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Molecular phylogenetic analyses have produced a plethora of controversial hypotheses regarding the pat-
terns of diversification of non-bilaterian animals. To unravel the causes for the patterns of extreme incon-
sistencies at the base of the metazoan tree of life, we constructed a novel supermatrix containing 122
genes, enriched with non-bilaterian taxa. Comparative analyses of this supermatrix and its two non-
overlapping multi-gene partitions (including ribosomal and non-ribosomal genes) revealed conflicting
phylogenetic signals. We show that the levels of saturation and long branch attraction artifacts in the
two partitions correlate with gene sampling. The ribosomal gene partition exhibits significantly lower
saturation levels than the non-ribosomal one. Additional systematic errors derive from significant varia-
tions in amino acid substitution patterns among the metazoan lineages that violate the stationarity
assumption of evolutionary models frequently used to reconstruct phylogenies. By modifying gene
sampling and the taxonomic composition of the outgroup, we were able to construct three different
yet well-supported phylogenies. These results show that the accuracy of phylogenetic inference may
be substantially improved by selecting genes that evolve slowly across the Metazoa and applying more
realistic substitution models. Additional sequence-independent genomic markers are also necessary to
assess the validity of the phylogenetic hypotheses.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The historical sequence of early animal diversification events
has been the subject of debate for approximately a century. Mor-
phological character analyses leave a degree of uncertainty con-
cerning the evolutionary relationships among the five major
metazoan lineages: Porifera, Placozoa, Ctenophora, Cnidaria, and
Bilateria (Collins et al., 2005). In the last few years, this debate
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has been fueled by a plethora of conflicting phylogenetic hypoth-
eses generated using molecular data (Dunn et al., 2008; Erwin
et al., 2011; Philippe et al., 2009; Pick et al., 2010; Schierwater
et al., 2009; Sperling et al., 2009). The persisting controversy in-
cludes questions concerning the earliest diverging animal lineage
(Porifera vs. Placozoa vs. Ctenophora), the validity of the Eumeta-
zoa (Bilateria + Cnidaria + Ctenophora) and Coelenterata (Cni-
daria + Ctenophora) clades, and relationships among the main
lineages of Porifera (sponges; reviewed in Wörheide et al.
(2012)). These questions are fundamental for understanding the
evolution of both animal body plans and genomes (Philippe
et al., 2009).

In 2003, Rokas and co-authors (Rokas et al., 2003a) showed that
the evolutionary relationships between major metazoan lineages
cannot be resolved using single genes or a small number of
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protein-coding sequences. Because of the high stochastic error, the
analyses of the individual genes resulted in conflicting phyloge-
nies. These authors also observed that at least 8000 randomly se-
lected characters (>20 genes) are required to overcome the effect
of these discrepancies (Rokas et al., 2003b). However, the authors’
subsequent attempt at resolving the deep metazoan relationships
using a large dataset containing 50 genes from 17 metazoan taxa
(including six non-bilaterian species) was not successful (Rokas
et al., 2005). By contrast, the analysis of the identical set of genes
robustly resolved the higher-level phylogeny of Fungi, a group of
approximately the same age as the Metazoa (Yuan et al., 2005).
Based on this result, these authors concluded that because of the
rapidity of the metazoan radiation, the true phylogenetic signal
preserved on the deep internal branches was too low to reliably
deduce their branching order (Rokas and Carroll, 2006). However,
this conclusion did not discourage scientists from further attempts
at resolving this difficult phylogenetic question using the tradi-
tional sequence-based phylogenetic approach. The main strategy
of the subsequent studies was increasing the amount of data,
including both gene and taxon sampling. In 2008, a novel hypoth-
esis of early metazoan evolution was proposed by Dunn et al.
(2008) based on the analysis of 150 nuclear genes (21,152 amino
acid [aa] characters) from 71 metazoan taxa (however, with only
nine non-bilaterian species among them). According to this
hypothesis, ctenophores represent the most ancient, earliest
diverging branch of the Metazoa. This evolutionary scenario did
not gain any support from the analysis of another large alignment
that contained 128 genes (30,257 aa) and a larger number of non-
bilateral metazoan species (22; Philippe et al., 2009). This study re-
vived the Coelenterata and Eumetazoa hypotheses (Hyman, 1940)
and placed the Placozoa as the sister-group of the Eumetazoa. An-
other scenario for early metazoan evolution was proposed by Schi-
erwater et al. (2009) based on the analysis of a dataset that
included not only nuclear protein-coding genes but also mitochon-
drial genes and morphological characters (a ‘‘total evidence’’ data-
set). This study reconstructed monophyletic ‘‘Diploblasta’’ (i.e.,
non-bilaterian metazoans) with a ‘‘basal’’ Placozoa as the sister-
group of the Bilateria.

Recently published metazoan phylogenies differ in their taxon
and gene sampling and their application of phylogenetic methods
and thresholds, including the use of different models of amino
acid substitution. Any of these factors may be a source of the ob-
served incongruity among the proposed deep metazoan phyloge-
nies (Dunn et al., 2008; Philippe et al., 2009; Schierwater et al.,
2009). Comparative analyses of the three above-described mul-
ti-gene alignments showed that the observed conflict can be par-
tially attributed to the presence of contaminations, alignment
errors, and reliance on simplified evolutionary models (Philippe
et al., 2011) or long branch attraction artifacts caused by insuffi-
cient ingroup taxon sampling (Pick et al., 2010). Correcting the
alignment errors in the datasets by Dunn et al. (2008) and Schi-
erwater et al. (2009) and applying an evolutionary model that
best fit these data, altered both the tree topology and basal node
support, but failed to resolve the incongruences between the
three phylogenies.

