shared sites for the 10 species
(table 1) (data set Il). This data set was slightly smaller than
that of Liang et al. (2013), which consisted of 1,290 genes and
a total of 690,838 amino acid sites and 351,095 shared sites
(table S4 in Liang et al. 2013). Differences in the genes used
for this data set are shown in supplementary table ST,
Supplementary Material online.

Missing Data

In data set I, the percentage of missing sites ranged from
0.2% (human) to 92.9% (Chinese brown frog, Rana

Table 1
Data Sets Analyzed in this Study

chensinensis) with an average of 14.2% (table 1 and supple-
mentary table S2, Supplementary Material online), and there
were 1,374 shared sites across all species. In data set Il, within
the total of 618,946 amino acid sites, 370,750 sites were
shared across all 10 species. The percentages of missing
sites ranged from 1.7% (human) to 22.0% (lungfish), with
an average of 6.5% (table 1 and supplementary table S2,
Supplementary Material online). Because the missing data
may affect the accuracy of phylogeny construction (e.g.,
Roure et al. 2012; Jiang et al. 2014; and references therein),
we constructed phylogenetic trees by excluding the five spe-
cies with the highest percentages of missing data (armadillo
47 .8%; tammar wallaby [Macropus eugenii] 45.1%; platypus
[Ornithorhynchus anatinus) 31.3%; turkey 10.7%; Chinese
brown frog 92%) in Amemiya et al.’s data and using only
the shared sites in Liang et al.’s data. After excluding the 5
sequences with the high percentage of missing data in data
set |, there were 66,928 shared sites and the average propor-
tion of missing data was 3.7%. However, the tree topologies
and the statistical support were essentially the same as for
analyses using the whole data sets. Therefore, we decided
to show only the results using all the species and all the sites.

Data Sets Consisting of Longest 20% of Genes

We prepared data sets consisting of the upper 20% of genes
based on their length for data sets Il and Ill (P20L). The P20L
data sets consisted of about half of the total number of amino
acid sites, and the average number of sites per gene was
about two times larger than that for each of the whole data
sets (supplementary table S3, Supplementary Material online).

Phylogenetic Analyses
Maximum-Likelihood Method

Phylogenetic trees were constructed by the maximum-
likelihood (ML) method using PhyML 3.1 (Guindon et al.
2010). We compared the likelihood values using four empir-
ical substitution models, JTT (Jones et al. 1992), LG (Le and
Gascuel 2008), WAG (Whelan and Goldman 2001), and
Dayhoff (Dayhoff et al. 1978) models, for concatenated se-
guences and individual genes, whether or not rate heteroge-
neity was assumed across sites (G4, discrete gamma
distribution with four categories and G8 with eight categories)
and invariant sites (l) were assumed, or amino acid frequencies

Data Set Source Genes Amino Acid Sites Species Missing Sites (%)
| Amemiya et al. 251 112,212 20 14.2

Il Liang et al. 1,288 618,946 10 6.5

1} This study 831 242,475 25 0

Note—In data set I, only concatenated sequence was available, and two shark species were missing. In data set II, genes with <50 amino acid sites were excluded.
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(F) were estimated from the data (supplementary tables S4
and S5, Supplementary Material online). Among the four sub-
stitution models, the JTT model had the highest likelihood
values. The increases in likelihood values with the settings of
I and G8 were relatively small in comparison with the increases
with the settings of G4 and F and the constructed tree topol-
ogies for concatenated sequences did not change. Therefore
we decided to use JTTFG4 in the ML analysis.

ML trees for concatenated sequences were also con-
structed using RAXML 8.1.16 (Stamatakis 2014) with JTTFG4
and GTR (general time reversible) + G4 models. The likelihood
and bootstrap values of the trees generated with JTTFG4 were
similar to those generated by PhyML. Therefore, we show only
the result of GTRG4 by RAXML. For the bootstrap tests, 500
replications were carried out.

In addition to the search of the best trees, likelihoods were
computed for the possible tree topologies with the known
taxonomic relationships fixed and ambiguous relationships
taken into account (supplementary table S6, Supplementary
Material online). For data set I, the likelihood values were
computed for three tree topologies that correspond to Trees
1, 2, and 3 (fig. 1b), whereas the other parts of the tree
remained fixed (fig. 2b). For data set |, the relationships of
elephant, armadillo, and other eutherian mammals were not
established (U1, U2, and U3 in supplementary table S6,
Supplementary Material online). Therefore, likelihoods were
computed for the nine possible tree topologies by taking
these ambiguous relationships into account. For data set |Il,
in addition to the relationships of elephant, armadillo, and
other eutherian mammals, by using different tree construction
methods and assuming substitution patterns, stickleback
came closer to the cluster of tilapia, platyfish, and medaka
than pufferfish (V1), or pufferfish and stickleback formed a
monophyletic group (V2). Therefore, likelihoods were com-
puted for 18 possible tree topologies when the RF was in-
cluded. The AU test in CONSEL (Shimodaira and Hasegawa
2001) was carried out for the likelihoods computed for the
possible tree topologies.

