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E V O L U T I O N A R Y  B I O L O G Y

Lack of support for Deuterostomia prompts 
reinterpretation of the first Bilateria
Paschalia Kapli1, Paschalis Natsidis1, Daniel J. Leite1, Maximilian Fursman1*, Nadia Jeffrie1,  
Imran A. Rahman2, Hervé Philippe3, Richard R. Copley4, Maximilian J. Telford1†

The bilaterally symmetric animals (Bilateria) are considered to comprise two monophyletic groups, Protostomia 
(Ecdysozoa and the Lophotrochozoa) and Deuterostomia (Chordata and the Xenambulacraria). Recent molecular 
phylogenetic studies have not consistently supported deuterostome monophyly. Here, we compare support for 
Protostomia and Deuterostomia using multiple, independent phylogenomic datasets. As expected, Protostomia 
is always strongly supported, especially by longer and higher-quality genes. Support for Deuterostomia, however, 
is always equivocal and barely higher than support for paraphyletic alternatives. Conditions that cause tree 
reconstruction errors—inadequate models, short internal branches, faster evolving genes, and unequal branch 
lengths—coincide with support for monophyletic deuterostomes. Simulation experiments show that support for 
Deuterostomia could be explained by systematic error. The branch between bilaterian and deuterostome common 
ancestors is, at best, very short, supporting the idea that the bilaterian ancestor may have been deuterostome-like. 
Our findings have important implications for the understanding of early animal evolution.

INTRODUCTION
The bilaterally symmetric animals (Bilateria) are widely held to be 
composed of two major monophyletic groups, Protostomia and 
Deuterostomia. Protostomia contains the two branches of Ecdysozoa 
and Lophotrochozoa; Deuterostomia contains the Chordata, in-
cluding vertebrates and Xenambulacraria (Hemichordata, Echino-
dermata, and, more controversially, Xenacoelomorpha). The names 
Protostomia and Deuterostomia refer to a supposed distinct origin 
of the mouth in the two clades, but they have been differentiated by 
other embryological characters including embryonic cleavage pat-
terns and distinct ways of forming their mesoderm and coelomic 
cavities. While Protostomia is highly supported by molecular data, 
including numerous unique genomic characters, the deuterostomes 
have fewer convincing molecular synapomorphies, and some re-
cent studies of metazoan phylogeny do not support deuterostome 
monophyly. The inconsistent support seen for Deuterostomia in 
recent studies might be evidence that a rapid and ancient radiation 
in the Precambrian produced the two deuterostome subclades. Cases 
of rapid radiations imply a limited time between speciations (short 
internal branches) that can lead to the accumulation of minimal 
phylogenetic signal, and this signal can be easily blurred by the nu-
merous substitutions occurring later (long terminal branches). Such 
problems are exacerbated when heterogeneities in the evolutionary 
process cause model violations producing systematic errors (1). 
Here, we consider recent indications that the limited support for the 
major animal superphylum of Deuterostomia may result from these 
problematic circumstances. We ask whether support from molecular 

phylogenetic studies for the deuterostome clade, widely accepted for over 
100 years, may even be the result of an artifact of tree reconstruction.

RESULTS
The deuterostome branch is short and has low support 
compared to the protostome branch
The different topologies relating Chordata, Xenambulacraria, and 
Protostomia seen in recently published animal phylogenies suggest 
that the support for monophyletic deuterostomes (Fig. 1A) may be 
weak. This contrasts with consistent, strong support for the mono-
phyly of the protostomes. To study the support for the deuterostome 
clade in the context of the well-supported protostome clade, we use 
five recent, independently generated, phylogenomic datasets cover-
ing the diversity of animal phyla [i.e., (2–6)]. We investigate the sup-
port for different topologies relating the Chordata, Xenambulacraria, 
Ecdysozoa, and Lophotrochozoa. We first asked whether the branches 
leading to protostomes and deuterostomes are of similar length, un-
der the assumption that both are monophyletic. We note that, while 
the classic phylogeny suggests that protostomes and deuterostomes 
originated at the same point (Urbilateria), there is no expectation 
that the branches leading to the common ancestors of Protostomia 
and Deuterostomia should be of the same length. The point of the 
comparison is to see whether there is a strong contrast in branch 
length between the well-supported Protostomia and the less well- 
supported Deuterostomia.

Using a fixed topology taken from the original publications for 
each dataset (modified when necessary to enforce monophyly of 
deuterostomes), we optimized branch lengths using the site-homogeneous 
LG + F + G model. While the overall amount of change in branches 
leading from the bilaterian common ancestor to both protostomes 
and deuterostomes differs between datasets, in all cases, the branch 
leading to the protostomes is approximately twice the length of the 
branch leading to the deuterostomes (Fig. 1B.). Under more realis-
tic site heterogeneous models, the protostome branch is almost six 
times longer. This difference is reinforced when we look at the change 
in log likelihood (∆lnL) between a fully resolved tree compared with 
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trees in which either the protostome or deuterostome branch is col-
lapsed into a polytomy. The ∆lnL observed on collapsing the branch 
leading to protostomes is considerably greater for all five datasets 
than the ∆lnL when collapsing the deuterostome branch (Fig. 1C).

We repeated these measures of branch lengths and ∆lnL using 
all individual genes from all five datasets (Fig. 1, D and E). For the 
great majority of genes across all datasets, as for the concatenated 
datasets, there is a longer branch leading to the protostomes than to the 
deuterostomes (protostomes longer in 70% of genes) and consistently 

stronger support (larger ∆lnL) for protostomes than for deutero-
stomes (∆lnL protostomes larger for 68.6% of genes). Most individual 
genes support monophyletic deuterostomes much less strongly than 
they support protostomes.

A minority of genes support deuterostome monophyly
The measures presented above are based on trees in which deu-
terostomes were constrained to be monophyletic, meaning that we 
could not show any topological conflict between genes. To measure 
conflict between genes, we considered each gene individually and com-
pared the lnLikelihood of a tree supporting protostome monophyly 
(“PM”) or deuterostome monophyly (“DM”) with the lnLikelihoods 
of two alternative topologies for each of these two clades: proto-
stome paraphyly “P1”: Lophotrochozoa sister to Deuterostomia; 
protostome paraphyly “P2”: Ecdysozoa sister to Deuterostomia; 
deuterostome paraphyly “D1”: Xenambulacraria sister to Protostomia; 
and deuterostome paraphyly “D2”: Chordata sister to Protostomia 
(see Fig. 2).

We visualized the relative lnLikelihoods for the three topologies 
for every gene on a triangular plot (Fig. 2). For the protostome trees, 
most genes have a strong preference for a single topology (77.31% 
on average across datasets with the LG + F + G model); the majority 
of genes support the monophyly of protostomes (58.94% versus 9.71% 
and 8.66% for PM, P1, and P2, respectively; table S1).

For the deuterostomes, the results are more equivocal; fewer 
genes have strong preference for a single topology (66.99% on aver-
age), and there is only a small excess in the number of genes strongly 
supporting monophyletic deuterostomes over the other two to-
pologies (28.65% versus 19.17% and 19.17% for DM, D1, and D2, 
respectively; table S1).

To address potential questions regarding the monophyly of the 
Xenambulacraria, these individual gene analyses were repeated us-
ing datasets from which the Xenacoelomorph Xenoturbella had 
been removed. The removal of this taxon resulted in subtle changes 
to the results but did not change any conclusions (see fig. S1).