The objective of the present study is to further assess the causes
of inconsistency between deep (non-bilaterian) metazoan phylog-
enies obtained using phylogenomic (large multi-gene) datasets
with a main emphasis on the effect of gene sampling. We ap-
proached this question with multiple comparative analyses of a
novel phylogenomic dataset with two multi-gene sub-matrices
that have identical taxon samplings, comparable lengths, and miss-
ing data percentage but different gene contents. We also increased
the taxon sampling by adding new data from non-bilaterian lin-
eages, including seven Porifera species, one Ctenophora species,
and a novel placozoan strain.
2. Materials and methods

2.1. Data acquisition

New data were generated for nine species of non-bilaterian
metazoans, including one ctenophore, Beroe sp., an unidentified
placozoan species (Placozoan strain H4), and seven sponges: Asbes-
topluma hypogea, Ephydatia muelleri, Pachydictyum globosum, Tethy-
a wilhelma (all from class Demospongiae), Crateromorpha meyeri
(class Hexactinellida), Corticium candelabrum (class Homosclero-
morpha), (Expressed Sequence Tag [EST] libraries), and Sycon cilia-
tum (class Calcarea; EST and genomic data). The data generation
information and complete list of taxa included in the analyses
are provided in Supplementary materials.
2.2. Multi-gene matrix assembly

A total of 225 orthologous groups (OGs) dominated by non-bila-
terian taxa were constructed using the automated ortholog assign-
ment pipeline OrthoSelect (Schreiber et al., 2009). The input data
used by OrthoSelect consisted of complete genome and EST data
for 71 species, including 21 species of Porifera, two placozoans,
four ctenophores, 13 cnidarians, 21 bilaterians, three choanoflagel-
lates, two ichthyosporeans, one filasterean, and four species of
Fungi (Supplementary Dataset S1). The OGs containing less than
40 taxa were discarded from the analysis. Due to an uneven distri-
bution of complete genome sequence data among the species in-
cluded in our dataset, these OGs were dominated by sequences
for bilaterian and outgroup taxa. To minimize the effect of align-
ment construction artifacts (e.g., misalignments, paralogous and
contaminant sequences) on phylogenetic inference, the remaining
OGs were further processed using the following three-step
procedure:

Step I: Paralog and contamination pruning. Sequences in each
OG were aligned using the computer program MUSCLE v3.8
(Edgar, 2004) and annotated using a sequence similarity search
(BLAST; e-value threshold 10�20) against the NCBI nr. Paralo-
gous and contaminant sequences were identified and removed
from the OGs based on the result of the BLAST annotation and a
visual inspection of the motives conserved among all taxa in the
alignment. After this procedure, all OGs containing less than 40
taxa were discarded from the analysis. The remaining OGs were
re-aligned with MUSCLE. Ambiguously aligned regions were
removed with TrimAl v1.2 (Capella-Gutiérrez et al., 2009) using
a heuristic selection of the trimming method based on similar-
ity statistics. This program allows for a coordinated trimming of
multiple alignments according to the consistency score inferred
from the most conserved alignments. The resulting alignments
were refined manually (e.g., by correcting small frameshifts and
removing the remaining ambiguously aligned sites).
Step II: Identifying paralogous and contaminant sequences in
each OG using a tree-based approach modified from Rodri-
guez-Ezpeleta et al. (2007). Briefly, each OG was analyzed under
the CAT + C4 model using PhyloBayes version 3.2e (Lartillot
et al., 2007; Lartillot and Philippe, 2004, 2006). Bayesian Mar-
kov chain Monte Carlo (MCMC) sampler (MCMCs) were run
for 11,000 cycles. Posterior consensus trees were constructed
for each gene after discarding the initial 3000 cycles. The
sequences that formed well-supported sub-clusters that con-
flicted with both super-matrix trees, produced long branches,
or were ‘‘trapped’’ by a distant outgroup (Filasterea, Ichthyo-
sporea, or Fungi) were excluded from individual gene align-
ments as paralogous or contaminant. The OGs containing less
than 40 taxa were excluded from further analyses.
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Step III: The compositional homogeneity test implemented in
PhyloBayes was conducted for each OG using chains obtained
during the step II. All OGs that did not pass the compositional
deviation score threshold (z < 2) were discarded (see Supple-
mentary Dataset S2).

After the OG cleaning and filtering, the most distant outgroup,
Fungi, which served as a trap for the contaminant sequences,
was excluded from the alignments to reduce the computing time
and LBA artifact.

The 122 OGs that passed the three-step selection procedure
(Supplementary Dataset S2) were classified by function according
to the KOG database functional classification (Tatusov et al.,
2003) and sorted into two groups. One group included 87 genes
encoding proteins involved in translation (ribosomal proteins).
We emphasize that ribosomal RNA genes, which have frequently
been used for reconstructing metazoan phylogenies (Mallatt
et al., 2012; Medina et al., 2001; Peterson and Eernisse, 2001), were
not included in this dataset. The remaining 35 OGs from different
functional classes formed the second dataset hereafter termed
non-ribosomal. The single-gene OGs were concatenated using FAS-
conCAT (Kuck and Meusemann, 2010) to obtain the 14,615 aa-long
ribosomal, 9187 aa-long non-ribosomal, and 22,975 aa-long com-
bined multi-gene matrices (Table 1 and Supplementary Dataset
S2). To reduce the ribosomal-to-non-ribosomal site ratio in the sec-
ond combined dataset, 2731 ribosomal sites (nine genes) repre-
sented by less than 38 ingroup taxa were removed from the
alignment (20,244 aa-long combined multi-gene matrix; Supple-
mentary Dataset S1).

2.3. Taxon sampling and missing data

The resulting datasets were used to construct several sub-
matrices (Table 1) that differed by taxon sampling size (42–67
taxa) and percentage of missing data. The datasets were con-
structed under three different missing-data-per-taxon thresholds:
50%, 80%, and 95%. The total amount of missing characters varied
from 14% to 36% across datasets. The largest ribosomal and non-
ribosomal datasets (Table 1) were constructed under the relaxed
missing data cutoff stringency, in which up to 95% missing data
were allowed per taxon for lineages represented by more than
two species. After the exclusion of all outgroup taxa but choanofla-
gellates, the dataset consisted of 63 taxa. To test the effect of taxon
sampling (and missing data) on the tree topology and basal node
support, we excluded the following taxa from the 14,615 aa-long
ribosomal dataset: (I) seven bilaterian species containing higher
amounts of missing data (2–3 from each major bilaterian lineage;
56-taxa matrix); (II) all species containing more than 50% missing
Table 1
Large multi-gene matrices used for addressing the early metazoan phylogeny question.