Multispecies Coalescent-based Method

We estimated species phylogeny by the multispecies coales-
cent-based (MSC) method using ASTRAL 4.7.12 (Mirarab
et al. 2014). Using ML trees of individual genes with the set-
ting of JTTFG4, statistical support was evaluated by the
multilocus bootstrap approach (Seo 2008) with 500 replica-
tions. An exact search of quartet trees was carried out for data
set Il and a heuristic search was done for data set lll.

Bayesian Method

Bayesian trees were generated using MrBayes 3.2.2 (Altekar
et al. 2004) with settings of JTTFG4 and GTRG4. Two simul-
taneous runs were carried out. The number of generations

was set to 500,000 for data sets | and Ill; 200,000 for data
set Il in the case of JTTFG4; and 8,000,000, 2,400,000, and
4,000,000 for data sets |, Il, and lll, respectively, in the case of
GTRG4. The burn-in fraction was set to 0.2 for JTTFG4 and 0.5
for GTRG4. We used the default values for all other settings.
We also generated trees with the setting “mixed,” in which
ten empirical substitution models including JTT, WAG, and
Dayhoff are sampled and averaged, together with the setting
G4. Because the results were essentially the same as those
from JTTFG4 (data not shown), we showed only the results
from JTTFG4.

In our preliminary study, we tried the CAT model with G4 in
PhyloBayes 3.3f (Lartillot et al. 2009). However, it was taking a
prohibitive amount of time and we could not obtain sufficient
convergence. Therefore we did not use the CAT model in this
study.

Determination of the Phylogenetic Network

Network trees were constructed using the neighbor-net with
JTT + G distance, and & scores (Holland et al. 2002) were
calculated by SplitsTree 4.14.2 (Huson and Bryant 2006).

Exclusion of Variable Positions

The number of substitutions per site was computed by parsi-
mony using PROTPARS in PHYLIP 3.6 (Felsenstein 2005) for all
the possible tree topologies and the average was taken (sup-
plementary table S7, Supplementary Material online). In total,
5%, 10%, and 20% of highly variable sites were excluded to
reduce the effect of long branch attraction (Brinkmann and
Philippe 1999). The excluded sites were those with >4, 6, and
8 substitutions for data set I; >6, 7, and 9 substitutions for
data set I and >4, 7, and 9 substitutions for data set IIl.
However, the tree topologies did not change.

Computer Simulation

Sequences of 300 amino acids for the 5 taxa (tetrapod, coela-
canth, lungfish, RF, CF) were generated by Seg-Gen (Rambaut
and Grassly 1997), assuming Tree 1-3 topologies and estimated
values of branch lengths and gamma parameters with the set-
ting JTTG for data sets |, Il, and lll. One thousand replications
were carried out. For each set of the five sequences, ML trees
were constructed by PhyML with JTTFG4 using CF + RF, RF, and
CF as the outgroup in each replication. Likelihood was com-
puted for the three possible topologies corresponding to
Trees 1-3, and the number of replications in which the topology
with the highest likelihood was counted. If two or three topol-
ogies had the same highest likelihood value (tie case), a value of
1/2 or 1/3 was counted up for those topologies, depending on
the number of the tie tree topologies generated.
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Fic. 2.—Maximum-likelihood trees constructed for concatenated sequences of the three data sets. (a)~(c) CF and RF were used as the outgroup. (a)—(1)
RF was used as the outgroup. (a) and (d) Data set | from Amemiya et al. (2013). (b) and (e) Data set Il from Liang et al. (2013). (c) and () Data set lll collected in
this study. The numbers on the branches are BPs from 500 replications. The trees were constructed with the JTTFG4 setting by PhyML.
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Results

ML Trees Constructed from Concatenated Sequences

In this study, we analyzed three data sets (Hll), in which the
number of genes, the number of species, and the percentage
of missing sites varied (table 1). Figure 2 shows ML trees con-
structed for concatenated sequences of all genes from the
three data sets: Data from Amemiya et al. (2013) (data set
l), data from Liang et al. (2013) (data set Il), and data collected
in this study (data set lll). The JTT model with rate heteroge-
neity across sites following the gamma distribution was as-
sumed, and amino acid frequencies were estimated from data
used (JTTFG4) (see Materials and Methods). When the CF and
RF (CF + RF) were used as the outgroup, as in Amemiya et al.
(2013) and Liang et al. (2013), the sister relationship of lung-
fish and tetrapods (Tree 1 in fig. 1b) was reconstructed with
high bootstrap probabilities (BPs) for all the data sets (87%,
100%, and 100% for data set I, I, and lll, respectively)
(fig. 2a—c). However, when only RF was used as the outgroup,
coelacanth became a sister to tetrapods in all the data sets
(Tree 2 in fig. 1b), although the BP was significantly high only
for data set Il (95%) and was low for data sets | and Il (54%
and 52%, respectively) (fig. 2d-f). By using only CF as the
outgroup, Tree 1 was reconstructed for all three data sets
with similar or slightly higher BPs (97%, 100%, and 99%
for data sets I, Il, and lll, respectively) (supplementary fig. S1,
Supplementary Material online) as compared with those using
CF + RF as the outgroup.