For all five datasets, the gene alignments strongly supporting the 
monophyletic protostomes topology were longer and had higher 
monophyly scores (a measure of their ability to support known 
clades) compared with the gene alignments that supported either of 
the two alternative topologies (fig. S2). For the deuterostomes, there 
was minimal evidence of a significant difference of alignment length 
between genes supporting DM versus either paraphyletic alterna-
tive (fig. S2), and there were no significant differences in monophyly 
scores between genes supporting DM versus either paraphyletic al-
ternatives (table S3). Monophyletic Protostomia, but not monophy-
letic Deuterostomia, is strongly preferred across five independent 
datasets by a clear majority of individual genes that are, on average, 
longer with a stronger phylogenetic signal.

DM is correlated with conditions that may lead 
to systematic error
Whatever the true topology relating Xenambulacraria, Chordata, 
and Protostomia, we have shown that the branch separating them is 
short and might therefore be especially sensitive to systematic er-
rors. Systematic errors can result from heterogeneities in the pro-
cess of substitution that are not accommodated by the models used 
and can be exacerbated in faster evolving datasets. In the context of 
unequal rates of evolution among taxa, this may lead to a long-
branch attraction (LBA) artifact (7).

Fig. 1. The deuterostome branch is short and weakly supported compared 
with the protostome branch. (A) Canonical tree showing relationships between 
major metazoan clades. The Bilateria consists of two branches: Protostomia (red, 
Lophotrochozoa and Ecdysozoa) and Deuterostomia (blue, Chordata and Xenam-
bulacraria). (B) Comparison of branch lengths from the bilaterian common ances-
tor to the deuterostome common ancestor (blue) and to the protostome common 
ancestor (red). In five datasets, the protostome branch is twice as long as the deu-
terostome branch. (C) Comparison of decrease in lnLikelihood of a tree in which 
the protostome or deuterostome branch has been collapsed (∆lnL). In five data-
sets, collapsing the protostome branch reduces lnL considerably more than col-
lapsing the deuterostome branch. (D) Comparison of estimated protostome and 
deuterostome branch lengths for individual genes. Genes from all five datasets are 
ordered by the difference in length between protostome and deuterostome 
branches. In 3376 out of 4826 genes (69.9%), the protostome branch is longer. 
(E) Comparison of protostome and deuterostome ∆lnL for individual genes. Genes 
from all five datasets are ordered by the difference in ∆lnL between proto stomes 
and deuterostomes. In 3312 out of 4826 genes (68.6%), the protostome ∆lnL is larger. 
All analyses used the LG + F + G model.
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For each dataset, we measured the average branch lengths within 
the protostome, chordate, and xenambulacrarian clades (average 
distance from the bilaterian common ancestor to each taxon within 
each clade) and the average distance from each outgroup taxon to 
the bilaterian common ancestor. The branches leading to the out-
groups and to the protostomes are always longer than the branch 
leading to the chordate and xenambulacrarian clades (Fig. 3A). Un-
der LBA, the long-branched protostomes and outgroup might be 
expected to be mutually attracted, resulting in clustering of short-
branched Chordata and Xenambulacraria.

The three datasets that supported monophyletic deuterostomes 
(2, 3, 6) had taxon samples that resulted in the three largest rate in-
equalities with the longest average protostome and outgroup branch 
lengths relative to chordate and xenambulacrarian branches (Fig. 3A). 
The three datasets that support monophyletic Deuterostomia are 
also the fastest evolving (expected substitutions per site measured 
across a tree containing the eight taxa that all five datasets have in 
common: Philippe, 1.971; Marletaz, 2.2082; Cannon, 2.537; Laumer, 
2.6578; and Rouse, 2.8741).

Last, while two datasets support paraphyletic deuterostomes 
under complex site heterogeneous models (4, 5), which account for 
across-site amino acid preference variability (8), all five datasets 
support monophyletic deuterostomes when using simpler and less 
well-fitting site homogeneous models. Unequal rates, faster-evolving 
loci, and inadequate site homogeneous models are all known to 
promote LBA artifacts, especially in the context of short internal 

nodes (1, 7, 9). All these problem-causing conditions correlate with 
support for Deuterostomia.

Less well-fitting models produce conditions that may bias 
toward monophyletic deuterostomes
We further examined the possible effect of model misspecification 
by comparing branch lengths estimated using different models. We 
used the Laumer et al. dataset (3), which has the clearest branch 
length heterogeneity (Fig.  3A). We estimated the lengths of the 
branches leading to the deuterostomes, the protostomes, and the 
outgroup. We see that as we use models that fit the data increasingly 
well, the estimated length of the branch leading to the deutero-
stomes decreases, and the lengths of the branches leading to the 
protostomes and outgroup increase (Fig. 3B). Using inadequate 
models will underestimate the likelihood of convergence between 
Protostomia and outgroup, possibly resulting in an LBA between pro-
tostomes and outgroups.

Simulations show that the monophyletic deuterostome 
topology is favored under conditions producing 
systematic errors
We next followed a data simulation approach to ask whether any 
of the three topologies relating the Protostomia, Chordata, and 
Xenambulacraria (Fig. 4A) could gain artifactual support as a result 
of systematic error. Using 50,000 positions and 36 taxa from the 
Laumer dataset, we estimated parameters using the three alternative 

Fig. 2. Most genes prefer monophyletic Protostomia over alternatives; few genes prefer monophyletic Deuterostomia. Triangular plots showing relative support 
for the three alternative topologies shown at the corners of the triangles. Genes in colored corners show a high preference for the corresponding topology. The numbers 
of genes found in the different colored sectors of the large triangle are shown below. (A) Triangle plot comparing support for monophyletic Protostomia (PM) versus two 
alternative topologies with paraphyletic Protostomia (P1 and P2). (B) Bar plot showing that across five datasets, most genes strongly prefer the monophyletic Protostomia 
topology. (C) Triangle plot comparing support for monophyletic Deuterostomia (DM) versus two alternative topologies with paraphyletic Deuterostomia (D1 and D2). 
(D) Bar plot showing that across five datasets, a minority of genes strongly prefer the monophyletic Deuterostomia topology over paraphyletic topologies or the gray areas.
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topologies relating the Chordata, Xenambulacraria, and Protostomia 
(DM, D1, and D2; Fig. 4A) under the best-fitting CAT + LG + G 
model implemented in phylobayes (10) . For each topology, we sim-
ulated 100 datasets using these estimated parameters.

For data simulated according to the DM topology, we are able to 
reconstruct monophyletic deuterostomes (DM) correctly in 100% 
of replicates under both correct (site heterogeneous) and model 
violating (site homogeneous models) (Fig. 4B). In contrast, for data 
simulated under the two topologies with paraphyletic deutero-
stomes, recovering the true relationships was more challenging. As 
predicted by the consistency of probabilistic models, under the cor-
rect, site heterogeneous model, the correct paraphyletic topology was 
always recovered. Under the model-violating site homogeneous model 
(expected to exacerbate LBA artifacts), the true tree was recovered 
in 60 and 88% of the datasets simulated under the D1 and D2 hy-
potheses, respectively (Fig. 4B). In both cases, the remaining 40% 
(D1) and 12% (D2) of the datasets incorrectly recovered monophy-
letic deuterostomes (the DM topology).

These analyses were repeated using a dataset from which the 
Xenacoelomorph Xenoturbella had been removed. The removal of 
this taxon resulted in subtle changes to the results that do not affect 
the conclusions drawn (see table S4).

