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Abstract

The origin of tetrapod has been one of intense debating open questions for decades between coelacanth(Latimeria chalumnae)

and lungfish (Protopterus annectens). For resolving this incongruence in phylogenies, a genome-wide data mining approach

is used to retrieve 43 shared genes of seven taxa from GenBank and further 1001 orthologous genes of ten taxa from the

Ensembl and NCBI. We used the maximum gene-support tree approach and the majority-rule branch approach to analyze 43

nuclear genes encoding amino acid residues and compared these results to those inferred with the concatenation approach. Our

results successfully provide strong evidence in favor of the lungfish-tetrapod hypothesis, but rejecting the coelacanth-tetrapod

hypothesis based on significantly fewer gene supports and lower taxon jackknife probabilities for the coelacanth-tetrapod clade

than the lungfish-tetrapod one with the maximum gene-support tree approach and the jackknife method for taxon subsampling.

When more and more genomic data become available in recent years, sequence data of 1001 shared genes was mined. We used

the maximum gene-support approach with this larger dataset successfully to infer that lungfish is the closest relative of land

vertebrates with a significant difference at p < 0.01 (Chi-Square test) in gene support values between a maximum gene-support

tree and the second most gene support tree with ML methods. The second most support to the maximum (SM ratio), a relative

value, is a better support index than a single absolute value of support to show the insight of the phylogenetic support. Our

results also show increasing the number of shared genes is much more effective than increasing the number of taxa.
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ABSTRACT The origin of tetrapod has been one of intense debating open questions for decades between
coelacanth(Latimeria chalumnae ) and lungfish (Protopterus annectens ). For resolving this incongruence
in phylogenies, a genome-wide data mining approach is used to retrieve 43 shared genes of seven taxa
from GenBank and further 1001 orthologous genes of ten taxa from the Ensembl and NCBI. We used the
maximum gene-support tree approach and the majority-rule branch approach to analyze 43 nuclear genes
encoding amino acid residues and compared these results to those inferred with the concatenation approach.
Our results successfully provide strong evidence in favor of the lungfish-tetrapod hypothesis, but rejecting
the coelacanth-tetrapod hypothesis based on significantly fewer gene supports and lower taxon jackknife
probabilities for the coelacanth-tetrapod clade than the lungfish-tetrapod one with the maximum gene-
support tree approach and the jackknife method for taxon subsampling. When more and more genomic data
become available in recent years, sequence data of 1001 shared genes was mined. We used the maximum
gene-support approach with this larger dataset successfully to infer that lungfish is the closest relative of
land vertebrates with a significant difference at p < 0.01 (Chi-Square test) in gene support values between
a maximum gene-support tree and the second most gene support tree with ML methods. The second most
support to the maximum (SM ratio), a relative value, is a better support index than a single absolute value
of support to show the insight of the phylogenetic support. Our results also show increasing the number of
shared genes is much more effective than increasing the number of taxa.

INDEX TERMS Origin of tetrapod, lungfish, coelacanth, genome-scale approaches, data mining.

I. INTRODUCTION

More and more genomic data become available publicly due to recently many genome projects such as the
10k animal genome project and the 10k fish genome project. It provides a good opportunity and resources
to resolve some open-standing questions by analyzing data through data mining from big genomic data
resources.

The origin of tetrapods (land vertebrates) has been debated for many decades. Since its discovery in 1938,
the coelacanth (Latimeria chalumnae ), the “living fossil” [1,2], has generally been thought the closest
living relative of the land vertebrates [3], the missing transition from aquatic to terrestrial vertebrates.
Three hypotheses have been proposed for the phylogenetic relationship: lungfish-tetrapod (Hypothesis 1,
Fig. 1a); coelacanth-tetrapod (Hypothesis 2, Fig.1b); and lungfish-coelacanth sister grouping (Hypothesis 3,
Fig. 1c). The lungfish-coelacanth-tetrapod trichotomy (Fig. 1d) is not generally considered a hypothesis.
The coelacanth-tetrapod sister hypothesis (Fig. 1b) was proposed by some comparative morphologists and
paleontologists [1, 4-7] since the coelacanth’s discovery, although the lungfishes were historically thought to
be the closest living relative, which was also supported by recent researchers [8-12]. The hypothesis that
coelacanth and lungfish form a monophyletic sister group that is closely related to tetrapod (tree III) was
also favored [13-15].