Likelihoods computed for the possible tree topologies and
the results from the AU tests were consistent with the con-
structed trees (table 2 and supplementary table S8,
Supplementary Material online). When the outgroup was CF
+ RF or CF, as the best trees searched mentioned above, tree

topologies with Tree 1 (Tree 1 topologies) had the highest
likelihood values. Tree 2 and Tree 3 topologies were rejected
by the AU test for data sets Il and lll (P < 0.001) and for data
set | with CF as the outgroup (P < 0.05). Tree 3 topology
was not rejected for data set | when CF + RF was the outgroup
(P = 0.146). This corresponds to the nonsignificant BP value
supporting Tree 1 (87%) in this case. When RF was the out-
group, Tree 2 topologies had the highest likelihood values for
all three data sets. For data set Il, consistent with the high BP
that supported Tree 2, Tree 1 and Tree 3 topologies were
rejected (P < 0.001), and for data sets | and ll, in addition
to Tree 2 topologies, both Tree 1 and Tree 3 topologies were
not rejected by the AU test (P > 0.07). However, the P-value
for the AU test was relatively high for Tree 3 (P=0.57) and low
for Tree 1 (P=0.09) for data set I, whereas the P-value for Tree
1 was relatively high (P=0.68) and that of Tree 3 was low (P =
0.07) for data set lll. As in the case with JTTFG4, ML trees with
the GTR model (GTRG4) were Tree 1 supported by high BPs
(>89% for data set | and 100% for data sets Il and Ill) when
CF + RF or CF was the outgroup (supplementary fig. S2,
Supplementary Material online, and table 3). When RF was
the outgroup, although Tree 2 was generated for all the data
sets with JTTFG4, Tree 3 and Tree 1 were generated with
GTRG4 for data sets | and Ill, respectively. However, the BPs
were low (<59%) with both GTRG4 and JTTFGA4.

ML Analyses of Individual Genes

We computed likelihood values for individual genes in data
sets Il and lll for the possible tree topologies using JTTFG4.
Consistent with the ML trees constructed from the concate-
nated sequences, the largest numbers of genes supported
Tree 1 for both data sets Il and Il when CF + RF or CF was

Table 2
Log-Likelihood Values of Concatenated Sequences
Data Set Tree Outgroup
CF + RF CF RF
ALL AU ALL AU ALL AU
I 1 —1,241,832.7 Best 0.738 —1,016,570.7 Best 0.624 —56.8 0.094
2 -82.6 0.028 —80.8 0.044 —1,157,666.6 Best 0.621
3 —53.6 0.146 —1345 1x 107> —3.1 0.574
[ 1 —5,726,397.0 Best 1 —4,779,270.5 Best 1 —2783 0.001
2 —593.6 2 x 107° —404.9 8 x 10°° —5,243,076.5 Best 0.936
3 —503.2 1x 1073 —697.3 7 x 107° -1216 0.001
n 1 —3,086,859.0 Best 0.855 —2,296,640.0 Best 0.832 —5.0 0.680
2 —308.3 5x 107° —224.9 0.001 —2,715,213.2 Best 0.765
3 —270.7 3 x 107 —415.2 6 x 107° —103.2 0.073

Note.—"AU" refers to the P-value from the AU test; JTTFG4 was assumed. Tree topologies for data sets | and Ill take into account the ambiguities in relationship of
elephant, armadillo, and the other eutherian mammals, and those for data set Ill the ambiguities in pufferfish and stickleback and the cluster of tilapia, platyfish, and
medaka (supplementary table S6, Supplementary Material online). The results for the topologies with the highest likelihood value among those with Trees 1, 2, and 3 are
shown; the results of all tree topologies are shown in supplementary table S8, Supplementary Material online. L = log-likelihood for the best tree. AL = the difference in the

log-likelihood values relative to the best tree.
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the outgroup, and the number of genes that supported the
Trees 1, 2, or 3 differed significantly (P < 0.02 by chi-square
test) (table 4). In contrast, when RF was the outgroup, the
largest number of genes supported Tree 3 in data set Il and
Tree 2 in data set lll, but the differences in the number of
genes that supported Trees 1, 2, or 3 became small (P =
0.98 for data set Il and 0.04 for data set Il by chi-square test).

Multispecies Coalescent-based Method

The phylogenetic trees were estimated by the MSC method
(Mirarab et al. 2014) for data sets Il and Il (table 3). This
method also generated Tree 1 with CF + RF or CF as the
outgroup and Tree 2 with RF as the outgroup for both data
sets. BPs in the former case (>98.4%) were as high as those
by the ML method (97%). With RF as the outgroup, BPs
(83.3% for data set Il and 48.1% for data set Ill) were slightly
smaller than those from the ML method (>88% for data set Il
and >52% for data set Ill). It should be noted that BP support
was 15.8% for Tree 3 and was virtually zero for Tree 1 with RF
as the outgroup for data set II.