Branch length heterogeneity is correlated with support 
for monophyletic deuterostomes
To explore the hypothesis of unequal rates of evolution lending ex-
aggerated support to the monophyletic Deuterostomia topology, we 

reinferred trees using the same simulated data after first removing 
the 13 longest branched taxa of protostome and outgroup clades 
(11,  12). We reinferred the trees using the site homogeneous 
LG + F + G model, which had resulted in some incorrect topologies 
with the full dataset. Regardless of the topology under which the 

Fig. 3. Evidence from empirical data that conditions promoting systematic error 
correlate with support for monophyletic Deuterostomia. (A) Bar chart showing 
the average branch lengths within Chordata, Xenambulacraria, Protostomia, and 
from the outgroup taxa to bilaterian root. Datasets with the greatest branch length 
heterogeneity (Rouse, Cannon, and Laumer) support deuterostome monophyly. (B) Box 
plot showing the lengths of branches leading to the Deuterostomia, Protostomia, 
and from the outgroups to Bilateria estimated using different models of evolution with in-
creasing fit to data. With improving model fit, the estimated length of the deuterostome 
branch decreases, and estimated protostome and outgroup branch lengths 
increase—conditions that could reduce LBA between protostome and outgroups.

Fig. 4. Simulations show that model violations and unequal rates result in 
artifactual support for monophyletic Deuterostomia. (A) One hundred datasets 
were simulated using parameters estimated under a site heterogeneous model 
(CAT + LG + G) for each of the three topologies shown (colored boxes). (B) For each 
simulated dataset, a maximum likelihood tree was reconstructed under four conditions: 
i) site heterogeneous C60 + LG + F + G model (Het); ii) model violating site homo-
geneous LG + F + G model (Hom); iii) homogeneous model with long branches of 
protostomes and outgroup taxa removed (HomNL); iv) homogeneous model with 
short-branch protostomes and outgroup taxa removed (HomNS). For each condi-
tion, the number of times the three possible topologies were reconstructed is 
shown in the bar charts; color indicates the topology supported. Data simulated 
under DM always yield the correct topology. Under the site heterogeneous model, 
D1 and D2 data always yield a correct topology. Under the model violating site 
homogeneous model, D1 and D2 data yield an incorrect topology in 40% and 12% of 
replicates, respectively. The incorrect tree is always DM. Under the site homogeneous 
model with long-branch protostomes and outgroups removed (reducing LBA), D1 
and D2 data always yield a correct topology. Under the site homogeneous model 
with short-branch protostomes and outgroups removed (enhancing LBA), D1 and 
D2 data always yield an incorrect topology. The incorrect tree is always DM. (C) In-
terpretation of simulation results as an LBA artifact. The tree topologies under 
which data were simulated (true tree) are shown in the middle. The long branches 
leading to the protostomes and outgroups are indicated in red. Under conditions 
that minimize systematic error (left, site heterogeneous model or reduction in 
branch length heterogeneity by removing long branches), the correct tree (DM, 
D1, or D2) is always reconstructed. Under conditions that enhance systematic error 
(right, model violating site homogeneous models or increase in branch length het-
erogeneity by removing short branches), the DM topology is reconstructed using 
data simulated under all three topologies.
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data were simulated, removing these long branches resulted in re-
covering the correct topology in 100% of cases (Fig. 4B).

We contrast this with an equivalent experiment designed to ex-
aggerate artifacts caused by rate heterogeneity. We removed the 
13 shortest protostome and outgroup taxa from the simulated data 
and again reinferred the tree topologies under the site homogeneous 
LG + F + G model. Regardless of the topology under which the data 
were simulated, we recovered monophyly of the deuterostomes 
(DM topology) in 100% of replicates (Fig. 4B). Our results show 
that if deuterostomes are paraphyletic (either paraphyletic topology), 
then conditions we have shown to affect real datasets could easily 
result in artifactual support for monophyletic deuterostomes (Fig. 4C 
and table S4).

Reappraising deuterostome molecular synapomorphies
Studies of different classes of molecular characters also suggest 
stronger support for Prostostomia than for Deuterostomia. Proto-
stomes have 12 unique microRNA families (13) compared with 1 in 
deuterostomes, and protostomes share 58 “near intron pairs” com-
pared with only 7 in deuterostomes. Protostomes also share a highly 
distinct, conserved variant of the mitochondrial NAD5 protein (14) 
and a hidden break in their 28S ribosomal RNA (15).

In their comparison of hemichordate and chordate genomes, 
Simakov et al. (16) conducted a systematic search for genes unique 
to deuterostomes. Using the greater number and diversity of sequenced 
genomes now available, we have identified likely orthologs of many of 
these genes in nonbilaterian metazoans and/or in protostomes. Overall, 
we have found evidence for 20 out of 31 of these “deuterostome 
novelties” in protostomes and/or nonbilaterian metazoans, suggest-
ing that they are bilaterian plesiomorphies (Supplementary Text). 
Equivalent searches for characters unique to either Chordata plus 
Protostomia or Xenambulacraria plus Protostomia have not been 
conducted, and it is, therefore, not clear how to interpret the 11 re-
maining Chordata plus Xenambulacraria–specific characters. If 
deuterostomes are not monophyletic, then these 11 genes must have 
been lost in protostomes.

The pharyngeal gene cluster may be a bilaterian, not 
a deuterostomian character
Simakov et al. (16) also describe a deuterostomian “pharyngeal 
gene cluster.” This is a microsyntenic block of seven genes (nkx2.1, 
nkx2.2, msxlx, pax1/9, slc25A21, mipol1, and foxA) found complete 
only in Ambulacraria and Chordata. Several of these genes have 
functional links to pharynx patterning and to the formation of pha-
ryngeal slits. Different protostomes do have some of these genes 
linked, i.e., nkx2.1 nkx2.2 (various protostomes), nkx2.2 msxlx 
(Lottia), pax1/9 slc25A21 (Lottia), mipol1 foxA (various protostomes), 
and pax1/9 foxA (distant but on the same chromosome in Caenor-
habditis) (17). Msxlx is adjacent to three nkx2.1/2-type genes in 
Trichoplax and is also relatively close to foxA in the genomes of 
medusozoan and octocoral cnidarians (cnidarians lack pax1/9). 
We have also identified a linkage between msxlx and pax1/9 in the ge-
nome of the protostome Phoronis australis (separated by 0.34 mb, 
with 17 intervening genes) (Supplementary Text). These links raise 
the possibility that at least five (nkx2.1, nkx2.2, msxlx, pax1/9, and 
slc25A21) and perhaps all of the genes in the cluster were linked in 
the bilaterian common ancestor and that the cluster is a bilaterian 
character that has been dispersed in different proto stome lineages 
(Fig. 5A).

 DISCUSSION
Implications of difficulties resolving relationships between 
Protostomia, Chordata, and Xenambulacraria
We have shown that the branch leading to monophyletic Deuterosto-
mia, if it exists, is short and weakly supported; for comparison, we 
demonstrate unequivocal strong support for Protostomia especially 