Molecular data from single genes, whole mitochondrial genomes, especially recent whole transcriptomes,
and whole nuclear genomes have widely been used over the last three decades for inferring phylogenetic
relationships. Lungfish-tetrapod sister hypothesis was favored by molecular data [16-27], while the hypothesis
of the coelacanth as the closest living relative of tetrapod was preferred [3, 28-31]. The coelacanth and lungfish
sister hypothesis was suggested by a single gene or multiple genes [20-21, 32] and by the whole mitochondrial
genome [24], whereas an unresolved coelacanth-lungfish-tetrapod trichotomy has resulted from the 12S rRNA
gene [18] or 44 genes [33]. With sequence data of whole transcriptomes and genomes, three analyses (genes
with Phylobayes and ML, 251 genes with Phylobayes) from four analyses showed that lungfish was the closest
living relative to tetrapod [34]. Similar results were reported [35-38], but one analysis (251 genes with ML)
showed that the latest common ancestor of coelacanth and lungfish was the closest living relative to the
tetrapod [34]. Another phylogenomic analysis with three datasets showed that in all the data sets with ML
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and Bayesian methods, the sister relationship of lungfish and tetrapod was reconstructed with the use of
cartilaginous fish as the outgroup with high support, but when ray-finned fish were used as the outgroup,
the sister relationship of coelacanth and tetrapod was supported most strongly [39]. Therefore, no consistent
result is shown up to now. The origin of the tetrapod continued to be contentious and still is one of the
longest-standing open questions in land vertebrate evolution.

Significant progress in genome sequencing technology and recently completed genome projects produce huge
amounts of sequence data from a lot of organisms, which results in an inference that in the near future,
recovering the tree of life (TOL) will simply be a matter of enough sequence data collection with the con-
catenated multiple gene approach. However, concatenated multiple gene analyses of some key clades in life’s
history have not resolved phylogenetic trees due to homoplasy [40]. Therefore, an alternative methodology
is still necessary.

It is assumed that all genes share the same evolutionary history and that increasing the number of nucleotides
increases the signal for that evolutionary history for the concatenation approach. However, genes do not
always share an identical evolutionary history, because of horizontal gene transfer, introgression, incomplete
lineage sorting, or gene duplication/loss or do not share the same evolutionary divergence speed. In some
cases, it may be more appropriate to analyze genes separately rather than concatenating all the genes [41-
49]. A gene has its own function and exclusive role in biological processes, so it has its own evolutionary
history with exclusive function constraints. Here, we test maximum gene-support tree approach [50] and the
maximum gene-support branch approach to infer species tree from single gene trees that each single gene
tree was reconstructed independently.

The number of alternative trees increases exponentially with the increasing number of taxa [51]. Reducing
taxa can increase accuracy and decrease the probability of distorting the tree topology [52]. We used a
jackknife approach to subsample six, five, and four taxa from the seven taxon dataset each time in order
to reduce the number of taxa and, subsequently, to reduce the number of alternative trees. In this way,
we expect to increase gene support values and study the feasibility of subsampling for the maximum gene-
support approach.

It is clear that not all phylogenetic methods and genome-scale (or multiple-gene) approaches are equally
powerful and reliable [27]. However, it is generally accepted that the convergence of several phylogenetic
methods and approaches on the same topology can be taken as added evidence in support of a particular
hypothesis [27]. To resolve the open question of the origin of tetrapod, we use three genome-scale approaches,
e.g., the maximum gene-support tree approach [50], the majority-rule branch approach and the widely used
concatenation approach, with three common phylogenetic methods, e.g., maximum likelihood, maximum
parsimony, and neighbor-joining, to analyze all 43 nuclear genes that are available in GenBank at that time.

Adding characters can always increase the accuracy [52-54], and as many genes as possible should therefore
be included. When 1001 shared genes become available recently, 1001 shared genes from proteome and
transcriptomes were mined to infer phylogenetic relationships among lungfish, coelacanth, and tetrapod
with the maximum gene-support tree approach.

II. MATERIALS AND METHODS

2.1. Sequence Collection

The two datasets from previous studies were provided by the authors upon our request. The sequences of
encoding amino acid residues of 43 genes were resampled and re-analyzed from 44 genes dataset [33] for
our study. Having been compared with the supplementary materials [33], the lengths of some sequences
were different (Supplementary Material Table S1). One gene (FSCN1) was not included, because some taxa
lacked the FSCN1 sequence in GenBank [33]. To compare the results with the multiple-gene concatenated
gene approach [33]), we used the same seven taxa: African lungfish (P. annectens ), coelacant (L. chalumnae
), zebrafish (Danio rerio ), frog (Xenopus tropicalis ), chicken (Gallus gallus ), human (Homo sapiens ) and
catshark (Scyliorhinus canicula ), corresponding to lungfish (L), the coelacanth (C), ray-finned fish (R),

3
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amphibian (A), bird (B), mammal (M), and shark (S) with the 43 genes. Amino acid sequences were used
for phylogenetic analysis.