Bayesian Analyses

The tree topologies generated by the Bayesian method were
essentially the same as those generated by the ML method if
the same substitution model was assumed (supplementary fig.
S3, Supplementary Material online, and table 3). However,
posterior probabilities (PPs) supporting the relationships of
coelacanth, lungfish, and tetrapods were always high (1.00)
even when BPs from the ML method were low (51-59%) for

data sets | and Ill with RF as the outgroup. This is consistent
with previous studies in that PPs tend to provide overconfi-
dence (see Discussion).

Network Phylogeny

Figure 3 shows the network trees constructed for the three
data sets. There are incompatibilities in the tree topologies for
the common ancestral branches of tetrapods, lobe-finned
fish, RF, and CF in all the data sets. In the case of data sets |
and lll, the network trees show incompatibilities in the
common ancestors of eutherian mammals. The & scores,
which are a measure of an extent of incompatibilities in tree
topologies (Holland et al. 2002), are relatively high for coela-
canth and lungfish in all the data sets (supplementary table S9,
Supplementary Material online). Most of the internal branches
show signs of reticulation, but a ® test for detecting recom-
bination (Bruen et al. 2006) was significant only for data set lll
(P=0.0 and P = 1.0 for data sets | and II).

Data Sets Consisting of Upper 20% of Long Genes

Because shorter genes are likely to be affected by the effect of
sampling errors and their use may generate errors in phylog-
eny estimation, we compiled data sets consisting of the upper
20% of genes based on length (P20L) for data sets Il and Il
(supplementary table S3, Supplementary Material online). The
results were generally similar to those of the whole data sets
(supplementary tables S8 and S10, Supplementary Material
online) except that Tree 1 was generated by all the methods
with RF as the outgroup for data set lll. However, in this case

Table 3
Summary of Tree Topologies and their Statistical Support
Data Set Method Substitution Model Outgroup
CF + RF CF RF
Tree BP or PP Tree BP or PP Tree BP or PP
| ML JTTFG4 1 87 1 97 2 54
GTRG4 1 89 1 100 3 51
Bayesian JTTFG4 1 1.00 1 1.00 2 1.00
GTRG4 1 1.00 1 1.00 3 1.00
Il ML JTTFG4 1 100 1 100 2 95
GTRG4 1 100 1 100 2 88
Bayesian JTTFG4 1 1.00 1 1.00 2 1.00
GTRG4 1 1.00 1 1.00 2 1.00
MSC JTTFG4 1 100 1 99.8 2 833
3 15.8
1] ML JTTFG4 1 100 1 97 2 52
GTRG4 1 100 1 100 1 59
Bayesian JTTFG4 1 1.00 1 1.00 2 1.00
GTRG4 1 1.00 1 1.00 1 1.00
MSC JTTFG4 1 994 1 98.4 2 48.1

Note.—BP: bootstrap probability (for ML and MSC methods). PP: posterior probability (for Bayesian analyses).
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Table 4
Number of Genes that Supported Trees 1, 2, and 3
Data Set Tree Outgroup
CF + RF CF RF

Il 1 517 522 429

2 342 401 425

3 429 365 434

P value 0.0001 0.0005 0.9767
1] 1 335 326 278

2 229 273 319

3 267 232 234

P value 0.006 0.0157 0.0373

Note.—"P value” indicates that from a chi-square test.

(a) Chicken ]
Lizard Turkeyzebra finch

Western clawed frog Mouse
u

Human

Dog

Elephant

Armadillo

Chinese brown frog

Zebrafish Opposum

Tammar wallaby

Tilapia Platypus

Pufferfish Coelacanth

Little skate Lungfish

(b) Zebrafish
Pufferfish

Western clawed frog

Chicken

Human

Coelacanth
Spotted catshark

Elephant shark Lungfish
(C) Platyfish
Stickleback Medaka
I Little skate
Tilapia Spotted catshark
Pufferfish, Elephant shark
Cod

Coelacanth
Lungfish

Zebrafish

Western clawed frog

’ Armadillo
Chickenpyck  Opossum Elephant

Turkey Tasmanian devil
Flycatcher

Fic. 3.—Network trees. (a) Data set I. (b) Data set Il. (c) Data set Ill. The
neighbor-net with JTTG distance was used.

BPs supporting Tree 1 were not high (<84% by the ML
method and 63.6% by the MSC method) (supplementary
table S10, Supplementary Material online) and the AU test
did not reject Tree 2 topologies in addition to Tree 1 topolo-
gies (supplementary table S8, Supplementary Material online).
Furthermore, the largest number of genes supported Tree 2
with RF as the outgroup (supplementary table S11,
Supplementary Material online). The network trees were sim-
ilar to those for the whole data sets (supplementary fig. S4,
Supplementary Material online), but the & scores were slightly
smaller (supplementary table S9, Supplementary Material
online).