A

B

Fig. 5. Character evolution implied by a short or nonexistent deuterostome 
branch. (A) Distribution of characters on a phylogenetic tree with an unresolved 
polytomy at the base of the Bilateria involving Protostomia (P), Xenambulacraria 
(XA), and Chordata. (L, Lophotrochozoa; E, Ecdysozoa; B, Bilateria). Presence or 
absence of the characters discussed in the Discussion are indicated (blue box, 
present; white box, absent; blue/white box, variable; n/a, not applicable). The pha-
ryngeal cluster contains the seven genes indicated by colored boxes. The cluster 
has not been found intact in any single protostome, but most possible pairs/triplets of 
adjacent genes are found linked in one or more protostomes or nonbilaterian 
metazoans (box represents various protostomes; see text for details), implying that 
the common ancestor of protostomes had an intact cluster. Urbilateria is the com-
mon ancestor of all three clades (dotted line), and its characteristics can be inferred 
as those present in Chordata and Xenambulacraria (and, for some characters, in Proto-
stomia). (B) Cambrian bilaterians. 1, The lophotrochozoan Lingulella chengjiangensis 
(Cambrian Series 2, Yunnan Province, China). 2, The ecdysozoan Chuandianella ovata 
(Cambrian Series 2, Yunnan Province, China). 3, The xenambulacrarian Protocinctus 
mansillaensis (Cambrian Series 3, Spain). 4, The chordate Myllokunmingia fengjiaoa 
(Cambrian Series 2, Yunnan Province, China). 5, The problematic bilaterian Vetulicola 
cuneata (Cambrian Series 2, Yunnan Province, China). Pharyngeal slits (red arrows) 
are present in Vetulicola and Myllokunmingia, while a segmented bipartite body 
(yellow arrows) is a feature of Vetulicola and Chuandianella. If Urbilateria had pha-
ryngeal slits, then Vetulicola could represent a stem protostome. Images 1, 2, 4, and 
5 are courtesy of Yunnan Key Laboratory for Palaeobiology and MEC International 
Joint Laboratory for Palaeobiology and Palaeoenvironment, Yunnan University, 
Kunming, China. Image 3 is courtesy of S. Zamora. Scale bars, 5 mm (1 to 3) and 
10 mm (4 and 5).
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from higher-quality gene alignments. Comparisons of rates and relative 
branch lengths between datasets and the effects of model misspeci-
fication show that given some support for monophyletic Deuterostomia 
correlates with conditions expected to enhance systematic error. 
The contention that monophyletic Deuterostomia could result 
from systematic error is given some support by our simulation 
experiments. Systematic error is especially likely to affect our ability 
to reconstruct relationships between taxa separated by the very 
short branches we have described. Recent work has shown that 
Xenacoelomorpha are very likely to be the sister group of the 
Ambulacraria (4, 5, 18); nevertheless, experiments in which we 
removed the contentious Xenacoelomorpha did not change the 
results showing that this controversy should not affect our in-
terpretation of the findings.

Such a short deuterostome branch has important consequences 
for our understanding of character evolution at the base of the Bila-
teria. It implies some combination of (i) a slow rate of change across 
many genes in the branch leading to the (hypothetical) deuterostome 
ancestor and (ii) a short period of time separating the last bilaterian 
common ancestor and the last deuterostome common ancestor 
(4, 19). Hybridization between lineages following speciation is 
another process that could blur the distinction between these ances-
tral taxa. If the deuterostomes are paraphyletic, as some analyses 
suggest, then the last common ancestor of Chordata and Xenambu-
lacraria was the last common ancestor of all Bilateria; Urbilateria 
would have had the characteristics that have, until now, been used 
to define deuterostomes—characters common to Xenambulacraria 
and Chordata would be bilaterian plesiomorphies.

The idea that Urbilateria had some deuterostome characters is 
not new. Grobben included the phylum Chaetognatha in his 
Deuterostomia (20). Chaetognaths are now known to be lophotro-
chozoan protostomes (5, 21) but have the three main deuterostome 
characters (22) of radial cleavage, forming their coeloms/mesoderm 
by enterocoely and their anus forms in the vicinity of the closed 
blastopore—the mouth is a secondary opening—and by this defini-
tion, they are deuterostomes. Deuterostomy and radial cleavage are 
also found in some Ecdysozoa, as observed in priapulid worms 
(23, 24). Radial cleavage, enterocoely, and deuterostomy are charac-
ters found in both protostomes and deuterostomes and are likely, 
therefore, to have been primitive characteristics of the Bilateria.

Members of both Chordata and Xenambulacraria also have pha-
ryngeal slits, a postanal tail, and a form of endostyle (a pharyngeal 
tissue that secretes iodine-rich mucus for filter feeding) (25). If the 
deuterostomes are paraphyletic, then this would suggest that these 
were also characteristics of Urbilateria, implying that they have 
been altered beyond recognition or lost in the lineage leading to the 
protostomes. Our evidence that the pharyngeal cluster of genes 
likely existed in the protostome ancestor implies that stem proto-
stomes may have had pharyngeal slits.

A number of fossil forms from the Cambrian period have been 
interpreted as stem deuterostomes because, while lacking most 
defining characteristics of extant deuterostome phyla, they have 
pharyngeal slits (Fig. 5B) (26–29). The pharyngeal slits in vetulicolians 
(26, 27) have been used as evidence for placing them as stem- or 
total-group deuterostomes, with the bipartite vetulicolian body 
plan taken as a model for the ancestral deuterostome (26, 27, 30). If 
pharyngeal slits were present in Urbilateria, then this removes the 
key character supporting the placement of vetulicolians with deu-
terostomes, and the presence in vetulicolians of a terminal anus and 

segmentation (27) could indicate that they are stem protostomes 
that had lost a postanal tail. Banffiids, which lack pharyngeal slits 
but are otherwise morphologically similar to vetulicolians (29), 
might occupy a more derived position in the protostome stem group.

This suite of complex characters in Urbilateria suggests a rela-
tively large, filter-feeding animal arguing against a small and simple 
urbilaterian (2, 31). The apparent lack of Precambrian bilaterians 
would not be easily explained as the result of poor preservation po-
tential due to small size and simple morphology, emphasizing the 
gap between molecular clock estimates for the origin of bilaterians 
and their oldest fossil evidence (32).

While we have shown that support for monophyletic Deuterosto-
mia is exaggerated by systematic errors, we have not attempted de-
finitively to resolve this polytomy. The conclusions we have reached 
with regard to character evolution are, however, unlikely to be 
affected by resolving the relationships between these extremely 
short branches, assuming a correlation between molecular and 
morphological evolution. Nevertheless, recent analyses using large 
datasets and the best available models give weak support to a sister 
group relationship between the Chordata and Protostomia to the 
exclusion of the Xenambulacraria.

To facilitate future studies of this problem, we propose the name 
“Centroneuralia” for a potential Chordata and Protostomia clade, 
recognizing their shared characteristic of a centralized nervous 
system. We propose the name “Orthozoa” for a potential Xenam-
bulacraria and Prostostomia clade, recognizing the shared character 
of having an orthodox dorsoventral orientation when compared 
with the axis-inverted Chordata.

MATERIALS AND METHODS
Datasets used
All analyses were based on five recently published phylogenomic 
datasets (2–6) covering all major clades of the animal phylogeny. 
For convenience, we will refer to each dataset by the name of the 
first author of each study (i.e., “Marletaz,” “Philippe,” “Laumer,” 
“Cannon,” and “Rouse”). In all our analyses, we kept the full set of 
taxa apart from the fast-evolving Acoelomorpha species that have 
been shown to be prone to phylogenetic inference errors (4). In our 
analyses, the Cannon dataset consisted of 67 taxa and 881 genes 
(“proteinortho.phy” in the original study), the Laumer dataset con-
sisted of 422 genes and 152 taxa (167 taxa in dataset M in the origi-
nal study), the Marletaz dataset consisted of 70 species and 1174 
genes (alignments provided in the original study after the HMMC-
lean and BMGE filtering), the Philippe dataset consisted of 51 taxa 
and 1173 genes (trimmed alignments provided in the original 
study), and, last, the Rouse dataset consisted of 26 taxa and 1178 
partitions (“70.fas” in the original study). Each dataset contained 
several representatives of the major metazoan clades, specifically 
the two Protostomia clades Lophotrochozoa and Ecdysozoa, the 
two Deuterostomia clades Chordates and Xenambulacraria, as well 
as several nonbilaterian phyla.