Gene matrix Taxon # Gene # Matrix length (aa) Variabl

Ribosomala 63 87 14,615 10,445
56 87 14,615 10,226
49 87 14,615 10,288
42 87 14,615 10,050
50 78 11,057 9538

Non-ribosomala 63 35 9187 6322
50 35 9187 6067

Combined 1a 50 122 22,975 15,605

Combined 2a 50 113 20,244 13,784
Dunn et al. (2008) 77 150 21,152 18,085
Philippe et al. (2009) 55 128 30,257 20,790

Multi-gene matrices used in this study are compared with two previously published lar
a All parameters are indicated for matrices that include a single outgroup, Choanoflag
data (49-taxa matrix); and (III) all species containing more than
50% missing data and the same seven bilaterian species as in ma-
trix I (42-taxa matrix; see Supplementary Dataset S1).

To reduce the missing data effect and computing time, the se-
ven bilaterian species and all non-bilaterian taxa containing more
than 80% missing data were excluded from all 50-taxa matrices
(ribosomal, non-ribosomal, and combined; Supplementary Dataset
S1) used for phylogenetic analyses. The missing data threshold
used in this study was established at 30% total characters (Table 1).
The only dataset that had a higher percentage of missing data
(36%), the 63-taxa non-ribosomal gene matrix, was used solely
for assessing the taxon sampling and missing data effects.

2.4. Evolutionary model selection

The choice of model of protein evolution is well-known to affect
the pattern of phylogenetic relationships among major metazoan
lineages inferred from molecular data (Jeffroy et al., 2006; Philippe
et al., 2011). To select the model that best fit our data, we analyzed
each of the 122 OGs using ProtTest (Abascal et al., 2005). The fit of
the LG model for the concatenated ribosomal and non-ribosomal
matrices compared to more complex evolutionary models, which
are not available under the Maximum Likelihood framework
(GTR, CAT, and CAT–GTR), was accessed using a cross-validation
test (Stone, 1974). The cross-validation test was conducted using
PhyloBayes as described in Supplementary materials.

2.5. Phylogenetic analyses

ML trees were obtained with RAxML v7.2.7 (Stamatakis et al.,
2005) under the LG model (Le and Gascuel, 2008). Bayesian analy-
ses were performed using PhyloBayes v3.2e and the CAT, CAT–GTR,
LG, and GTR models. The taxon-specific compositional heterogene-
ities were estimated under the CAT model using the algorithm
implemented in PhyloBayes. The patristic- and p-distances for
the saturation analyses were computed using PATRISTIC (Four-
ment and Gibbs, 2006) and MEGA5 (Tamura et al., 2011), respec-
tively. To identify taxa that have the most unstable phylogenetic
position in our trees, we conducted leaf stability analyses (Thorley
and Wilkinson, 1999) using Phyutility (Smith and Dunn, 2008). The
full details and descriptions of the techniques above are provided
in Supplementary materials.

The new sequence data reported in this paper were deposited in
GenBank (http://www.ncbi.nlm.nih.gov; accession numbers
JZ164588–JZ164701 [C. meyeri], JZ164702–JZ164901 [P. globosum],
and KC465252–KC465353 [Placozoan strain H4]) and the European
Nucleotide Archive (ENA; http://www.ebi.ac.uk/ena; ERP002089
[A. hypogea, E. muelleri, T. wilhelma, C. candelabrum, and Beroe sp.]
e site # Allowed % missing data per taxon Missing characters total (%)

95 28
95 29
50 14
50 13
80 16

95 36
80 28

80 24

80 22
93 50
90 27

ge datasets (Dunn et al., 2008; Philippe et al., 2009).
ellata.

http://www.ncbi.nlm.nih.gov
http://www.ebi.ac.uk/ena
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and HF570262–HF570358 [S. ciliatum]); the alignments were
deposited at OpenDataLMU (http://dx.doi.org/10.5282/ubm/
data.55).

3. Results

3.1. Different gene matrices tell different stories

The ProtTest analyses indicated that LG + C + I was the evolu-
tionary model that best fit the majority of the single-gene align-
ments in a Maximum Likelihood (ML) framework. However, a
further statistical comparison (cross-validation test; Stone, 1974)
extended to more complex evolutionary models rejected the LG
in favor of GTR (scores of 383 and 61 in favor of GTR for the ribo-
somal and non-ribosomal matrices, respectively), which, in turn,
was outperformed by both the Bayesian CAT (with a score differ-
ence of 1027 for the ribosomal and 1219 for non-ribosomal matri-
ces) and CAT–GTR (1239 and 1264) models. Although CAT–GTR
was identified as the best model for these data, most of our analy-
ses were conducted using the CAT model because of computational
constraints. To illustrate the problem, 20,000 cycles of MCMCs run
for our ribosomal gene matrix containing 63 taxa and 14,615 aa
positions were completed in 48 days under the CAT model,
Fig. 1. Bayesian consensus tree inferred from the analysis of the matrix composed of b
under the CAT + C model. The solid circles indicate nodes that received maximum Posteri
(PP < 95% is given in italics). The scale bar indicates the number of changes per site.
whereas runs under the CAT–GTR model required 202 days to
complete.