Extent of Divergence of Cartilaginous Fish and Ray-
Finned Fish

Whether concatenated sequences were used or separated
analysis of individual genes was carried out, the ML method
consistently constructed Tree 1 with high statistical support
when CF + RF or CF was used as the outgroup. In contrast,
when RF was the outgroup, Tree 2 and Tree 3 were generated
for data sets I and Il and Tree 1 and Tree 2 were generated for
data set Ill, although BPs were low for data sets | and Il (BP <
59%). The P20L data sets generated results that were consis-
tent with those for the whole data sets.

How can we reconcile the varying results using different
outgroups? As RF is taxonomically an immediate outgroup of
lobe-finned fish and tetrapods, they may be more appropriate
as the outgroup than CF. To determine whether CF or RF is
more appropriate as the outgroup, we examined the extent of
divergence of CF and RF. Supplementary figure S5,
Supplementary Material online, shows Tree 1, 2, and 3 topol-
ogies of the five taxa (tetrapods, lungfish, coelacanth, RF, and
CF). The estimated branch lengths were similar for all three
data sets and the three tree topologies (table 5). The branch
lengths for RF (0.28-0.29) were the longest and were 35—
49% longer than those for CF (0.20-0.21). Note that
branch lengths for tetrapods (0.18-0.21) were similar to
those for CF; relative to the tetrapod branch lengths, branch
lengths for lungfish (0.15-0.17) and coelacanth (0.11-0.14)
were slightly shorter. The lungfish branch was longer than the
coelacanth branch (17-18% in data set Il and 33-38% in data
sets | and lll). This is consistent with the previous observation
that the evolutionary rate of coelacanth was markedly slow
compared with lungfish (Higasa et al. 2012; Amemiya et al.
2013; Nikaido et al. 2013). The lengths of the internal
branches connecting lungfish and coelacanth (b1) were 0.01
or slightly shorter. These were a half to one-third of the branch
lengths connecting CF and RF (b2).

In addition, we examined the differences in amino acid
frequencies among the five taxonomic groups. The differ-
ences between RF and the other groups were all significant
by the chi-square test (upper diagonals of table 6). The
number of amino acids whose frequency was significantly
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Table 5

Average Branch Lengths of Trees of the Five Taxonomic Groups

Tree Data Set Tetrapod Lungfish Coelacanth RF CF b1 b2 r1 r2

1 | 0.211 0.162 0.119 0.284 0.209 0.009 0.020 1.37 1.36
Il 0.205 0.171 0.146 0.291 0.207 0.010 0.018 1.17 1.40
11l 0.177 0.153 0.114 0.292 0.196 0.009 0.017 1.34 1.49

2 | 0.213 0.161 0.120 0.283 0.209 0.008 0.019 1.34 1.35
Il 0.208 0.172 0.147 0.291 0.207 0.007 0.018 1.17 1.40
11l 0.179 0.154 0.115 0.292 0.196 0.007 0.017 1.33 1.49

3 | 0.213 0.160 0.116 0.284 0.210 0.010 0.021 1.38 1.35
Il 0.209 0.169 0.143 0.291 0.208 0.009 0.020 1.18 1.40
11l 0.180 0.152 0.112 0.292 0.196 0.008 0.018 1.35 1.49

Note.—Tetrapod, lungfish, coelacanth, RF, and CF refer to the branch lengths leading to the taxa (supplementary fig. S5, Supplementary Material online); r1 and r2 refer
to the ratio of branch lengths of lungfish to coelacanth and of RF to CF, respectively; the average of the lengths to all species was taken for the length of the tetrapod, RF,
and CF branches; b1 and b2 refer to internal branches connecting coelacanth and lungfish and RF and CF, respectively (supplementary fig. S5, Supplementary Material

online); branch lengths were estimated by the ML method with JTTFG4.

Table 6

Differences in Amino Acid Frequencies among the Taxonomic Groups

Data Set Tetrapod Lungfish Coelacanth RF CF

| Tetrapod — 39.8* 171 41.7* 40.4*
Lungfish 6 — 14.1 92.3* 22.2
Coelacanth 0 0 — 71.1% 315
RF 11 7 7 — 147.3*
CF 5 0 1 7 —

I Tetrapod — 92.8* 72.0* 137.2* 41.3*
Lungfish 9 — 31.6 305.1* 31.0
Coelacanth 4 1 — 301.8* 42.5%
RF 12 13 12 — 174.6*
CF 9 5 6 10 —

n Tetrapod - 27.0 19.9 48.6* 234
Lungfish 1 — 7.5 73.8* 9.8
Coelacanth 0 — 78.4* 12.6
RF 15 10 12 — 165.3*
CF 10 0 0 12 —

Note.—Upper diagonal elements are chi-square values between the taxonomic groups. An asterisk indicates that the value is significant at the 1% level. Lower diagonal
elements show the number of amino acids for which the z-test was significant (at the 1% level); for data set II, only shared sites were used.

different by z-test was the highest between RF and the other
groups (lower diagonals of table 6). This difference in amino
acid frequencies and the long branch length of the RF indi-
cates that RF is the most divergent among the taxonomic
groups.