Measuring lengths of branches leading to deuterostomes 
and protostomes
The protostomes and the deuterostomes are traditionally treated as 
two equally strongly supported clades. To assess whether mo-
lecular phylogenetics supports this perception of bilaterian evolu-
tion, we compared the branch lengths of the two clades across the 
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five concatenated datasets as well as for each gene of each dataset 
individually. For each dataset, we assumed the tree topology as 
reported in the original studies, specifically, for Cannon, Laumer, 
Marletaz, and Rouse the trees we used relate to Fig. 2, Fig. 2A, Fig. 2, 
and Fig. 3 from their respective publications, while for the Philippe 
data, we assumed the relationships as in the “PHILIPPE-ALL-
SPP-NOACOEL-CATGTR-100JP.tre” from the original publica-
tion. For the Cannon, Laumer, and Rouse data, Xenoturbella are 
considered to be sister to Ambulacraria rather than Nephrozoa. 
This position for Xenoturbella in the absence of the long-branched 
Acoelomorpha is supported by these datasets. For the Philippe and 
Marletaz data, we altered the tree only to enforce DM, as this was 
not supported in the published phylogenies. For the analyses per-
formed per gene, we cropped the original trees using newick-tools 
(33), such that only the taxa present in the relevant gene alignment 
were present. Given the fixed topology, the branch lengths were 
estimated with IQ-TREE (34) under the state frequency homo-
geneous model LG + F + G. We used the optimized topologies to 
measure the length of the branch leading from the common ances-
tor of Bilateria (protostomes and deuterostomes) to the common 
ancestors, respectively, of deuterostomes and protostomes.

Measuring lnLikelihood support for the branches leading 
to deuterostomes and protostomes
We performed a second analysis where we measured the difference 
in the likelihood score between the fully resolved phylogeny and for 
the topology after collapsing either the protostome or the deutero-
stome branch into a polytomy.

Collapsed Protostomia branch = (Lophotrochozoa, Ecdysozoa, 
(Ambulacraria, Chordata))

Collapsed Deuterostomia branch = ((Lophotrochozoa, Ecdysozoa), 
Ambulacraria, Chordata)

For calculating the lnLikelihoods, we used the LG + F + G model. 
We measured the difference in lnLikelihood in both the five 
full concatenated alignments and for each gene from each dataset 
individually.

Measuring difference in lnLikelihood per gene 
for topologies with monophyletic and paraphyletic 
deuterostomes and protostomes
We measured the proportion of genes in each dataset that strongly 
support the monophyly of the deuterostome clade DM over the two 
alternative paraphyletic topologies. Specifically, we compared the 
lnLikelihood of the topologies, assuming monophyletic deuterostomes 
DM and two possible paraphyletic alternatives.

Deuterostome paraphyly “D1”: (Chordata, (Xenambulacraria, 
(Lophotrochozoa, Ecdysozoa)))

Deuterostome paraphyly “D2”: (Xenambulacraria, (Chordata, 
(Lophotrochozoa, Ecdysozoa)))

We performed the equivalent analyses for the protostomes; spe-
cifically, we compared the lnLikelihood of the topologies assuming 
monophyletic protostomes PM and the two possible paraphyletic 
alternatives.

Protostome paraphyly “P1”: (Ecdysozoa, (Lophotrochozoa, 
(Xenambulacraria, Chordata)))

Protostome paraphyly “P2”: (Lophotrochozoa, (Ecdysozoa, 
(Xenambulacraria, Chordata)))

To achieve this in both cases, we calculated the log likelihoods for 
the three alternative topologies using IQ-TREE under the LG + F + G 

model. The analyses were performed twice, once with and once 
without Xenoturbella.

In all cases, the topologies were fixed as described earlier, and we 
manually adjusted them to produce the two alternative hypotheses 
rendering protostomes or deuterostomes paraphyletic. As before, 
each of the topologies was trimmed to the taxa present in each gene. 
We visualized the relative support of each gene for the three alterna-
tive topologies affecting either deuterostomes or protostomes using 
a method adapted from that described in (35). By scaling the three 
likelihoods in the range [0,1] such that lnLn1 + lnL2 + lnL3 = 1 (the 
relevant python script “likelihood_transform.py” is available at 
https://github.com/MaxTelford/MonoDeutData), we could use 
their transformed values as coordinates in a ternary plot, whose 
corners represent the three topologies. We considered a gene to 
support a particular topology if the corresponding scaled likelihood 
was larger than two-thirds (and the likelihoods for the other two 
topologies were therefore smaller than one-third). We divided the 
triangle into compartments to reflect these cutoffs and plotted the 
points using the R package “ggtern” (36) (the relevant R script 
“plot_triangles.R” is available at https://github.com/MaxTelford/
MonoDeutData). Identical steps were taken when repeating these 
analyses with datasets from which the Xenacoelomorpha had been 
excluded.

Comparing the phylogenetic informativeness of genes 
supporting topologies with monophyletic and paraphyletic 
protostomes and deuterostomes
To identify potential reasons for individual genes supporting alter-
native topologies for both the deuterostome and the protostome 
clades, we evaluated two parameters known to be related to errors 
in phylogenetic inference. For each gene alignment from each data-
set, we first measured the alignment length. Subsequently, we in-
ferred the maximum likelihood phylogeny for each gene with 
IQ-TREE under the LG + F + G model and measured the monophyly 
score of the tree [this is a measure of a dataset’s ability to recon-
struct known monophyletic groups and is described in (36)]. We 
used Welch’s t test to determine whether the difference in these 
scores between the sets of genes supporting different topologies was 
significant (table S3).

Measuring branch lengths of different clades across datasets
We assessed how the average branch lengths of the two clades Proto-
stomia and Deuterostomia and of the outgroup clan differ across 
the five datasets. Using the complete alignments, we estimated the 
branch lengths under the LG + F + G model, assuming the DM to-
pology with IQ-TREE. To measure the average tip-to-stem branch 
length in each clade or clan, we used the “pynt.py” script (available 
at https://github.com/MaxTelford/XenoCtenoSims). We additionally 
measured the tree length (sum of all branch lengths) for the five 
datasets after reducing each of them to the eight species they all had 
in common (i.e., Amphimedon queenslandica, Nematostella vectensis, 
Strongylocentrotus purpuratus, Ciona intestinalis, Peripatopsis capensis, 
Priapulus caudatus, Capitella teleta, and Lottia gigantea).

Measuring the effects of different models on estimates 
of branch lengths
We compared the estimates for the deuterostome, protostome, and 
bilaterian stem branch lengths across four models accommodating or not 
rate and state compositional heterogeneity across sites. We performed 
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this analysis only for the Laumer dataset that showed the strongest 
support for DM. To lessen the computational burden, we re-
duced the dataset to 36 taxa that cover all major branches of the phy-
logeny, selecting taxa with fewest missing data and randomly 
selected 50,000 of the original 106,186 alignment sites (“reduced- 
Laumer”). Using the reduced-Laumer dataset and assuming the 
DM topology, we performed a phylobayes-mpi [version 1.8 (37)] 
run for four substitution models, i.e., LG (homogeneous model in 
terms of state composition and rates across sites), LG + G [homo-
geneous state composition and site heterogeneous rates], C60 + LG + G 
[heterogeneous model assuming 60 different sets of amino acid state 
frequencies (38)], and the infinite mixture model CAT + LG + G 
model (39). We performed 10,000 Markov chain Monte Carlo 
(MCMC) cycles for all models except for the CAT + LG + G, for 
which we performed 20,000. For all four runs, we used the final 5000 
posterior tree samples to calculate the average stem branch length 
of the deuterostomes, proto stomes, and bilaterians.

Cross validation to measure fit of different models
To compare how the branch length estimates relate to the degree of fit 
of each of the four models, we performed cross-validation analyses as 
described in the phylobayes-mpi manual. Using the reduced-Laumer 
dataset, we created 10 training datasets each consisting of 10,000 
sites and 10 test datasets of 2000 sites each. We ran phylobayes-mpi 
for 3000 MCMC cycles for each of the training datasets and for each of 
the four models. Subsequently, using the “readpbmpi” program (distrib-
uted with the phylobayes-mpi) under the “-cv” option, we calculated 
the posterior mean cross-validation score with a burnin of 2000 and 
sampling a frequency of 0.1. As expected, less complex models have sig-
nificantly worse fit to the data than the more complex models (average 
cross validation scores: LG, −74,877.78; LG + G, −70,348.95; C60 + 
LG + G, −68,707.89; CAT + LG + G, −68,031.36).

