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Abstract  16 

An accurate phylogeny of animals is needed to clarify their evolution, ecology, and impact 17 

on shaping the biosphere. Although datasets of several hundred thousand amino acids are 18 

nowadays routinely used to test phylogenetic hypotheses, key deep nodes in the metazoan 19 

tree remain unresolved: the root of animals, the root of Bilateria, and the root of 20 

Deuterostomia. To assess patterns of congruence with established amino-acid derived 21 

phylogenetic hypotheses for these problematic nodes, we independently and extensively 22 

analysed newly assembled genome gene content and morphological datasets. Our datasets 23 

strongly support sponges as the sister group of all the other animals, the worm-like 24 

bilaterian lineage Xenacoelomorpha as the sister group of the other Bilateria, and largely 25 

support monophyletic Deuterostomia. We conclude that the last common animal ancestor 26 

may have been a simple, microphagous organism without a nervous system and muscles, 27 

while the last common ancestor of Bilateria might have been a small, acoelomate-like worm 28 

without a through gut.   29 
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Introduction 30 

Large multi-gene amino acid sequence (phylogenomic) datasets promised to achieve the 31 

phylogenetic resolution 1 needed to understand the evolution of life accurately 2. These 32 

phylogenies enable inferences about the phenotype, physiology, and ecology of common 33 

ancestors of clades 3,4, and to test hypotheses about the emergence of key innovations such 34 

as the nervous- and digestive systems 5,6.  35 

However, modelling the evolution of amino acid sequences is difficult 7,8. Deep metazoan 36 

phylogenies reconstructed from alternative amino acid datasets, or even the same amino 37 

acid dataset analysed using different substitution models 4,9–11, as well as using different 38 

taxon samplings of the ingroup 12,13 and the outgroup 9,10, are frequently incongruent. This 39 

acknowledged model- and data dependency of phylogenomic analyses underpins the 40 

phylogenetic instability observed towards the root of the animal tree e.g., 14. 41 

Although the sister group of all animals is well established – the Choanoflagellata, a group 42 

of single-celled and sometimes colonial collared and flagellated eukaryotes 15 – three nodes 43 

towards the root of the animal tree are proving difficult to resolve using multi-gene amino 44 

acid datasets, hindering progress in understanding early animal evolution 16.  45 

The first recalcitrant node in the animal tree is its root, and the discussion largely centres 46 

around the question of whether sponges (Porifera) or comb jellies (Ctenophora) are the 47 

sister group of all the other animals 17,18. This controversy impinges on our understanding of 48 

the last common ancestor of Metazoa 19, and despite receiving much attention for more than 49 

a decade 9,10,12,13,18,20–27, it is not yet resolved.  50 

Two other recalcitrant nodes have more recently been identified from alternative analyses of 51 

amino acid datasets that affect our understanding of the root of the Bilateria (all bilaterally 52 
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symmetrical animals, including humans). The first node involves the position of the worm-53 

like Xenacoelomorpha, a bilaterian clade that unites the Acoelomorpha and Xenoturbellida 54 

28. With a few exceptions 29, Xenacoelomorpha are millimetre-sized and primarily benthic or 55 

sediment dwelling bilaterians devoid of a true body cavity and an anus. Xenacoelomorpha 56 

has been recovered in different positions in the animal tree: as the sister group of all other 57 

bilaterian animals (Nephrozoa) 4,29, or as the sister group of the Ambulacraria 58 

(Echinodermata+Hemichordata) constituting the clade Xenambulacraria 11,30. The second 59 

node concerns the Deuterostomia, one of the two main bilaterian lineages (<Superphyla=). 60 

Bilateria have long been split into two lineages, Protostomia (Ecdysozoa + Spiralia 61 

[Lophotrochozoa]) and Deuterostomia (traditionally: Chordata + Ambulacraria [= 62 

Hemichordata + Echinodermata])31, historically based on the different origins of the mouth 63 

and other features during development 32. However, recent phylogenomic studies challenged 64 

the monophyly of Deuterostomia and recovered paraphyletic deuterostomes in conjunction 65 

with Xenambulacraria 33,34. This combination of results, if confirmed, would have 66 

substantial implications for our understanding of the last common ancestor of all Bilateria, 67 

which might then have been a fairly large organism, with pharyngeal gill slits and other 68 

traits previously thought to represent apomorphies of Deuterostomia (see 34 for an in-depth 69 

discussion). 70 

Accordingly, a stable resolution of the relationships of Xenacoelomorpha with reference to 71 

the deuterostomes is key to correctly infer the condition of the last common ancestor of the 72 