The second dataset provided by Liang et al. (2013)[36] consisted of alignments of 1465 individual genes.
We extracted alignments of 1001 genes for seven taxa and ten taxa sets, consisting of African lungfish (P.
annectens ), coelacanth (L. chalumnae ), frog (X. tropicalis ), chicken (G. gallus ), human (H. sapiens ),
zebrafish (D. rerio ) and elephant shark (C. milii ) from the 1290 gene dataset of 10 taxa set[36].

2.2. Phylogenetic Analysis

Sequences of an individual gene were aligned with the ClustalX tool using the default settings [57]. All
alignments of single genes were edited to exclude insertions or deletions and uncertain positions from further
analysis.

For 43 shared genes, the PAUP* phylogenetic analysis software program (version 4.0b10) [58] was used
for tree inference with the maximum parsimony (MP) method. Each set of sequences of single genes or
concatenated genes was analyzed under the optimality criteria for MP. The MP analyses were performed
with unweighted parsimony. The sequences were also analyzed with the maximum likelihood (ML) and the
neighbor-joining (NJ) with the PHYLIP phylogenetic analysis package using the default settings [51]. For
the 1001 shared genes, all single gene trees were inferred with RAxML [59].

2.3. Concatenated Multiple-Gene Approach

The first step was to concatenate small alignments of single genes into one large alignment, which was then
used to reconstruct a tree [60-64]. The bootstrap consensus tree was searched using the branch-and-bound
algorithm for MP, and the full heuristic search was used for NJ and ML-based on a 50% majority rule.
1,000 replicates were used except for ML, where 100 replicates were completed.

2.4. Maximum Gene-Support Tree Approach

All single gene trees were recovered using all 43 individual genes as above with the MP, ML, and NJ methods,
separately. The tree distances for all pairwise comparisons among trees were calculated, using the symmetric
difference metric, with PAUP* [58] and PHYLIP [49]. This distance is the number of steps required to convert
between two trees, that is, the number of branches that differ between a pair of trees [65]. Two trees with
identical topology have a tree distance of zero. A maximum gene-support tree was defined as a unique tree
that was recovered by the most genes of all the ones used [50]. A computer program in C language for
calculating gene support is also available upon request (henry.shan@gmail.com ).

2.5. Maximum Gene-Support Branch Approach

Based on all single gene trees recovered using all 43 individual genes as above, a majority rule consensus tree
with a parameter setting of less than 50% was calculated with PAUP* [58]. Gene support was obtained for
each branch using the corresponding support values. We also call it as the majority rule branch approach.

2.6. Taxon Jackknife Subsampling

We used a jackknife approach to subsample six, five, and four taxa from the seven taxa each time in order
to reduce alternative trees.

2.7. Chi-Square Test

The statistically significant difference between gene supports of tree I, tree II, or tree III was determined
by the Chi-Square test, respectively. The statistically significant difference in the taxon jackknife support
averages between the six-, five-, and four-taxon sets were also analyzed by means of the Chi-Square test.

III. RESULTS

3.1. Seven-Taxon Set with 43 shared locus

4
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Gene support is the number of genes that reconstruct a unique topology. As shown in Table 1, the gene
supports were equal, namely two, for all four tree types with the MP method. Four tree types of seven
taxa are shown in Fig. 2a to 2d. No unique maximum gene-support tree was identified. Therefore, this
phylogeny was irresolvable using the maximum gene-support tree approach for these seven taxa with MP.
The irresolvable results were also observed with the ML and NJ methods (Table 1).

Phylogenetic analysis with these three common phylogenetic methods and these three approaches did not
converge, as shown in Table 1. The results clearly varied with the method and the approach. The hypothesis
that lungfishes are the closest living relatives was inferred with ML with 100% bootstrap support, but
the lungfish and coelacanth sister group was recovered with NJ with 87% support using the concatenated
multiple-gene approach. The maximum gene-support tree approach clearly showed that 43 genes were not
able to resolve the phylogenetic relationship for these seven taxa, regardless of the phylogenetic method.

3.2. Six-Taxon Sets

Table 2 shows that gene support values of tree II were lower than those of tree I or tree III for all the
methods. Significant differences in the gene support between tree II and tree I or between tree II and tree III
inferred with MP were observed for MBACLR and MACLRS (Table 2) at P < 0.10 level by means of the
Chi-Square test. With MP, there were significantly more gene supports for tree III than tree I for MACLRS
at P < 0.10 level, but there were no significant differences in the gene supports for tree I and tree III for
the other four six-taxon sets. Tree IV was supported by one gene for the MBCLRS taxon set only.