The phylogenetic analyses of the most data-rich supermatrix,
which contains 122 genes (22,975 sites) and 50 taxa (Table 1), un-
der the CAT model is presented in Fig. 1. We used the sister-group
of the Metazoa in this analysis, the Choanoflagellata (King et al.,
2008), as the only outgroup. This tree supports the Coelenterata
and monophyly of sponges but provides no resolution for the rela-
tionships between Coelenterata, Porifera, and Bilateria. In addition,
the placement of Placozoa as the sister-group of the Porifera is not
well supported. The lack of resolution for the deep nodes in this
tree reflects major conflicts between the previously published
metazoan phylogenies (Dunn et al., 2008; Philippe et al., 2009; Pick
et al., 2010; Schierwater et al., 2009; Sperling et al., 2009). To iden-
tify the source of the potential conflict within this dataset, we di-
vided this matrix into two non-overlapping multi-gene partitions
(Supplementary Dataset S2). One partition included 87 genes
(14,615 sites) from a single functional class: translation (primarily
ribosomal proteins). Another partition consisted of 35 genes (9187
sites) that represented 11 functional classes. The phylogenetic
analyses of the two partitions resulted in incongruent topologies
(Figs. 2A and B, and 3). The analyses of the ribosomal gene matrices
under the CAT model output a well-resolved tree that provided
oth ribosomal and non-ribosomal genes (22,975 aa positions and 50 terminal taxa)
or Probabilities support (PP 100%). Numbers are given for nodes that have PP < 100%

http://dx.doi.org/10.5282/ubm/data.55
http://dx.doi.org/10.5282/ubm/data.55
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Fig. 2. Comparative analyses of two multi-gene partitions. (A) Bayesian consensus tree inferred from the analysis of the ribosomal gene partition containing 14,615 aa
positions and 63 terminal taxa. The PPs were obtained from the analyses of the ribosomal sub-matrices containing 63, 56, 49, and 42 taxa (Table 1). The solid circles indicate
maximum PP support (100%) from all datasets. The blue color indicates species excluded from the 56- to 42-taxa sub-matrices; the red color indicates species excluded from
the 49- to 42-taxa sub-matrices. Due to the conflicting relative positions of mertensiid sp. 3 and Pleurobrachia pileus in different trees, the corresponding node was collapsed.
(B) Bayesian consensus tree inferred from the analysis of the non-ribosomal gene partition containing 9187 amino acid positions and 50 terminal taxa. The PP and scale bars
are as in Fig. 1. All trees were constructed under the CAT + C model.
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Fig. 3. Saturation analysis. The relative saturation levels were estimated for the
ribosomal and non-ribosomal gene matrices containing 50 taxa by computing the
Pearson correlation coefficient R and slope of the regression line of patristic vs. p-
distances. The patristic distances between pairs of taxa were inferred from the
branch lengths of ML trees constructed under the LG + C8 + I model.
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strong support for the Coelenterata and Eumetazoa concepts and
monophyly of Porifera (Fig. 2A). The only basal node that did not
receive high support was the Placozoa and Porifera divergence.
The analysis of the ribosomal datasets conducted under the CAT–
GTR model was consistent with that conducted under the CAT
model on phylum-level relationships, including the monophyly of
Porifera (Supplementary Fig. S1). In addition, this analysis provided
strong support for Placozoa as the sister-group of the Porifera.
However, the best-fitting model left the relative positions of the
Bilateria, Coelenterata, and Placozoa–Porifera clades unresolved.
No apparent misplacement of taxa (including those containing
over 80% missing data) was observed in these phylogenies. Reduc-
ing the taxon sampling by selectively excluding species from only
bilaterian clades, only non-bilaterian clades, or both, did not alter
the tree topologies but led to a gradual decrease in the support val-
ues at the deep nodes under both the CAT and CAT–GTR models
(Figs. 2A and S1).

Unlike the ribosomal trees, the topology of the non-ribosomal
tree rooted with choanoflagellates was sensitive to missing data.
The Bayesian analysis of the non-ribosomal gene matrix containing
63 taxa under the CAT model resulted in several misplacements of
taxa containing more than 80% missing data and, consequently,
poor support for the phylum-level nodes (e.g., Bilateria and Cni-
daria; Supplementary Fig. S2). Therefore, the ‘‘gappy’’ taxa were re-
moved from the non-ribosomal and combined matrices. The
topology of the non-ribosomal tree containing 50 taxa was not
consistent with the ribosomal CAT and CAT–GTR trees on the rela-
tionships of the deep branches. This topology disrupts the mono-
phyly of sponge lineages, does not support Coelenterata, and
determines Ctenophora to be the sister-group to the remaining



Fig. 4. Bayesian consensus trees obtained from the analyses of the combined matrix II (20,244 aa positions and 50 taxa; Table 1) under the CAT + C model. This matrix differs
from the combined matrix I (Fig. 1) by 2731 ribosomal sites. The PP and scale bar are as in Fig. 1.
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Metazoa. We emphasize that this ‘‘Ctenophora-basal’’ topology
was common in all of our rooted non-ribosomal ML and Bayesian
trees constructed under the LG, GTR, CAT–GTR, and CAT models.

To further assess the effect of gene sampling on the higher-level
metazoan phylogeny, we decreased the proportion of ribosomal
sites by excluding nine ribosomal genes (12% of the combined ma-
trix length) from the combined dataset. The resulting matrix con-
tained 54% ribosomal and 46% non-ribosomal sites. This
modification restored Coelenterata and its sister relationships with
Bilateria (99% PP) but broke the Porifera–Placozoa group into three
paraphyletic clades: Placozoa, Calcarea–Homoscleromorpha, and
Demospongiae–Hexactinellida (Fig. 4). The Placozoa were recov-
ered as the sister-group to the Eumetazoa. Unlike the original tree
depicted in Fig. 1, all basal nodes of this ‘‘shortened matrix’’ tree re-
ceived strong PP support (P95%).

3.2. Saturation and Long Branch Attraction (LBA) artifacts

Saturation and LBA are two factors that may contribute to the
instability of the metazoan phylogeny observed in this study and
explain its sensitivity to gene sampling (Bergsten, 2005; Philippe
et al., 2011; Pick et al., 2010). We conducted the following tests
to assess whether the above-described conflicts in tree topology
(e.g., the position of the Ctenophora and relationships among the
Porifera lineages) resulted from saturation and LBA: (I) measured
the relative saturation levels in the ribosomal and non-ribosomal
partitions; (II) analyzed a less saturated matrix under the models
of protein evolution that fit these data less well than the CAT mod-
el; (III) removed all non-metazoan taxa from the two datasets and
constructed un-rooted trees under the CAT model; and (IV) re-
placed the Choanoflagellata with a more distant outgroup and
reconstructed the ribosomal and non-ribosomal phylogenies under
the CAT model.