Bilateria – a small and simple organism if Xenacoelomorpha are the sister group to the 73 

Nephrozoa, or a larger and much more complex organism if Xenambulacraria is correct and 74 

Deuterostomia is not monophyletic. 75 
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Considering that phylogenomic analyses are model- and data dependent, we must employ 76 

different and novel approaches to select between phylogenetic hypotheses. One way is to use 77 

model fit- and model adequacy tests to discriminate between alternatives, favouring those 78 

derived using the best-fitting and most adequate model(s) 9,26. Alternatively, simulations can 79 

be used to compare alternative tree topologies and their chance of being inferred under 80 

different models 30. Finally, independent data sources can be used to <triangulate= conflicting 81 

hypotheses 35.  82 

Here we use two independent data types, genome gene content (<gene content=) data and 83 

morphology, to evaluate alternative hypotheses of animal relationships that emerged from 84 

previous analyses of amino acid sequence data and investigate their relative consilience 36,37. 85 

We focus on the three recalcitrant nodes mentioned above: the relative relationships of 86 

sponges and comb jellies with respect to the other animals, the relationships of 87 

Xenacoelomorpha within the Bilateria, and the monophyly of Deuterostomia.  88 

The phylogenetic analysis of gene content data relies on the proteomes derived from fully 89 

sequenced genomes and converts the presence or absence of gene families in the genomes of 90 

the terminals into a binary data matrix 9,25,38,39. We constructed separate datasets for 91 

<Homogroups= (homologous gene families) and <Orthogroups= (orthologous gene families). 92 

The former include homologous proteins that are predicted to be inherited from a common 93 

ancestor and can contain orthologs, xenologs, and out-paralogs, whereas the latter contains 94 

only proteins predicted to be inherited from a common ancestor and separated by a speciation 95 

event (see Methods for details).  96 

We assembled a large number of new gene content datasets (see Methods, Fig. 1) to 97 

extensively test the effect of different parameter combinations when identifying homogroups 98 
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and orthogroups, because this crucial step remains a challenge 40,41 and may influence the 99 

outcome of the downstream phylogenetic analysis 42. 100 

We also compiled different datasets to extensively evaluate other potential sources of error, 101 

such as the so-called <long branch attraction= (LBA) artefact 43 (see Methods, Fig. 1). LBA 102 

occurs when two (or more) long branches in a phylogenetic tree group together without true 103 

relationship, generating <phylogenetic artefacts= 7. Previous gene content analyses have 104 

focused on the root of the animals. Accordingly, here we primarily focus our LBA 105 

assessment on Xenacoelomorpha by performing taxon exclusion experiments in an approach 106 

similar to Philippe et al. 11. 107 

Additionally, we carefully collated a 770-character morphological data matrix. As a starting 108 

point, we built on the classical work of Peter Ax 44 that was systematised by Deline et al. 45, 109 

and introduced additional information from two other reputable datasets 46,47 to build our 110 

matrix. All characters were meticulously reassessed before being included in our new dataset, 111 

and the coding of the base set was updated based on current morphological interpretations for 112 

groups such as Ecdysozoa and Xenacoelomorpha. In order to avoid artefacts caused by the 113 

lack of character comparability across the tree, we utilised two different coding strategies: 114 

non-additive and reductive coding (see Methods for details). Because the non-additive coding 115 

may be affected by taxa with many uncertain states, we ran the analyses with a reduced 116 

outgroup set, which retained only the Choanoflagellata, the sister group of animals 19. Other 117 

taxa exclusion experiments include runs without the taxa that showed problematic behaviour 118 

in the gene content analyses, the longest branches in the morphological trees, and parts of 119 

Xenacoelomorpha to check robustness. Finally, we extensively explored several modelling 120 

assumptions of morphological character evolution to explore the robustness of our analyses 121 

(see Methods). 122 
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Altogether, our results provide strong support for the view that sponges are the sister group of 123 

the rest of the animals (consistent with the Porifera-sister hypothesis) and that 124 

Xenacoelomorpha are the sister group of the rest of the Bilateria (consistent with the 125 

Nephrozoa hypothesis). Monophyletic Deuterostomia is also largely supported.  126 

Results 127 

Genome gene content data analyses  128 

47 genome-derived proteomes were used to initially generate and analyse a total of 190 gene 129 

content datasets of different taxon samplings and parameter combinations (see Methods and 130 

data repository for details). The datasets were partitioned into several groups due to the 131 

different approaches applied (see below), all taxon sub-samplings and different parameter 132 

combinations were done in parallel for homologous gene families (<homogroups=) and 133 

orthologous gene families (<orthogroups=) 38 (Fig. 1). To assess the reproducibility of the 134 

results, the construction and analysis of the different datasets was performed twice (for results 135 

of the replicated analyses see Supp. Fig. 5; see the data repository for a more detailed 136 

explanation). 137 

To test whether the specific phylogenetic relationships of Xenacoelomorpha with reference to 138 