Computer Simulation Using the Estimated Branch
Lengths

To see how the long branch leading to RF affected the con-
structed tree topology, we carried out a simple computer sim-
ulation in which sequences were generated for the trees of
the five taxa (supplementary fig. S5, Supplementary Material
online) with the estimated branch lengths for the three data
sets (table 5) by assuming the JTTG model. Phylogenetic trees
were constructed by the ML method using CF + RF, RF, or CF

as the outgroup. Irrespective of the tree topologies assumed
and data sets for which the branch lengths were estimated,
the assumed tree (correct tree) was obtained slightly more
often with CF as the outgroup than with RF, although the
number of replications in which an assumed tree was recon-
structed was the highest for CF + RF as the outgroup (table 7
and supplementary table S12, Supplementary Material
online). We elongated the branch of RF to twice the estimated
value (bR x 2). The number of replications in which the as-
sumed tree was constructed became smaller with CF + RF or
RF as the outgroup compared with the case in which the
estimated branch length was assumed, whereas it remained
similar with CF as the outgroup (table 7 and supplementary
table S12, Supplementary Material online). This indicates that
the correct tree is less likely to be constructed using an out-
group with a longer branch length.
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Table 7

The Number of Replications in which Tree 1-3 Topologies Were Obtained in a Simulation When Tree 1 Was Assumed

Data Set Tree Constructed Estimated Branch Length bR x 2 b1/10

CF + RF RF CF CF + RF RF CF CF + RF RF CF

| 1 597.5 524.0 536.8 572.0 474.7 553.8 383.8 334.2 358.2
2 2135 217.5 230.8 237.0 279.7 237.3 305.3 353.2 309.2
3 189.0 258.5 232.3 191.0 245.7 208.8 310.8 312.7 332.7

I 1 603.3 531.0 547.0 590.0 460.0 563.0 366.2 3355 369.8
2 210.3 2385 226.5 235.5 294.0 2235 341.7 349.0 304.3
3 186.3 230.5 226.5 174.5 246.0 2135 292.2 315.5 325.8

1] 1 599.8 520.5 534.3 551.7 462.5 516.5 389.8 3385 346.0
2 196.8 247.0 2383 232.7 278.5 239.5 306.8 3425 317.5
3 203.3 232.5 227.3 215.7 259.0 244.0 303.3 319.0 336.5

Note.—bR x 2 refers to the case in which the length of the branch to RF was elongated to two times the estimated value when sequences were generated. b1/10 refers
to the case in which the length of the internal branch was reduced to one-tenth of the estimated value; when CF + RF was used as the outgroup, the likelihood values of the
three topologies shown in supplementary figure S5, Supplementary Material online, were compared. The JTTG model was assumed to generate sequences using the

estimated gamma parameter values 0.461, 0.501, and 0.394 for data sets |, Il, and Ill, respectively; 1,000 replications were carried out.

We also reduced the length of the internal branch (b1) to
one-tenth of its estimated value (b1/10). When Tree 1 was
assumed, the assumed tree was constructed most often with
CF + RF or CF as the outgroup. However, using RF as the
outgroup, although the difference in the number of replica-
tions for which Tree 1, 2 or 3 was constructed was small, Tree
2 was constructed most often. In contrast, when Tree 2 or
Tree 3 was assumed, the assumed tree was constructed most
often regardless of the outgroup used except in one case in
which Tree 3 was assumed for data set | and CF + RF was used
as the outgroup (supplementary table S12, Supplementary
Material online).

In the simulation, the same substitution model JTTG) was
assumed for all the branches. However, in the data sets that
we analyzed, the substitution pattern was apparently hetero-
geneous as indicated by the divergent amino acid frequencies
among the taxonomic groups. Therefore, the case in which
the internal branch was set to one-tenth of the estimated
value is likely to reflect the actual evolutionary change more
closely than the case where the estimated value was used. This
result supports the idea that Tree 1 represents the true rela-
tionship of coelacanths, lungfishes, and tetrapods, because if
Tree 2 or Tree 3 represents the true relationship, it is likely that
the constructed tree topology would not change when differ-
ent outgroups were used.