3.3. Five-Taxon Sets

The Chi-Square test showed that, with MP, the gene support was significantly lower for tree II compared
to tree III for MBCLR atP < 0.05 significance level. With ML, significantly lower gene supports were
detected for tree II compared to tree I for BACLS at P < 0.05, MACLS at P < 0.10, and MBCLS at P
< 0.10 (Table 2). There were no significant differences in gene supports between tree I and tree III of all
nine five-taxon sets (Table 2).

3.4. Four-Taxon Sets

Based on the Chi-Square test, significantly lower gene supports were observed for tree II compared to tree III
or tree I for ACLR and BCLS atP < 0.05 significance level with NJ (Table 2) and for BCLS at P < 0.05
level with ML (Table 2). Significantly higher gene support was observed for tree III compared to tree I for
ACLR at P < 0.05 level with NJ, but no significant differences were observed between tree I and tree III in
the gene supports for the other five four-taxon sets (Table 2).

3.5. Taxon Jackknife Analysis

The taxon jackknife analysis (Table 3) showed that jackknife probability was 10.0% for tree II, 27.5% for
tree I, and 62.5% for tree III with the maximum gene-support tree approach using MP. Zero probability
for tree II, 40% jackknife probability for tree I, and 50% for tree III were observed with the concatenated
multiple-gene approach using MP. Jackknife probability was 10% for tree II, 30% for tree I, and 60% for
tree III with the maximum gene-support branch approach. Jackknife probability for tree IV was zero for the
three approaches (Table 3) with MP. The Chi-Square test showed no significant differences between these
taxon sampling sets. The results show that taxon sampling has no significant effect on phylogenetic inference
for these taxon sets.

3.6. Seven-Taxon Set with the 1001 shared genes

S equences data of 1001 shared genes become available in recent years, used the maximum gene approach
successfully inferred the phylogeny of seven taxa with the ML method. Tree I (lungfish hypothesis) was
reconstructed from 1001 ML single gene trees with the maximum gene-support tree approach, in which the
most gene support value is 89. The second and the third most supported tree is tree III (lungfish-coelacanth
sister hypothesis) with a gene support value of 56, and tree II (coelacanth hypothesis) with a gene support
value of 50, while the difference in the two support values is no significant. The Chi-Square test shows a
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significant difference at p < 0.01 significant level (12.23**) and (17.09**) between tree I and tree III in gene
support values and between tree I and tree II. The results show that lungfish is the closest living relative of
vertebrates, which is supported by the most genes at 89 from the 1001 genes.

3.7. Ten-Taxon Set with 1001 shared genes

Similar results were observed for ten-taxon compared to those of the above seven-taxon set with 1001 shared
genes. The maximum gene support value is 92. The second and the third most gene support tree is tree III
(lungfish-coelacanth sister hypothesis) with a gene support value of 59, and tree II (coelacanth hypothesis)
with a gene support value of 51, while the difference in the two gene support values was no significant. The
Chi-Square test shows a significant difference at p < 0.01 significant level (11.83**) and (18.27**) between
tree I and tree III in gene support values and between tree1 and tree II (Table 4).