To compare the saturation levels in our ribosomal and non-ribo-
somal gene matrices, we plotted the patristic distances inferred
from the corresponding trees against the uncorrected p-distances
(Fig. 3). The results of this test revealed a higher saturation level
in the non-ribosomal gene matrix (the regression line slope = 0.36
and Pearson correlation coefficient R = 0.26) compared to our ribo-
somal gene dataset (slope = 0.42; R = 0.84; an ideal non-saturated
dataset has a slope = 1 and R = 1).

We next assumed that if the topology inferred from the non-
ribosomal gene matrix under the CAT model resulted from satura-
tion, it should be reproducible with a less saturated matrix and less
well-fitting model. To test this prediction, we analyzed our ribo-
somal gene matrix using two standard evolutionary models: the
LG and GTR. These models have been shown to be more susceptible
to saturation and LBA artifacts (Lartillot and Philippe, 2004) and fit
our data less well than the CAT model. The outcome was consistent
with our prediction: the ‘‘Ctenophora-basal’’ and paraphyletic
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Porifera were recovered in all ribosomal trees constructed under
the LG and GTR models (Supplementary Fig. S3). This result
strongly suggests that a similar position of these branches in the
non-ribosomal CAT trees is likely to be an artifact of a higher sat-
uration level in this gene set, which increases the branch length
variance and potentially adds to an LBA bias (Felsenstein, 1978).

To test for an LBA bias, we excluded the non-metazoan out-
group taxa from the analysis as the most obvious source of LBA
(Holland et al., 2003) and constructed un-rooted ribosomal,
non-ribosomal, and ‘‘combined’’ CAT trees. The removal of the
choanoflagellates resolved most conflicts between the resulting
phylogenies. In all three un-rooted phylogenies, the ctenophores
and cnidarians tended to establish sister-group relationships,
with weaker support from the non-ribosomal dataset, however.
Regarding the sponges, the Silicea sensu stricto (Demospongiae +
Hexactinellida) represent the sister-group to the Homoscleromor-
pha + Calcarea clade (Supplementary Fig. S4). Obviously, the issue
of sponge mono- vs. paraphyly depends on where the root of the
tree is placed.

Another standard method for detecting LBA artifacts is to use
distant outgroups (reviewed in Bergsten (2005)). A distant out-
group increases the LBA effect and works as a trap for the long in-
group branches. Previous analyses by Philippe et al. (2009)
demonstrated that including the additional outgroups distantly re-
lated to Metazoa (in particular, Filasterea, Ichthyosporea, and Fun-
gi) into their dataset reduced the support values for the deep
metazoan nodes. We used a slightly different approach to identify
the ingroup branches affected by LBA. Instead of increasing the
outgroup size, we replaced the choanoflagellates with Ichthyospo-
rea, a group of organisms more distant from the Metazoa than the
Choanoflagellata and Filasterea (Shalchian-Tabrizi et al., 2008;
Torruella et al., 2012). This replacement led to major rearrange-
ments in both the ribosomal and non-ribosomal trees (Supplemen-
tary Fig. S5A and B). The position of the ctenophores in the
non-ribosomal tree did not change. Instead, this branch switched
to the base of the Metazoa in the less saturated ribosomal tree.
In addition, the Cnidaria–Bilateria clade was disrupted in both phy-
logenies. Now, both Coelenterata lineages appeared at the basal
position to other animals in the non-ribosomal tree and, presum-
ably as a consequence of this shift, the monophyly of Porifera
and its sister-group relationships with the Placozoa were restored
with a high level of support (Supplementary Fig. S5B).

The results of these tests demonstrate a strong effect of LBA by
the outgroup on metazoan tree topology, including inter- and in-
tra-phyla level relationships. The extent of this effect depends on
the saturation level in the given multi-gene matrix (as determined
by gene sampling), choice of outgroup, and assumptions of the evo-
lutionary model used in the analysis.

3.3. Leaf stability and among-taxa compositional heterogeneity

One of the methods commonly applied to diminish systematic
error and biases is to exclude unstable taxa and those that have
a biochemical composition significantly deviating from the global
empirical composition of the dataset (Brinkmann and Philippe,
1999; Thorley and Wilkinson, 1999). To identify taxa that have
an unstable phylogenetic position in our ribosomal and non-ribo-
somal trees, we calculated leaf stability (LS) indices (Thorley and
Page, 2000) for all species using the Bayesian CAT trees sampled
during the MCMC chains. According to the results of the LS analy-
sis, all representatives of Homoscleromorpha, Calcarea, and Placo-
zoa were unstable in all of our trees. Choanoflagellates,
ichthyosporeans, filastereans, and ctenophores received low LS val-
ues from several datasets (Supplementary Table S1). In addition,
the posterior predictive analysis of among-taxa compositional het-
erogeneity showed that the amino acid composition of the choano-
flagellate, ichthyosporean, filastereans, and placozoan sequences
deviated significantly from the global empirical biochemical com-
position in both datasets (Supplementary Table S1). Potentially, the
presence of the above-mentioned taxa in the alignments increases
LBA and destabilizes the resulting phylogeny. The analyses of the
LBA artifacts presented above confirmed a destabilizing effect of
choanoflagellates and ichthyosporeans on metazoan trees. High
(relative to metazoans) alanine and low lysine contents in both
outgroup taxa and high glycine and low leucine contents in ichthy-
osporeans indicate that compositional heterogeneity can be par-
tially attributed to high GC content in both outgroups (King
et al., 2008; Codon Usage Database; Supplementary Fig. S5C and
D). However, excluding the placozoans, the most unstable ingroup
lineage (Supplementary Table S1), from the analysis changed nei-
ther the topology of the non-ribosomal tree, nor that of the ribo-
somal tree (data not shown).
4. Discussion