Discussion

In this study, we constructed the phylogeny of coelacanths,
lungfishes, and tetrapods for the three data sets, using various
tree-making methods and substitution models. Although it
has been generally accepted that the closest relatives are the
most appropriate outgroups in phylogenetics, our study
showed that this is not always the case. RF is taxonomically
more closely related to lobe-finned fish and tetrapods than CF.
However, the average lengths of branches leading to RF were
35-50% longer than those leading to CF, and the amino acid

frequencies of RF were the most divergent among the taxo-
nomic groups. Our simple simulation for the five taxa using
the estimated branch lengths showed that correct tree topol-
ogies were constructed more frequently by using CF as the
outgroup rather than RF and suggested that the use of RF as
the outgroup may result in a systematic error that misleads the
constructed tree topology. Although RF has frequently been
used as the outgroup in the phylogenetic analysis not only for
the relationship of coelacanths, lungfishes, and tetrapods but
also for that within tetrapods, the use of RF as the outgroup
needs a careful examination in terms of the heterogeneity of
evolutionary rate and nucleotide/amino acid composition
among taxa.

The Effect of Missing Data, the Number of Species, and
the Number of Genes in Data Sets

The data sets analyzed in this study were different in their
number of species, their number of genes, and the extent
of missing sites. The proportion of missing data was quite
high for some of the species in data set I. In data set II, the
proportion of missing data for each species was not so high,
but the proportion of shared sites in all species was only half of
the total sites (table 1 and supplementary table S2,
Supplementary Material online). We excluded species with a
high proportion of missing data in data set | and the sites that
contained missing data in data set Il. However, tree topologies
constructed by all tree-making methods did not change (see
Materials and Methods). The reason that the tree topologies
were unaffected by missing data in these data sets could be as
follows. In the case of data set |, the five species with high
proportions of missing data were all tetrapods. After excluding
them, the remaining nine species were still distributed in the
major lineages mammal, bird, and amphibian. In data set Il
the BPs of randomly chosen genes had already reached a
plateau and had become close to significantly high values
(95%) even when only 250 genes were analyzed, which
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corresponds to > 120,000 sites or 70,000 shared sites (see the
average BPs of randomly chosen genes with CF + RF as the
outgroup in table S13 and in fig. 3 in Liang et al. 2013). This is
much smaller than the number of shared sites (over 300,000)
in the entire data set.

We investigated the relationship of the numbers of sites
or genes and species with the reliability of the tree topology
by comparing BPs in ten sets of randomly chosen genes
from data sets Il and Il when CF + RF was the outgroup
(supplementary table S13, Supplementary Material online).
In both data sets, if the number of genes was over 250, the
BPs supporting Tree 1 reached a plateau and were ~95% or
higher. We note that this is close to the prediction by
Takezaki et al. (2004) that ~200 genes would be necessary
to resolve the relationship of coelacanths, lungfishes, and
tetrapods. The number of sites in data set Ill and the number
of shared sites in data set Il were similar when the analyses
were carried out with the same number of genes (the
number of all sites in data set Il was about 1.7 times as
large as the shared sites) (supplementary table S13,
Supplementary Material online). Because the number of
species in data set lll was 2.6 times as large as that in data
set I, to obtain high BP, it is more efficient to increase the
number of genes or sites rather than the number of species.

However, when RF was the outgroup, BPs supporting Tree
2 were high for data set Il (95% for JTTFG4 and 88% for
GTRG4 by the ML method and 83.3% by the MSC method)
in addition to the high BPs supporting Tree 1 (100%) with CF
+ RF or CF as the outgroup. For 200 and 400 randomly chosen
genes in data set Il, for which the number of sites corresponds
to those in data sets | and ll, respectively, the average BPs
supporting Tree 2 (~80%) were higher than the BPs for data
sets | and Il (<59%; table 3 and supplementary table S14,
Supplementary Material online) and reached 90% for 1,200
genes (supplementary table S14, Supplementary Material
online). This suggests that the BP supporting Tree 2 is higher
with a smaller number of species although a large number of
sites is necessary to obtain a significantly high BP (95%). Low
BPs supporting Trees 2 and 3 (<59%) in data sets | and lll with
RF as the outgroup suggest that an erroneously high BP can be
avoided by having a large number of species, which is consis-
tent with previous studies (reviewed in Nabhan and Sarkar
2012).

ML and Bayesian Methods

With the ML and Bayesian methods, the effect of using dif-
ferent substitution models and parameters was small. If rate
variation across sites was assumed, irrespective of substitution
models and parameters, Tree 1 was constructed when CF + RF
or CF was used as the outgroup. In contrast, when RF was
used as the outgroup, Trees 1, 2, or 3 were constructed de-
pending on the data sets, whether concatenated sequences

were analyzed (superalignment approach) or separate analy-
ses of individual genes were done (MSC method), and the
substitution models used. With the ML method, although
Tree 1 was supported with high BPs with CF + RF or CF as
the outgroup; with RF as the outgroup BPs were low except
for those in data set Il. In contrast, PPs for the Bayesian method
were always high (PP = 1.00). This is consistent with previous
studies based on computer simulation (Buckley 2002; Alfaro
et al. 2003; Cummings et al. 2003; Douady, Delsuc, et al.
2003; Lewis et al. 2005) and actual data in which PPs from
the Bayesian method were higher than BPs from the ML
method (Murphy et al. 2001; Whittingham et al. 2002;
Douady, Catzeflis, et al. 2003). In some cases conflicting
branching patterns were supported by high PPs (Buckley
et al. 2002; Douady, Dosay, et al. 2003). Although the
Bayesian method is widely used in phylogeny construction,
we have to be cautious because PPs from the Bayesian
method are likely to give overconfidence.