IV. DISCUSSION

When 43 shared genes are used to reconstruct the phylogeny of seven taxa, the maximum gene-support
tree approach provides no resolution. However, the maximum gene-support branch approach infers tree III
by MP and ML and tree II by NJ. Additionally, the concatenation approach recovers tree I with MP and
ML, but tree III with NJ. These results show incongruence with the phylogenetic methods. The results
of the maximum gene-support tree approach clearly show that 43 genes do not reach the threshold of the
minimum number of genes required for the resolution of the phylogeny of these seven taxa. Because the
number of alternative trees increases exponentially with the number of taxa (6945, 710,395, n(2n-3)!!) [51],
the minimum number of required genes increases as the number of taxa increases. One way to meet the
minimum gene requirement is to increase the number of genes, whereas another way is to decrease the
number of taxa. The debate over taxon sampling has not ended. On the one hand, accuracy is enhanced
with the addition of taxa [51-52, 66-67). On the other hand, adding taxa can reduce accuracy and increase
the probability of distorting the tree topology [52]. We used a jackknife approach to subsample six, five,
and four taxa from the seven taxa each time in order to reduce the number of taxa and, subsequently, the
number of alternative trees. The results show no significant differences in taxon jackknife probabilities when
the size of the taxon sets was reduced from six to five, then to four (Tables 3). However, the gene supports
increased as the size of the taxon sets was reduced (Table 2). When the number of genes increases to 1001,
consistent results are shown for seven taxa and ten taxa. Therefore, an increasing number of genes is a
more effective way than increasing taxa. In recent years, the concatenated multiple-gene approach has been
widely used to reconstruct phylogenetic relationships [63, 68-70]. Currently, the number of sampled genes
seems to be arbitrary. The minimum number of genes required to resolve a phylogenetic tree for eight yeasts
was 20 without statistical significance test [63] for the concatenated multiple-gene approach. In earlier cases,
15 to 50 genes could meet the minimum gene requirement to obtain congruent trees with the concatenated
multiple-gene approach and the maximum gene-support approach without a statistical significance test [50,
71]. In this study, 43 shared genes of seven-taxon do not meet the minimum number of genes required
with the maximum gene-support tree approach. The position of stramenopiles (a group of eukaryotes) and
the relationships among Conosa (amoeba and slime mold), Opisthokonta (fungi and animal), and plants
could not be settled by the use of more than 100 genes [72]. The minimum number of genes required varies
with the method, taxon set, and type of base. When a reliable tree is not known, the determination of the
minimum number of genes required is difficult. Bootstrap support of 100% does not mean that the branch
is 100% correct. The level of bootstrap support of 100% may occur in an alternative branch [64]. High
bootstrap support does not necessarily signify “the truth” [73]. Tree 1 (lungfish hypothesis) was confirmed
with the 1001 shared gene with maximum gene support tree approach and hundreds up to five thousand of
1:1:1 orthologous genes from other whole-genome data sets with concatenation approach [35-38]. When a
maximum gene-support value is not significantly different from the second most gene support, for example
in the case of seven taxa with 43 shared genes, it can be recognized that the number of genes used does not
meet the minimum gene requirement. It means information is not enough to get a solution for this clad.
More genes are required. This is the outstanding advantage of the maximum gene-support tree approach
with the Chi-Square test.
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It always is recommended to perform cross-validation using several approaches and methods while dealing
with recalcitrant nodes. In this study, we used the above three approaches and three methods and obtained
more confident conclusions than a single approach. It is highly possible to apply the proposed pipeline to
prove other biological hypotheses. In the tree of life, there are other contentious phylogenetic relationships
to wait for resolution for decades, such as the root of placental mammals, the phylogenetic relationships
among lineages at the origin of land plants, and among lamprey, hagfish, jawed vertebrates [34], and so on.
Especially, the maximum gene support approach, an alternative approach, may be especially suitable for
resolving incongruence on ancient and short internodes or short divergence time internodes of phylogenetic
trees. When the second most support value is close to the maximum gene support value, even though the
maximum gene support value is very great, a “true tree” or species tree cannot be identified. In contrast,
when the second most support value is significantly different from the maximum gene support value with the
Chi-square test, even though the maximum gene support value is not great, a “true tree” or species tree can
be identified. Therefore, the second-to-maximum ratio (SM ratio) in gene support values is a very proper
support index to identify a species tree from gene trees. The SM ratio is the ratio of the second most gene
support value to the maximum gene support (the most gene support) value in a set of all gene support values
in detail. It is somehow like the noise to signal ratio. The SM ratio, a relative value, is a better support index
than a single absolute value of phylogenetic supports to show the insight of phylogenetic branch supports.
The SM ratio should be further studied in the future as an alternative index of the widely used bootstrap
support. The maximum gene support tree approach can avoid distortions caused by systematic errors,
long branch attraction (LBA) artifacts, and compositional heterogeneity because each single gene tree is
independently reconstructed and all distorted trees are not identical to the maximum gene supported tree.
Therefore, those distorted gene trees are excluded as species tree with this approach. Large data of many
genes and valid models are always desirable and basic because they increase the probabilities of showing
significant differences in the SM ratio and Chi-square test, and further generating accurate phylogenies. The
selection of a more balanced taxon set and proper outgroup will also be beneficial to congruence in the species
tree inference from single gene trees by the maximum gene tree approach, which should be addressed in the
future, particularly when dealing with very subtle nodes with conflictive clad inferences for reconstructing
the tree of life. Considering that the co-evolving patterns from the sequence information of proteins (74-75)
can be extracted, these findings should be integrated into the proposed pipeline as future work.