4.1. Why do different genes tell different stories?

The multiple conflicting metazoan phylogenies presented here
and in previous publications (Dunn et al., 2008; Erwin et al.,
2011; Philippe et al., 2009; Pick et al., 2010; Schierwater et al.,
2009; Sperling et al., 2009; Srivastava et al., 2010) have one feature
in common: they have long terminal and short internal branches.
Frequently, such a topology is a sign of ancient rapid radiations,
which are closely spaced diversification events that occurred deep
in time (Rokas et al., 2003a; Rokas et al., 2005). This observation is
consistent with both the fossil record and molecular clock esti-
mates showing that the radiation of early metazoans occurred
within a relatively short time span of approximately 700 MYA (Er-
win et al., 2011). A major challenge of phylogenetic reconstructions
associated with such ancient and likely rapid radiations is recover-
ing the true signal at the deep nodes. Previously published studies
showed that sequence alignments containing one or few genes
provide information insufficient for resolving the relationships be-
tween major metazoan lineages (Rokas et al., 2003a). Our results
are consistent with this conclusion: none of the 122 single-gene
alignments constructed for this study provide any support for the
deep nodes. Increasing the size of the dataset (both taxon and gene
sampling) has been thought to be the logical solution since at least
8000 randomly selected characters are required to obtain reason-
able support for ancient diversifications (Rokas et al., 2003b). Ow-
ing to recent advances in DNA sequencing technologies,
considerable amounts of sequence data are available for construct-
ing phylogenomic alignments consisting of hundreds of genes.
However, there is an uncertainty regarding the best gene sampling
strategy. A common practice is the a posteriori sampling of as many
genes shared by the lineages of interest as the data allow (Dunn
et al., 2008; Gatesy and Baker, 2005; Kuck and Meusemann,
2010; Srivastava et al., 2010). This method minimizes heuristic
and other cognitive biases associated with a priori choice of target
genes. However, the method is based on the assumption that the
collective phylogenetic signal from all OGs should be stronger than
noise (Hillis, 1998). This assumption is often violated when phylo-
genetic problems associated with ancient rapid radiations are ad-
dressed (Bergsten, 2005). The analysis of different partitions of a
phylogenomic alignment is the most reliable method to assess
the validity of this assumption for a particular dataset. The consis-
tency of phylogenies inferred from independent partitions remains
the strongest evidence of an accuracy of phylogenetic estimates
(Comas et al., 2007; Swofford, 1991).

In this study, we used the partitioning of a large alignment to
test the effect of gene sampling on the higher-level metazoan
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phylogeny and assess the validity of the random-gene sampling
strategy in application to this problem. There are several possible
approaches for defining multi-gene partitions, such as gene-
specific evolutionary rates, linkage, and gene function (Miyamoto
and Fitch, 1995). Partitioning based on evolutionary rates is a
promising approach that would test the prediction that slow evolv-
ing genes are the most suitable for resolving ancient diversifica-
tions, whereas more rapidly evolving genes should be selected
for testing recent radiation events (Donoghue and Sanderson,
1992; Felsenstein, 1983; Giribet, 2002). In phylogenomics, relative
evolutionary rates are estimated either based on single-gene satu-
ration plots or by calculating the length of each gene tree (the sum
of all branch lengths) or pairwise sequence distances (Bevan et al.,
2005; Ebersberger et al., 2011; Fong and Fujita, 2011; Graybeal,
1994). However, these methods are not reliable when comparing
single-gene alignments containing different amounts of missing
data. Since complete genome sequences are available for few
non-bilaterian metazoan species, the alignments used in this study
(and in other genomic-scale deep metazoan phylogeny studies) are
dominated by EST-derived sequences and contain relatively high
amounts of missing data (13–36% missing data in our matrices
and 50% and 27% in the datasets from Dunn et al. (2008) and Phi-
lippe et al. (2009), respectively (Table 1). In this study, we parti-
tioned our total dataset based on gene functions as a proxy for
the rate of evolution (reviewed in Koonin and Wolf (2006)). We
constructed two non-overlapping matrices sufficiently long for
analyzing deep metazoan phylogeny (>8000 characters; as sug-
gested by Rokas et al. (2003b)). One matrix exclusively included
the housekeeping genes involved in translation, which are highly
conserved and show uniformly slow rates of evolution across the
Tree of Life (Castillo-Davis et al., 2004; Hori et al., 1977; Hughes
et al., 2006; Landais et al., 2003; Moreira et al., 2002; Warren
et al., 2010). Because of the ubiquitously high expression levels,
these genes can be found in EST libraries of most if not all organ-
isms and therefore constitute a significant component of phyloge-
nomic alignments constructed to address higher-level metazoan
phylogeny (e.g., 26% and 11% of all sites in the supermatrices by
Dunn et al., 2008, and Philippe et al., 2009, respectively). The sec-
ond partition was constructed in accordance with the ‘‘random-
ness’’ criterion. This partition included genes from various
functional categories characterized by various rates of evolution
from slow evolving ubiquitins and histones (an evolutionary rate
similar to ribosomal proteins) to less constrained metabolic en-
zymes (Nei et al., 2000; Piontkivska et al., 2002; Rooney et al.,
2002). The phylogenetic analyses of the two partitions produced
conflicting trees (Fig. 2). Moreover, combining the genes from the
two datasets in different proportions either led to a loss of the ba-
sal-node support (Fig. 1) or resulted in a well-supported topology
incongruent with the two partition trees (Fig. 4). This surprisingly
high sensitivity of the non-bilaterian component of the metazoan
phylogeny to gene sampling may result from different levels of
non-phylogenetic signal in our datasets. Since all gene alignments
were constructed using the same methods and selected using the
same statistical tests and thresholds (described in Section 2), all
matrices were expected to have similar levels of systematic error
associated with ortholog selection and aligning. The results of sat-
uration and LBA tests indicate that these artifacts provide the most
plausible explanation for the observed inconsistency of the result-
ing phylogenies. The dataset that included genes from various
functional categories had a significantly higher saturation level
than the ribosomal-gene matrix (Fig. 4). The phylogenies generated
using this ‘‘random-gene’’ matrix exhibited stronger LBA biases
(e.g., the basal position of the Ctenophora relative to other meta-
zoan lineages in all rooted trees) than the phylogenies generated
using the ribosomal gene dataset. This result is consistent with
the prediction that limiting analyses to slow evolving genes is
the best approach for resolving high-level phylogenies. Depending
on the history and rate of evolution, genes are known to vary in
their phylogenetic informativeness over historical time (Felsen-
stein, 1983; Graybeal, 1994). Sites informative for resolving the
relationships between the terminal branches can be homoplasious
at deeper nodes of a phylogenetic tree. Restraining the analyses to
genes that evolve slowly across the Tree of Life may reduce the le-
vel of saturation in the dataset and recover the phylogenetic signal
at the basal nodes. This conclusion does not contradict and instead
complements the ‘‘randomness’’ criterion. However, this conclu-
sion assumes a significant reduction of the number of candidate
genes and consequently, restrains the character sampling (length)
of the deep metazoan phylogenomic datasets.