Simulations: Systematic error
We simulated sequence alignments using parameters that match 
those measured from empirical sequences under the three topolog-
ical hypotheses relating the deuterostome clades. As before, we 
based these analyses on the reduced-Laumer dataset. The parameter 
estimates and simulations were carried out with phylobayes-mpi. 
Identical steps were taken when repeating these analyses with a 
dataset from which Xenoturbella had been excluded.

The two steps were as follows:
1) We estimated the posteriors of branch lengths and model 

parameters using the CAT + LG + G model on three alternative 
fixed topologies relating the deuterostome clades. For each fixed to-
pology, we performed 20,000 MCMC cycles with a sampling fre-
quency of 1.

2) Using the final 5000 posterior samples, we subsampled with a 
frequency of 1 in 50, which gave us a subset of 100 posterior sam-
ples. Using these combinations of branch lengths and model pa-
rameters, we simulated data with the “readpb_mpi” tool under the 
“ppred” option.

For phylobayes runs using all three fixed topologies, the effective 
sampling size (ESS), for some of the model parameters, was lower 
than 100, but in all cases >50, possibly suggesting inadequate 
MCMC mixing and lack of convergence. This is a known problem 
of phylobayes when using large datasets. To ascertain whether the 
results from our simulations were affected by inadequate mixing (or 
by a sampling effect), we repeated the procedure for a smaller fraction 

(10,000 randomly selected sites) of the Laumer alignment. In this 
case, we performed 10,000 MCMC samples, and the ESS values 
were above 100 for all parameters with a 25% burnin. The results of 
the simulations based on this dataset were in broad agreement with 
the results based on the larger dataset (table S4).

For each of the simulated datasets (simulated under the best- 
fitting state-frequency heterogeneous CAT model), we performed 
two phylogenetic inference analyses using IQ-TREE: (i) under the 
state-frequency homogeneous model LG + F + G and (ii) the state 
frequency heterogeneous model C60 + LG + F + G under the PMSF 
(posterior mean site frequency) approximation (40). The C60 model 
implements an approximation of the CAT model of Phylobayes but 
with 60 precomputed site frequency categories (5) and is consider-
ably faster to run in a maximum likelihood framework (40), en-
abling the analysis of multiple simulated datasets. We wanted to test 
the possible influence of an LBA attracting long-branched proto-
stomes to the long branch leading to the outgroup resulting in 
artifactual support for monophyletic deuterostomes. We repeated 
the previous analyses after removing the longest protostome branches 
(i.e., Diuronotus aspetos, Geocentrophora applanata, Schmidtea 
mediterranea, Echinococcus multilocularis, Adineta vaga, Loa loa, 
Caenorhabditis elegans, and Hypsibius dujardini) and the outgroup 
taxa (i.e., Polypodium hydriforme, A. queenslandica, Beroe abyssicola, 
Mnemiopsis leidyi, and Salpingoeca rosetta). Last, we performed an 
equivalent experiment by removing the 13 shortest protostomes 
(C. teleta, Helobdella robusta, Phyllochaetopterus sp., Daphnia pulex, 
Limulus polyphemus, Hemithiris psittacea, Membranipora membranacea, 
L. gigantea, Neomenia sp., Phoronis psammophila, and P. caudatus) 
and outgroup taxa (Craspedacusta sowerbyi and N. vectensis) and 
inferred the tree topologies under the LG + F + G model. In all cases, 
we measured the proportion of simulated datasets supporting each 
of the three potential topologies.

Gene order
Gene order was determined from the National Center for Biotech-
nology Information (NCBI) genome gff files, or gff files distributed 
with sequence data from the Marine Genomics Unit of the Okinawa 
Institute of Science and Technology (https://marinegenomics.oist.jp/), 
or other online resources related to original publications. Orthologs 
of selected genes were determined from phylogenies of correspond-
ing Pfam domains (e.g., Homeobox, Forkhead, etc.). Briefly, Pfam 
hidden Markov models were searched against a metazoan protein 
database (hmmsearch), and sequences were aligned (hmmalign) 
and then trimmed (esl-alimask and esl-alimanip) on the basis of 
posterior probabilities of correct alignments and length of remain-
ing sequence. Phylogenies were constructed using IQ-TREE, allow-
ing the optimum model to be selected from the LG set (i.e., “-mset 
LG” in IQ-TREE). Orthologs were identified by inspection of the 
phylogenetic tree around the relevant gene (e.g., msxlx, pax1/9, etc.).

Testing the phylogenetic distribution of supposed 
deuterostome-specific genes
Deuterostome novelties of Simakov et al. (16) were searched against 
selected protostome and nonbilaterian metazoan datasets. Most gene 
sets (Lingula, Priapulus, etc.) were obtained from the NCBI genomes 
resource (accessible at www.ncbi.nlm.nih.gov/genome/browse#!/
overview/), except Phoronis australis (OIST; see above). Sponge tran-
scriptomes were assembled from reads retrieved from the European 
Nucleotide Archive:
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Plakina jani (41): SRR3417194_1.fastq.gz and SRR3417194_2.fastq.gz.
Corticium  candelabrum (39): SRR499817_1.fastq.gz, SRR499817_2.

fastq.gz, SRR499820_1.fastq.gz, SRR499820_2.fastq.gz, SRR504694_1.
fastq.gz, and SRR504694_2.fastq.gz.

Sequences were processed into “left” and “right” read files add-
ing “/1” and “/2,” respectively, to identifiers (e.g., for a “_1.fastq” 
file: perl -pe 's/^@(SRR\S+)/\@$1\/1/') and then assembled using 
Trinity-v2.8.4 (42) with default parameters: trinityrnaseq-Trinity-v2.8.4/
Trinity --seqType fq --max_memory 128G --left fastq/left.fastq --right 
fastq/right.fastq --CPU 32.

Oscarella carmela proteins were downloaded from compagen 
(www.compagen.org/datasets.html; file OCAR_T-PEP_130911) and 
P. australis from OIST (see above). Candidate orthologs were iden-
tified via reciprocal best hits and phylogenetic analysis of relevant 
Pfam domains, as described above (section “Gene order”). Sequences 
were also searched against the NR database of the NCBI to test like-
ly monophyly of metazoan (in this analysis, generally, sponge and 
bilaterian) proteins based on clear separation of bit scores, using 
blastp (v2.10.0+) (37).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/12/eabe2741/DC1

REFERENCES AND NOTES
 1. P. Kapli, Z. Yang, M. J. Telford, Phylogenetic tree building in the genomic age. Nat. Rev. 

Genet. 21, 428–444 (2020).
 2. J. T. Cannon, B. C. Vellutini, J. Smith, F. Ronquist, U. Jondelius, A. Hejnol, 

Xenacoelomorpha is the sister group to Nephrozoa. Nature 530, 89–93 (2016).
 3. C. E. Laumer, R. Fernández, S. Lemer, D. Combosch, K. M. Kocot, A. Riesgo, 

S. C. S. Andrade, W. Sterrer, M. V. Sørensen, G. Giribet, Revisiting metazoan phylogeny 
with genomic sampling of all phyla. Proc. R. Soc. B Biol. Sci. 286, 20190831 (2019).