Tree IV received nearly zero gene support and taxon jackknife probability (Tables 2 and 3). Therefore, the
results sufficiently show that the irresolvable trichotomy of lungfish, coelacanth, and tetrapod is not a hypoth-
esis. A reinvestigation using 44 genes with a concatenation genome-scale approach showed an unresolved
trichotomy [33]. The major paleontological studies published in the last decade proposed that lungfishes
(Dipnoi) are the closest living relatives of tetrapods or, alternatively, that coelacanths and lungfishes form
a monophyletic group that is equally closely related to tetrapods [76-77]. The cause of this puzzle is the
fact that the divergence of coelacanths and lungfishes happened over a relatively short period within a small
window in time (20–30 million years) around 400 million years ago [3, 12]. The result was due to little time
and opportunity for lineage-specific molecular changes to happen, yet considerable time and opportunity for
multiple and parallel changes and their accumulation since the origin of these two lineages [3].

In our study, no consistent results were observed between tree I and tree III in taxon jackknife probabilities
with the concatenation approach across the three phylogenetic methods with 43 shared gene datasets (Ta-
ble 3). However, the clear consensus is that tree II received significantly lower gene support than tree I or
tree III and, evidently lower taxon jackknife probabilities with all the phylogenetic methods and multiple-
gene approaches (Tables 2 and 3). These results favor lungfish, but not coelacanth, as the closest living
relative of tetrapod, based on all these phylogenetic analyses from all 43 shared gene datasets. These results
are consistent with previous molecular and paleontological phylogenetic analyses [3]. A similar suggestion
was made based on mitochondrial DNA sequences [16].

For 43 shared gene datasets with the gene support tree approach, tree I is consistently reconstructed with
the ML method for 4 taxon sets with P < 0.10+ or 0.05*(Chi-Square test) compared to Tree II in gene
support values (Table 2). Significant higher gene-support values of tree I were consistently observed for the
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BACLR at P < 0.05, MACLS at P < 0.10, MBCLS at P < 0.10, and BCLS at P < 0.05 compared to those
of tree II using the ML method with maximum gene-support approach (Table 2). However, no consistent
tree is inferred with NJ and MP methods (Table 2). Generally, the accuracy of the ML method is higher
than the MP or NJ method. Moreover, only tree I was observed with 100% bootstrap supports for the
MBACLRS, MBACLR, ACLS with ML method, the BACLS, MACLS, MBCLS with MP method, BACLS
with NJ method among all combinations of taxon samplings and methods using concatenation approach
(Table 3), but no 100% bootstrap supports of tree II or tree III (Table 3). Therefore, these results also
clearly support lungfish-tetrapod (tree I) hypothesis, but not the coelacanth-tetrapod (tree II) hypothesis.

Adding characters can always increase the accuracy [52-54], and as many genes as possible should therefore
be included. When sequences data of 1001 shared genes become available, we use this large dataset with
the maximum gene-support approach and successfully inferred the lungfish as the closest living relative of
land vertebrates with a significant difference at p < 0.01 (Chi-Square test) with the ML methods. Tree I
(lungfish hypothesis) is reconstructed by the 1001 ML single gene trees with the maximum gene-support
tree approach, in which the most gene support value is 89. The second most gene support tree is tree III
(lungfish-coelacanth sister hypothesis) with a gene support value of 56. The third most gene support tree is
tree II (coelacanth hypothesis) with a gene support value of 50. A significant difference is observed at p <
0.01 significant level (12.23**) and (17.09**) between tree I and tree III in gene support values and between
tree1 and tree II, respectively. The fourth and fifth most gene support value are 38 and 36, separately, which
are significantly lower than those of tree I, tree II, or III. No evident difference was observed when taxa
were increased from seven to ten in this study. Our results show that lungfish is the closest living relative of
landing vertebrates, which is supported by the most genes of 89 of 1001 shared genes of seven –taxon dataset
and 92 of ten-taxon (Table 4). Tree II and tree III also received significantly more gene support than tree
IV, tree V, and others. These observations show tree II and tree III hypotheses are not arbitrary guesses,
but somehow intrinsic support from the second most and third most genes. Additional insight into the
arguments of the three hypotheses can be gained by examining the gene support values for each hypothesis.

Our results also show that increasing the number of shared genes is more effective than increasing the number
of taxa. When the number of genes or sequence data is not enough, trees are very incongruent and vary
widely with multiple-gene approaches, taxon samples, and phylogenetic inference methods. When sequence
data of genes are not enough, whichever phylogenetic method is used, it is not able to produce a valid
phylogenetic tree.