Although our ribosomal tree depicted in Fig. 2A received high
statistical support for the basal nodes and showed no apparent
LBA effect and a low sensitivity to taxon sampling, the distant out-
group test and CAT–GTR analysis revealed a degree of instability
among the relationships of the Bilateria, Coelenterata, and Placo-
zoa–Porifera branches (Supplementary Fig. S1). This instability
can be attributed to low-level biases in the ribosomal trees. Satura-
tion and LBA biases result from the substantial variation of evolu-
tionary processes both along a sequence and among the lineages
(Lartillot and Philippe, 2004; Lopez et al., 2002). Problems occur
when this variation violates the assumptions of the evolutionary
model used. Although genes that have the most heterogeneous
biochemical composition were excluded from our datasets, the
comparison of the taxon-specific amino acid frequencies revealed
a significant among-lineage compositional deviation in both parti-
tions. In particular, ctenophores, placozoans, and outgroup taxa
exhibited biochemical compositions that significantly deviated
from the global empirical amino acid frequencies in both align-
ments (Supplementary Table S1). The factors that contribute to
among-lineage compositional heterogeneity include a historical
shift in site-specific substitution rates and qualitative changes of
substitution patterns over time (Lopez et al., 2002; Roure and
Philippe, 2011). The models used in this study (and the other stud-
ies on higher-level metazoan phylogeny cited above) account for
the across-site heterogeneity but assume a homogeneous evolu-
tionary process over time (Lartillot and Philippe, 2004). The pat-
terns observed in both of our datasets violate this assumption
and provide an additional source of systematic error, which may
contribute to the observed instability of the early metazoan
phylogeny.

To summarize, this study generated three incongruent, yet
strongly supported tree topologies: the ribosomal gene tree
(Fig. 2A), the combined dataset II tree (Fig. 4), and the non-ribo-
somal gene tree containing an ichthyosporean outgroup (Supple-
mentary Fig. S5B). The latter phylogeny can be rejected with high
confidence because it was based on the most saturated dataset
and was not confirmed by the analysis with the outgroup closest
to the Metazoa. The remaining two datasets have their advantages
and disadvantages. The combined dataset is longer than the ribo-
somal one and includes genes from various functional categories
and is therefore less prone to gene sampling bias. However, the le-
vel of saturation in this dataset is increased due to the inclusion of
the non-ribosomal matrix. The ribosomal gene matrix has the low-
est saturation level. The resulting phylogeny is robust to the alter-
ations of taxon sampling. The main criticism of the ribosomal gene
phylogeny is that it is based on functionally coupled macromole-
cules, which might share a common evolutionary bias (Bleidorn
et al., 2009). Apparently this tree reflects the early evolution of
translational machinery in animals. The question is whether the
history of the metazoan translation machinery is congruent with
its species phylogeny. Answering this question is particularly
important for resolving the position of the Placozoa and the rela-
tionships between the major sponge lineages.



T. Nosenko et al. / Molecular Phylogenetics and Evolution 67 (2013) 223–233 231
Although our phylogenetic reconstructions left a degree of
uncertainty regarding the relationships among the early branching
animal clades, the dynamics of the tree topology changes under the
different models and with different outgroups shed light on several
controversies of the metazoan phylogeny.

4.2. Phylogenetic positions of the Placozoa and Porifera lineages

Recently published hypotheses on the phylogenetic position of
the placozoans include but are not limited to the Placozoa as the
sister-group to the other eumetazoans (Philippe et al., 2009; Sri-
vastava et al., 2008, 2010), the Placozoa as the sister group of Bila-
teria (Pick et al., 2010), Bilateria–Cnidaria (Ryan et al., 2010), or
Coelenterata–Porifera clades (Schierwater et al., 2009). The rela-
tionships among the major Porifera lineages represent another
point of conflict among the metazoan trees. Several studies indi-
cate sponges as a paraphyletic group (Dunn et al., 2008; Erwin
et al., 2011; Medina et al., 2001; Peterson and Eernisse, 2001;
Rokas et al., 2005; Sperling et al., 2009); other studies argue for
the monophyly of Porifera (Philippe et al., 2009, 2011; Pick et al.,
2010; reviewed in Wörheide et al., 2012). The phylogenetic pat-
terns observed in this study link these two phylogenetic problems
together. All of our trees supporting sponge monophyly place
Placozoa as the sister-group of Porifera (Figs. 2A, 3, S1, and S5A
and B), whereas the paraphyletic sponges always coincide with
placozoans placed as the sister-group of eumetazoans (Figs. 2B
and S3). Our less-saturated dataset analyzed under the best-fitting
models favors the first scenario (sponge monophyly; Figs. 2A and
S1). However, regardless of the tree topology and confidence val-
ues for the corresponding nodes, the phylogenetic positions of
Placozoa, Homoscleromorpha, and Calcarea are extremely unstable
(Supplementary Table S1). In addition to a significantly deviating
amino acid composition and a global interplay among the long
and short branches of the tree, the factors that may contribute to
the observed instability include an uneven distribution of taxon
sampling (Bergsten, 2005; Hillis, 1998). Although we added new
taxa to all lineages listed above, these groups apparently remain
undersampled. Our taxon sampling test shows that support for
the monophyly of the Porifera increases when the taxon sampling
increases (Fig. 2A). Based on this observation, we predict that add-
ing new species of calcareous sponges and homoscleromorphs
should increase the stability of the Porifera clade and potentially
resolve its relationships with Placozoa.