 4. H. Philippe, A. J. Poustka, M. Chiodin, K. J. Hoff, C. Dessimoz, B. Tomiczek, P. H. Schiffer, 
S. Müller, D. Domman, M. Horn, H. Kuhl, B. Timmermann, N. Satoh, T. Hikosaka-Katayama, 
H. Nakano, M. L. Rowe, M. R. Elphick, M. Thomas-Chollier, T. Hankeln, F. Mertes, 
A. Wallberg, J. P. Rast, R. R. Copley, P. Martinez, M. J. Telford, Mitigating anticipated 
effects of systematic errors supports sister-group relationship between 
Xenacoelomorpha and Ambulacraria. Curr. Biol. 29, 1818–1826.e6 (2019).

 5. F. Marlétaz, K. T. C. A. Peijnenburg, T. Goto, N. Satoh, D. S. Rokhsar, A new spiralian 
phylogeny places the enigmatic arrow worms among Gnathiferans. Curr. Biol. 29, 
312–318.e3 (2019).

 6. G. W. Rouse, N. G. Wilson, J. I. Carvajal, R. C. Vrijenhoek, New deep-sea species 
of Xenoturbella and the position of Xenacoelomorpha. Nature 530, 94–97 (2016).

 7. J. Felsenstein, Cases in which parsimony or compatibility methods will be positively 
misleading. Syst. Biol. 27, 401–410 (1978).

 8. N. Lartillot, H. Philippe, A Bayesian mixture model for across-site heterogeneities 
in the amino-acid replacement process. Mol. Biol. Evol. 21, 1095–1109 (2004).

 9. N. Lartillot, H. Brinkmann, H. Philippe, Suppression of long-branch attraction artefacts 
in the animal phylogeny using a site-heterogeneous model. BMC Evol. Biol. 7, S4 
(2007).

 10. N. Lartillot, N. Rodrigue, D. Stubbs, J. Richer, Phylobayes mpi: Phylogenetic 
reconstruction with infinite mixtures of profiles in a parallel environment. Syst. Biol. 62, 
611–615 (2013).

 11. A. M. A. Aguinaldo, J. M. Turbeville, L. S. Linford, M. C. Rivera, J. R. Garey, R. A. Raff, 
J. A. Lake, Evidence for a clade of nematodes, arthropods and other moulting animals. 
Nature 387, 489–493 (1997).

 12. J. Bergsten, A review of long-branch attraction. Cladistics 21, 163–193 (2005).
 13. J. E. Tarver, R. S. Taylor, M. N. Puttick, G. T. Lloyd, W. Pett, B. Fromm, B. E. Schirrmeister, 

D. Pisani, K. J. Peterson, P. C. J. Donoghue, Well-annotated microRNAomes do not 
evidence pervasive miRNA loss. Genome Biol. Evol. 10, 1457–1470 (2018).

 14. D. Papillon, Y. Perez, X. Caubit, Y. Le Parco, Identification of chaetognaths as protostomes 
is supported by the analysis of their mitochondrial genome. Mol. Biol. Evol. 21, 2122–2129 
(2004).

 15. P. Natsidis, P. H. Schiffer, I. Salvador-Martínez, M. J. Telford, Computational discovery 
of hidden breaks in 28S ribosomal RNAs across eukaryotes and consequences for RNA 
integrity numbers. Sci. Rep. 9, 19477 (2019).

 16. O. Simakov, T. Kawashima, F. Marlétaz, J. Jenkins, R. Koyanagi, T. Mitros, K. Hisata,  
J. Bredeson, E. Shoguchi, F. Gyoja, J.-X. Yue, Y.-C. Chen, R. M. Freeman, A. Sasaki,  
T. Hikosaka-Katayama, A. Sato, M. Fujie, K. W. Baughman, J. Levine, P. Gonzalez,  
C. Cameron, J. H. Fritzenwanker, A. M. Pani, H. Goto, M. Kanda, N. Arakaki, S. Yamasaki,  
J. Qu, A. Cree, Y. Ding, H. H. Dinh, S. Dugan, M. Holder, S. N. Jhangiani, C. L. Kovar,  
S. L. Lee, L. R. Lewis, D. Morton, L. V. Nazareth, G. Okwuonu, J. Santibanez, R. Chen,  
S. Richards, D. M. Muzny, A. Gillis, L. Peshkin, M. Wu, T. Humphreys, Y.-H. Su, N. H. Putnam, 
J. Schmutz, A. Fujiyama, J.-R. Yu, K. Tagawa, K. C. Worley, R. A. Gibbs, M. W. Kirschner,  
C. J. Lowe, N. Satoh, D. S. Rokhsar, J. Gerhart, Hemichordate genomes and deuterostome 
origins. Nature 527, 459–465 (2015).

 17. W. Wang, J. Zhong, B. Su, Y. Zhou, Y. Q. Wang, Comparison of Pax1/9 locus reveals 
500-Myr-old syntenic block and evolutionary conserved noncoding regions. Mol. Biol. 
Evol. 24, 784–791 (2007).

 18. P. Kapli, M. J. Telford, Topology-dependent asymmetry in systematic errors affects 
phylogenetic placement of Ctenophora and Xenacoelomorpha. Sci. Adv. 6, eabc5162 
(2020).

 19. M. J. Telford, G. E. Budd, H. Philippe, Phylogenomic insights into animal evolution.  
Curr. Biol. 25, R876–R887 (2015).

 20. K. Grobben, Die systematische einteilung des tierreichs. Verhandlungen der Zool. 
Gesellschaft Österreich. 58, 491–511 (1908).

 21. F. Marlétaz, E. Martin, Y. Perez, D. Papillon, X. Caubit, C. J. Lowe, B. Freeman, L. Fasano, 
C. Dossat, P. Wincker, J. Weissenbach, Y. Le Parco, Chaetognath phylogenomics: 
A protostome with deuterostome-like development. Curr. Biol. 16, R577–R578 (2006).

 22. P. Willmer, Inverterbrate Relationships: Patterns in Animal Evolution (Cambridge Univ. 
Press, 1990).

 23. J. M. Martín-Durán, R. Janssen, S. Wennberg, G. E. Budd, A. Hejnol, Deuterostomic 
development in the protostome Priapulus caudatus. Curr. Biol. 22, 2161–2166 (2012).

 24. S. A. Wennberg, R. Janssen, G. E. Budd, Early embryonic development of the priapulid 
worm Priapulus caudatus. Evol. Dev. 10, 326–338 (2008).

 25. E. E. Ruppert, Key characters uniting hemichordates and chordates: Homologies or 
homoplasies? Can. J. Zool. 83, 8–23 (2005).

 26. D. G. Shu, S. C. Morris, J. Han, L. Chen, X. L. Zhang, Z. F. Zhang, H. Q. Liu, Y. Li, J. N. Liu, 
Primitive deuterostomes from the Chengjiang Lagerstätte (Lower Cambrian, China). 
Nature 414, 419–424 (2001).

 27. Q. Ou, S. C. Morris, J. Han, Z. Zhang, J. Liu, A. Chen, X. Zhang, D. Shu, Evidence for gill slits 
and a pharynx in Cambrian vetulicolians: Implications for the early evolution 
of deuterostomes. BMC Biol. 10, 81 (2012).

 28. J. Han, S. C. Morris, Q. Ou, D. Shu, H. Huang, Meiofaunal deuterostomes from the basal 
Cambrian of Shaanxi (China). Nature 542, 228–231 (2017).

 29. S. C. Morris, S. L. Halgedahl, P. Selden, R. D. Jarrard, Rare primitive deuterostomes 
from the Cambrian (Series 3) of Utah. J. Paleo. 89, 631–636 (2015).

 30. K. J. Peterson, D. J. Eernisse, The phylogeny, evolutionary developmental biology, 
and paleobiology of the Deuterostomia: 25 years of new techniques, new discoveries, 
and new ideas. Org. Divers. Evol. 16, 401–418 (2016).