In conclusion, we have successfully provided evidence in favor of the lungfish-tetrapod hypothesis (tree I),
but rejecting the coelacanth-tetrapod hypothesis (tree II) based on the above phylogenetic analysis results
using 43 genes with all three common phylogenetic/phonetic methods and three genome-scale approaches,
and further additional analysis using the 1001 shared genes with the maximum gene support. This result
is consistent with those based on whole genome data with a concatenation approach [35-38], although there
were incongruent cases of phylogenomic analysis [34, 39].
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Fig. 1.

b. Tree II
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d.Tree IV

c.Tree III
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d. Tree IV
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 2 

Table 1 3 

Tree types of seven taxa with three methods and three genome-scale approaches 4 

____________________________________________________________________________ 5 

          Phylogenetic Methods 6 

Genome-Scale Approaches MP     ML     NJ 7 

____________________________________________________________________________ 8 

Concatenation     I (67%)    I (100%)    III (87%)  9 

Maximum Gene Support Tree  I(2)/II(2)/III(2)/IV(2) I(2)/II(1)/III(2)/IV(0) I(2)/II(1)/III(1)/IV(0) 10 

Maximum Gene Support Branch III (9)    III (9)    II (10) 11 

_____________________________________________________________________________ 12 

Notes: The numbers in ( ) are gene supports for the maximum gene support tree and maximum 13 

gene support branch approaches , bootstrap supports (%) for the concatenation approach, 14 

respectively. MP = Maximum parsimony; ML = Maximum likelihood; NJ = Neighbor joining. 15 

 16 

 17 

 18 

19 
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Table 2 1 

Gene supports for four tree types and six-, five-, and four-taxon sets inferred with MP, ML, and NJ 2 

_____________________________________________________________________________________________________________________ 3 

Tree type  4 

    MP         ML       NJ 5 

_________________________________    ___________________________________    ___________________________________ 6 

Taxon set   Tree I   Tree II  Tree III  Tree IV  Tree I   Tree II  Tree III  Tree IV  Tree I   Tree II  Tree III  Tree IV 7 

Six taxon sets: 8 

BACLRS    2    3        3     0   3     1       5     0   4     3       3     0 9 

MACLRS    1   1+        6      0   3    3       2      0   1    1       2      0 10 

MBACLR    6   1+        6      0   4    3       5      0   3    3       8      0 11 

MBACLS    4   3        5      0   6    3       4      0   2    7       5      0 12 

MBCLRS    5   3        7      1   5    4       5      0   7    3       3      0 13 

 14 

Five taxon sets: 15 

ACLRS    6   5        6      0   8    4       3      0   7    4       3      0 16 

BACLR    6   6        8  0   7    4       10  0   8    4       10  0 17 

BACLS    9   4        8         0   13    4*       6         0   10    9       6         0 18 

BCLRS   8   4        6      0   8    5       5      0   8    7       3      0 19 

MACLR  7    5        9            0   6     6       9         0   5     4       10         0 20 

MACLS 4   5        10 0   9    3+       8  0   3    9       8  0 21 

MBCLR 10   4*        14 0   12    8       15  0   12    8       15  0 22 

MBCLS 10   11        8  0   14    6+       12  0   15    10       9  0 23 

MCLRS 5   6        9  0   5    4       6  0   6    4       3  0 24 

Four taxon sets: 25 

ACLR   13   13        16      1   16    12       15      0   9     10*       24      0 26 

ACLS    14   14        13 2   16    13       14      0   14     12       17      0 27 

BCLR    19   11        13 0   15    11       17      0   16     16       11      0 28 

BCLS    18   11        13 1   21    8*       14  0   22      8*       13  0 29 

MCLR  12   13        17 1   12    15       16  0   10      14       19  0 30 

MCLS 11   14        16 2   13    13       17  0   13      13       17  0 31 

_____________________________________________________________________________________________________________________      32 

Notes: MP = Maximum parsimony; ML = Maximum likelihood; NJ = Neighbor joining. The taxa used were mammal (M), bird (B), amphibian (A), 33 

coelacanth (C), lungfish (L), ray-finned fish (R), and shark (S). + and * indicate chi- square test significance levels of P < 0.10 and 0.05 between the 34 

gene supports for tree II and tree I/III, respectively. 35 
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Table 3  1 

Bootstrap supports, gene supports, and taxon jackknife probabilities for four tree types and six-, 2 

five-, and four-taxon sets using three approaches recovered with MP, ML, and NJ 3 