4.3. Ctenophora as the most problematic branch among the non-
bilaterians

Morphological and molecular studies gave rise to several con-
troversial hypotheses on the phylogenetic position of ctenophores
(Dunn et al., 2008; Wallberg et al., 2004). In this study, we obtained
trees supporting two hypotheses: the ctenophores as a sister group
of Cnidaria (Coelenterata hypothesis, Figs. 1, 2A, and 4; Haeckel,
1866) and the ctenophores as the sister-group to all other animals
(‘‘Ctenophora-basal’’ hypothesis, Figs. 2B, S3, and S5; Dunn et al.,
2008). The comparison of our ribosomal and non-ribosomal gene
phylogenies generated under different models of evolution pro-
vides several supporting arguments that the position of cteno-
phores as the sister-group to the remaining Metazoa in our trees
is an artifact of LBA between the outgroup and ctenophore
branches: (I) ‘‘Ctenophora-basal’’ did not receive strong support
in any tree analyzed under the CAT model when the Choanoflagel-
lata, the closest to the Metazoa lineage, was used as an outgroup.
This position of ctenophores was supported either when the trees
were generated under a less-fitting amino acid substitution model
or a more distant outgroup was used (Supplementary Figs. S3 and
S5); and (II) in the absence of non-metazoan taxa, the unrooted
ribosomal and non-ribosomal phylogenies were consistent with
the sister-group relationships between Ctenophora and Cnidaria
(Supplementary Fig. S4).

The ctenophores consistently formed long branches in all
Bayesian and ML trees constructed for this study. Poor ctenophore
taxon sampling may partially explain the problem. Large sequence
datasets (EST libraries) are available for only four ctenophore spe-
cies. Including taxa that represent the overall diversity of a prob-
lematic group in the phylogenetic datasets is perceived as the
most efficient method of breaking up long branches (Hillis,
1998). However, the lack of a robust ctenophore taxonomy (Podar
et al., 2001) and insufficient knowledge of their biology (in partic-
ular, the rates of self-fertilization in hermaphroditic ctenophores)
challenge the development of an efficient taxon sampling strategy.
Self-fertilization is associated with high mutation rates (Schultz
and Lynch, 1997); therefore, the presence of self-fertilized species
in phylogenetic datasets may increase saturation and aggravate the
LBA problem (Pett et al., 2011).

Another concern is that the long branch separating the cteno-
phores from their closest living relatives may indicate an extensive
extinction of ancient ctenophore taxa. The hypothesis that all ex-
tant ctenophore species evolved from a relatively recent common
ancestor was proposed by Podar et al. (2001) based on the phylo-
genetic analyses of 18S rRNA sequences from 26 ctenophore spe-
cies. This assumption is also supported by the fossil record, in
which putative stem-group Ctenophores from the Cambrian differ
from recent taxa in a number of manners (e.g., the number of comb
rows, presence of lobate organs in the former, etc.) and likely rep-
resent extinct stem groups (Carlton et al., 2007; King et al., 2008).
Our results do not contradict this hypothesis. The evolutionary dis-
tances between four species, each representing one of the major
ctenophore lineages, are short in comparison to those between
the major lineages of sponges and cnidarians (Figs. 1, 2 and 4). If
this hypothesis is true, ctenophores may be the most problematic
branch of the non-bilaterian section of the metazoan tree and be
difficult to resolve even with additional taxon sampling.
5. Conclusions

This study shows an extreme sensitivity of the higher-level
metazoan phylogeny to the gene composition of the phylogenomic
matrices. The gene sampling strategy determines the level of satu-
ration and LBA biases in the resulting phylogenies. According to our
results, a careful a priori (i.e., post-sequencing and before analyses)
selection of genes that evolve slowly across all metazoan lineages
helps to decrease systematic errors and recover the phylogenetic
signal from the noise. Using this approach, we were able to recon-
struct a metazoan phylogeny that is consistent with traditional,
morphology-based views on the phylogeny of non-bilaterian
metazoans, including monophyletic Porifera and ctenophores as a
sister-group of cnidarians. The stability of the metazoan tree can
be further improved by applying a more realistic amino acid substi-
tution model that accounts for the variation of evolutionary rates
and biochemical patterns, both along the sequences and among
the lineages, and by increasing the taxon sampling of critically
‘‘undersampled’’ lineages. In the case of non-bilaterian animals,
these lineages should be drawn from calcareous and homo-
scleromorph sponges, placozoans, and ctenophores. In addition,
identifying and sampling early branching, slowly evolving outgroup
species with an amino acid composition similar to the metazoan
ingroup may help to decrease the outgroup effect.

The above steps promise to significantly improve the robust-
ness of deep phylogeny estimation. However, the criteria used to
assess the fit and performance of new evolutionary models and
validity of the resulting phylogeny remain to be identified. In this
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study, we confirmed the previous conclusion that the standard
measures of clade support, such as Bayesian posterior probabilities,
may support several conflicting hypotheses with high apparent
confidence. When different multi-gene partitions tell different sto-
ries, we cannot rely solely on traditional phylogenetic analyses of
long (and even longer) sequences. Difficult phylogenetic problems,
such as the relationships between the major metazoan lineages,
call for the development of new, sequence-independent genomic
markers (SIGMs, e.g., protein domain architecture, gene order, gene
fusions, duplications, insertions-deletions, or genetic code vari-
ants; Rokas and Holland, 2000) that would provide independent
data to test conflicting phylogenetic hypotheses. Although at-
tempts to use such markers, for example microRNAs to resolve
sponge relationships (Sperling et al., 2010; Robinson et al., 2013),
transposable elements (short interspersed elements, SINEs; Pisk-
urek and Jackson, 2011) and changes in spliceosomal intron posi-
tions (NIPs; Lehmann et al., 2012), to resolve early metazoan
relationships have thus far been unsuccessful, the growing number
of fully sequenced genomes of non-bilaterian animals might pro-
vide sufficient data in the future to discover novel SIGMs to test
phylogenomic hypotheses and finally enable us to fully appreciate
the early evolution of animals.
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