 31. A. Hejnol, M. Q. Martindale, Acoel development indicates the independent evolution 
of the bilaterian mouth and anus. Nature 456, 382–386 (2008).

 32. J. A. Cunningham, A. G. Liu, S. Bengtson, P. C. J. Donoghue, The origin of animals: Can 
molecular clocks and the fossil record be reconciled? Bioessays 39, 1–12 (2017).

 33. T. Flouri, A. Stamatakis, P. Kapli, newick-tools: A novel software for simulating and 
processing phylogenetic trees (2018); https://github.com/xflouris/newick-tools.

 34. L. T. Nguyen, H. A. Schmidt, A. Von Haeseler, B. Q. Minh, IQ-TREE: A fast and effective 
stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 
268–274 (2015).

 35. K. Strimmer, A. Von Haeseler, Likelihood-mapping: A simple method to visualize phylogenetic 
content of a sequence alignment. Proc. Natl. Acad. Sci. U.S.A. 94, 6815–6819 (1997).

 36. N. Hamilton, M. Ferry, ggtern: Ternary diagrams using ggplot2. J. Stat. Software, Code 
Snippets. 87, 1–17 (2018).

 37. C. Camacho, G. Coulouris, V. Avagyan, N. Ma, J. Papadopoulos, K. Bealer, T. L. Madden, 
BLAST+: Architecture and applications. BMC Bioinformatics. 10, 421 (2009).

 38. L. S. Quang, O. Gascuel, N. Lartillot, Empirical profile mixture models for phylogenetic 
reconstruction. Bioinformatics 24, 2317–2323 (2008).

 39. D. A. Ludeman, N. Farrar, A. Riesgo, J. Paps, S. P. Leys, Evolutionary origins of sensation 
in metazoans: Functional evidence for a new sensory organ in sponges. BMC Evol. Biol. 14, 
3 (2014).

 40. H. C. Wang, B. Q. Minh, E. Susko, A. J. Roger, Modeling site heterogeneity with posterior 
mean site frequency profiles accelerates accurate phylogenomic estimation. Syst. Biol. 
67, 216–235 (2018).

 41. P. Simion, H. Philippe, D. Baurain, M. Jager, D. J. Richter, A. Di Franco, B. Roure, N. Satoh, 
É. Quéinnec, A. Ereskovsky, P. Lapébie, E. Corre, F. Delsuc, N. King, G. Wörheide, 
M. Manuel, A large and consistent phylogenomic dataset supports sponges as the sister 
group to all other animals. Curr. Biol. 27, 958–967 (2017).

 on July 5, 2021
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://www.compagen.org/datasets.html
http://advances.sciencemag.org/cgi/content/full/7/12/eabe2741/DC1
http://advances.sciencemag.org/cgi/content/full/7/12/eabe2741/DC1
https://github.com/xflouris/newick-tools
http://advances.sciencemag.org/


Kapli et al., Sci. Adv. 2021; 7 : eabe2741     19 March 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 10

 42. M. G. Grabherr, B. J. Haas, M. Yassour, J. Z. Levin, D. A. Thompson, I. Amit, X. Adiconis, 
L. Fan, R. Raychowdhury, Q. Zeng, Z. Chen, E. Mauceli, N. Hacohen, A. Gnirke, N. Rhind, 
F. di Palma, B. W. Birren, C. Nusbaum, K. Lindblad-Toh, N. Friedman, A. Regev, Trinity: 
Reconstructing a full-length transcriptome without a genome from RNA-Seq data.  
Nat. Biotechnol. 29, 644–652 (2011).

 43. Y. J. Luo, M. Kanda, R. Koyanagi, K. Hisata, T. Akiyama, H. Sakamoto, T. Sakamoto, 
N. Satoh, Nemertean and phoronid genomes reveal lophotrochozoan evolution 
and the origin of bilaterian heads. Nat. Ecol. Evol. 2, 141–151 (2018).

 44. D. Petit, E. Teppa, A. M. Mir, D. Vicogne, C. Thisse, B. Thisse, C. Filloux, A. Harduin-Lepers, 
Integrative view of 2,3-sialyltransferases (ST3Gal) molecular and functional evolution 
in deuterostomes: Significance of lineage-specific losses. Mol. Biol. Evol. 32, 906–927 
(2015).

 45. T. F. M. Cummings, K. Gori, L. Sanchez-Pulido, G. Gavriilidis, D. Moi, A. R. Wilson, 
E. Murchison, C. Dessimoz, C. P. Ponting, M. A. Christophorou, Protein citrullination 
was introduced into animals by horizontal gene transfer from cyanobacteria. bioRxiv 
10.1101/2020.06.13.150037 , (2020).

Acknowledgments: We are grateful to the members of the Telford and Yang labs (CLOE, UCL) 
for discussions, as well as to reviewer P. Donoghue for the useful comments on improving our 
manuscript. Funding: This work was funded by BBSRC grant BB/R016240/1 (M.J.T./P.K.), by a 

Leverhulme Trust Research Project Grant RPG-2018-302 (M.J.T./D.J.L.), and by the European 
Union’s Horizon 2020 research and innovation program under the Marie Skłodowska-Curie 
grant agreement no 764840 IGNITE (M.J.T./P.N.) Author contributions: Conceptualization: 
M.J.T., P.K., and H.P. Investigation: P.K., P.N., D.J.L., M.F., N.J., and R.R.C. Data curation: P.K., P.N., 
and D.J.L. Writing (original draft): M.J.T. Writing (review and editing): P.K., P.N., D.J.L., R.R.C., 
H.P., and I.A.R. Visualization: P.K., P.N., D.J.L., I.A.R., and M.J.T. Supervision: M.J.T. Funding 
acquisition: M.J.T. Competing interests: The authors declare that they have no competing 
interests. Data and materials availability: All data needed to evaluate the conclusions in the 
paper are present in the paper and/or the Supplementary Materials. The simulation results, 
subsamples of datasets, and any custom scripts used in this study are available in the GitHub 
repository: https://github.com/MaxTelford/MonoDeutData. Additional data related to this 
paper may be requested from the authors.

Submitted 11 August 2020
Accepted 1 February 2021
Published 19 March 2021
10.1126/sciadv.abe2741

Citation: P. Kapli, P. Natsidis, D. J. Leite, M. Fursman, N. Jeffrie, I. A. Rahman, H. Philippe, R. R. Copley, 
M. J. Telford, Lack of support for Deuterostomia prompts reinterpretation of the first Bilateria. 
Sci. Adv. 7, eabe2741 (2021).

 on July 5, 2021
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

https://github.com/MaxTelford/MonoDeutData
http://advances.sciencemag.org/


Lack of support for Deuterostomia prompts reinterpretation of the first Bilateria

Richard R. Copley and Maximilian J. Telford
Paschalia Kapli, Paschalis Natsidis, Daniel J. Leite, Maximilian Fursman, Nadia Jeffrie, Imran A. Rahman, Hervé Philippe,

DOI: 10.1126/sciadv.abe2741
 (12), eabe2741.7Sci Adv 

ARTICLE TOOLS http://advances.sciencemag.org/content/7/12/eabe2741

MATERIALS
SUPPLEMENTARY http://advances.sciencemag.org/content/suppl/2021/03/15/7.12.eabe2741.DC1

REFERENCES

http://advances.sciencemag.org/content/7/12/eabe2741#BIBL
This article cites 42 articles, 2 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

 is a registered trademark of AAAS.Science AdvancesYork Avenue NW, Washington, DC 20005. The title 
(ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 NewScience Advances 

BY).
Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC 
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of

 on July 5, 2021
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/content/7/12/eabe2741
http://advances.sciencemag.org/content/suppl/2021/03/15/7.12.eabe2741.DC1
http://advances.sciencemag.org/content/7/12/eabe2741#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