____________________________________________________________________________________________________________________ 4 

Approaches and methods 5 

    MP       ML       NJ 6 

                     ________________________________   _________________________________    _____________________________________ 7 

Taxon set CT  MGT   MGB  CT  MGT      MGB  CT  MGT   MGB 8 

Six-taxon sets: 9 

BACLRS I (73%) III (3) /II (3)         III (9)  I (53%) III (5)           III (11)  III (79%) I (4)          I (9) 10 

MACLRS AT (n/a) III (6)   III (11) I (47%) III (3)/II (3)   I (17)  III (95%) III (2)   III (6) 11 

MBACLR   III (86%) III (6) /I (6)  III (12) I (100%) III (5)    III (16)  III (96%) II (7)    III (21) 12 

MBACLS I (80%) III (5)   III (11) I (53%) I (6)    I (20)  III (69%) III (8)   III (9) 13 

MBCLRS I (61%) III (7)   III (14) I (50%) III (5)/I (5)   III (9)  III (85%) I (7)   I (7) 14 

Five-taxon sets: 15 

ACLRS    III (52%) III (6)/I (6)        I (11)  I (32%) I (8)          III (11)  III (92%)  I (7)     I (9) 16 

BACLR    III (85%)     III (8)       II (20)  III (48%)      III (10)   III (15)  III (95%)      III (10)  II (12) 17 

BACLS    I (100%) I (9)   I (21)  I (22%) I (13)    I (21)  I (100%) I (10)   I (12) 18 

BCLRS   I (87%) I (8)          I (18)  I (46%) I (8)           I (14)  III (59%)  I (8)          I (9) 19 

MACLR  III (94%)     III (9)   III (21) III (52%)     III (9)    III (16)  III (99%)     III (10)  III (12) 20 

MACLS I (100%) III (10)  III (19) I (46%) I (9)    III (12)  III (81%) II (9)   III (12) 21 

MBCLR I (73%) III (14)  III (32) II (43%) III (15)   III (16)  III (88%) III (15)  III (13) 22 

MBCLS I (100%) II (11)   II (29)  II (40%) I (14)    I (32)  III (75%) I (15)   II (13) 23 

MCLRS III (53%) III (9)   III (13) III (45%) III (6)    II (15)  III (96%) I (6)   III (9)  24 

Four-taxon sets: 25 

ACLR   III (95%)    III (16)        III (17) III (55%)    I (16)           III (16)  III (99%)    III (24)  III (20) 26 

ACLS    AT (n/a)     I/II (14)      I (14)  I (100%)     I (16)        II (17)  IV (49%)     III (17)       I (13) 27 

BCLR    III (51%) I (19)   I (19)  I (51%) III (17)   III (17)  III (75%) I (16) or II (16) I (19) 28 

BCLS    III (80%) I (18)   I (18)  I (46%) I (21)    I (21)  I (64%) I (22)   I (15) 29 

MCLR  III (80%) III (17)  III (17) III (49%) III (16)   III (16)  III (93%) III (19)  III (17) 30 

MCLS III (61%) III (16)  III (16) III (50%) III (17)   III (18)  III (92%) III (17)  III (16) 31 

_____________________________________________________________________________________________________________________ 32 

JKF:   I (40%) I (27.5%)  I (30%) I (60%) I (47.5%)   I (30%)  I (10%) I (42.5%)  I (40%) 33 

  II (0)  II (10%)  II (10%) II (10%)  II (2.5%)   II (10%)  II (0)  II (12.5%)  II (10%) 34 
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  III (50%) III (62.5%)  III (60%) III (30%) III (50%)   III (60%)  III (85%) III (45%)          III (50%) 1 

  IV (0)  IV (0)    IV (0)  IV (0)  IV (0)    IV (0)  IV (5%) IV (0)   IV (0) 2 

AT (10%) AT (0)  AT (0) AT (0) AT (0)   AT (0)  AT (0) AT (0)  AT (0) 3 

_____________________________________________________________________________________________________________________ 4 

Notes: MP = Maximum parsimony; ML = Maximum likelihood; NJ = Neighbor joining; CT = Concatenation tree; MGT = Maximum gene-support 5 

tree; MGB = Maximum gene-support branch; AT = Alternative tree; n/a = Not available; JKF = Taxon jackknife probabilities (%). The numbers in 6 

parentheses are bootstrap supports (%) for CT and gene supports for MGT and MGB. 7 

 8 

 9 

 10 

Table 4 11 

Gene supports for four tree types and seven- and ten-taxon sets of 1001 share genes inferred with ML  12 

_____________________________________________________________________________________________________________________ 13 

Tree type  14 

Taxon set         Tree I      Tree II     Tree III     Tree IV 15 

Seven taxon set:MBACLRS   89**    50    56     0 16 

Ten taxon set: MBFACLRTES   92**    59    51     0 17 

____________________________________________________________________________________________________________________      18 

Notes: ML = Maximum likelihood;  The taxa used were mammal (M), bird (B),  Fugu (F), amphibian (A), coelacanth (C), lungfish (L), ray-finned 19 

fish (R), Little shark ( T), Elephant shark ( E ) and  cat shark (S). ** indicate s chi- square test significance levels of P < 0.01 between the gene 20 

supports for tree II and tree I/III, respectively. 21 