Phylogenies Using Concatenated Sequences and
Individual Genes

Concatenation of sequences of individual genes may distort
the constructed species phylogeny when there is heteroge-
neity across genes in the evolutionary processes by factors
such as incomplete lineage sorting (ILS), horizontal transfer,
and natural selection. In contrast, the trees of individual
genes may suffer from a large sampling error or a low phy-
logenetic signal (Rokas et al. 2003; Nishihara et al. 2007,
Hess and Goldman 2011; Salichos and Rokas 2013; Edwards
et al. 2016). In the case of our data sets, the divergence of
the lineages leading to coelacanths, lungfishes, and tetra-
pods apparently occurred in a short time period as indicated
by the short branches connecting them (table 5). Therefore,
the effect of ILS on the phylogeny of the three lineages
is concerned. The network trees showed that there are
substantial conflicts in the branching pattern among coela-
canth, lungfish, and tetrapods (fig. 3). However, phyloge-
nies using concatenated sequences and individual genes
were congruent regardless of the outgroup used (table 3).
This indicates that the effect of ILS on the phylogeny of
coelacanths, lungfishes, and tetrapods is small compared
with the effect of the outgroup used.

We excluded short genes to reduce the effect of sampling
errors in individual genes in data sets Il and lll. With the use of
upper 20% of long genes (P20L data sets), the conflict of the
branching patterns indicated by & scores reduced in both data
sets (supplementary table S9, Supplementary Material online)
and Tree 1 was generated even when RF was the outgroup for
data set Ill. However, the results from the P20L data sets
were generally consistent with those from the whole data
sets (supplementary fig. S4 and tables S8, S10, and S11,
Supplementary Material online).
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Appropriate Outgroup

Our analysis suggested that incorrect tree topologies were
generated because of the long branch of RF. Indeed, genes
for which Tree 1 topologies were constructed, the branch
lengths of RF were shorter, and the differences in amino
acid frequencies between RF and the other taxonomic
groups were smaller than those for genes with Tree 2 and 3
topologies (supplementary table S15, Supplementary Material
online). However, for individual genes these values have large
sampling errors, and the branch lengths among genes with
different tree topologies were not significantly different (P >
0.25 by t-test). A correlation between the branch length of RF
and amino acid frequency differences is positive but weak:
Pearson’s correlation coefficient = 0.17 (P = 6 x 107'°) for
data set Il and 0.03 (P = 0.4) for data set Ill. We constructed
phylogenetic trees with RF as the outgroup by using the genes
with short branch lengths or small chi-square values for amino
acid frequencies after sorting the genes by these values. Tree 1
was constructed using the first 300 genes with short branch
lengths and the first 100 genes with small chi-square values in
data set Il, but the BPs were not significant (<85% and 65%).
Furthermore, when the first 100 genes sorted by these two
values in data set Ill were used, Tree 2 and Tree 3 were re-
spectively constructed. Therefore, it appears to be difficult to
choose appropriate genes by using RF as the outgroup.

In the analysis of the P20L data sets, even when RF was the
outgroup, Tree 1 was generated for data set lll, although the
BPs were not high. In contrast, Tree 2 was generated for the
P20L set of data set Il with high BPs with RF as the outgroup
(supplementary table S10, Supplementary Material online).
This may be because the difference in amino acid frequencies
among the taxonomic groups was larger for the P20L set of
data set I, whereas in the P20L set of data set Il the difference
in amino acid frequencies is slightly smaller than in the whole
data set, although average lengths of all branches including
those of RF were shorter in both P20L data sets than in the
whole data sets (supplementary table S3, Supplementary
Material online).

The RF included in the data sets analyzed in this study was
all teleost fishes. Whole-genome duplication appears to have
occurred before the diversification of teleost fishes in the RF
lineage (Christoffels et al. 2004; Hoegg et al. 2004; Woods
et al. 2005; Crow et al. 2006). Some studies indicated that not
only duplicated genes but also genes of teleost fishes in gen-
eral have a high evolutionary rate because of their weaker
functional constraints in comparison with mammals (Brunet
et al. 2006). There are RFs such as bichir and gar that diverged
from teleost fishes before the whole-genome duplication
(Inoue et al. 2003), which may have a slower rate of evolution
than teleost fishes. Indeed, in our preliminary analysis of a
small number of genes, the evolutionary rate of spotted gar
(Amores et al. 2011) was about one-third of that of teleost
fishes. Therefore, it is promising that the use of the spotted gar

or other RF that diverged from teleost fishes will firmly estab-
lish the phylogenetic relationship of coelacanths, lungfishes,
and tetrapods.

Supplementary Material

Supplementary figures S1-S5 and tables S1-S5 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxformdjournals.org/).
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