Deuterostomia were affected by LBA, different taxon sampling experiments, based on a core 139 

taxon set of 40 species, were performed by defining three groups of datasets (Fig. 1): the 140 

<Opi= (Opisthokonta) group that consisted of all the datasets scoring a complete set of 47 141 

taxa, including full outgroups. The <Aco= group consisted of all datasets that excluded 142 

Xenoturbella from the Opi dataset, and the <Xen= group consisted of all datasets that 143 

excluded the Acoelomorpha from the Opi dataset. Opi, Aco, and Xen included datasets with 144 

different parameter combinations for orthogroups and homogroups, resulting in 120 datasets 145 

in total (Fig. 1, see Methods for details). 146 
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 147 

Figure 1: Concise graphical illustration of the methodology and workflow used for the creation 148 

of the different datasets analysed. Left/Blue: Genome Gene Content. <Ab initio= refers to dataset 149 

construction where the whole homo/orthogroup prediction was carried out de novo on the reduced 150 

taxon samplings, while <pruning= refers to the strategy where taxa are deleted from the full Opi 151 

homo/orthogroup data matrices which were constructed using default E (similarity) and I (inflation) 152 

values (see text for details). See data repository for the illustration of the complete steps of the gene 153 

content dataset creation; Right/Yellow: Morphology. The character list was assembled from three solid 154 

datasets that encompass the morphological disparity of the taxa in this study. Redundant characters 155 

were removed in addition to those that are not applicable to any of the terminals and historical ones 156 

that have been explicitly refuted in recent studies. The different taxon samplings mirror those of the 157 

gene content in addition to one in which the longest branches from the other morphological analyses 158 

were excluded. 159 

 160 

With the same aim of LBA detection, additional 70 datasets were generated where distant 161 

outgroups (i.e., Fungi, Ichthyosporea) and the long-branched in-group (bilaterian) species 162 

Caenorhabditis elegans (Nematoda), Pristionchus pacificus (Nematoda), and Schistosoma 163 

mansoni (Platyhelminthes) were excluded, and different methods were used to construct the 164 
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data matrices. Datasets were assembled using two strategies. First, the <ab initio= strategy 165 

carried out the whole homo/orthogroup prediction de novo on the reduced taxon samplings. 166 

Second, the <pruning= strategy pruned taxa from the full Opi homo/orthogroup data matrices, 167 

which were constructed using default E (similarity) and I (inflation) values (Fig. 1, see 168 

Methods for details). The ab initio vs. pruning dataset constructions aimed to assess the effect 169 

of those two approaches on the dimensions (gene family number) of the resulting datasets and 170 

the topology of phylogenies estimated from them.  171 

Topologies from the individual analyses were inspected manually (see Methods, Supp. 172 

Tables 2, 3 and Supp. Fig. 1). Additionally, Total Posterior Consensus Trees (TPCT; Supp. 173 

Data 4) were calculated for different datasets that summarise all trees sampled (after 174 

convergence) from all analyses with the exact same taxon sampling in a single majority rule 175 

consensus tree, therefore reflecting an averaging over all different E- and I-values used to 176 

reconstruct the different datasets. These trees are referred to as TPCT Opi (Fig. 2, Genome 177 

gene content), TPCT Opi-homo and Opi-ortho (Supp. Fig. 2, Fig. 5 A-B), TPCT Aco-homo 178 

and Aco-ortho (Supp. Fig. 3, Fig 5. C-D), and TPCT Xen-homo and Xen-ortho (Supp. Fig. 4, 179 

Fig. 5 E-F). Support for different hypotheses was then examined using statistical hypothesis 180 

testing 48,49 (see Supp. Fig. 12, 13). 181 

Genome gene content supports Porifera as the sister group of the other animals.  182 

Our new datasets provided the opportunity to investigate the most likely sister group of all 183 

other animals. In all 190 analyses, sponges emerged as a monophyletic group. The TPCT Opi 184 

(Fig. 2, genome gene content) indicates that the support across all analyses with a full taxon 185 

sampling is high with a Posterior Probability (PP) of 0.99 for the clade uniting all animals but 186 

the sponges, consistent with Porifera representing the sister group of the rest of the animals. 187 

Overwhelmingly strong statistical support was found for this analysis in our hypothesis 188 

testing (see Supp. Figs. 12, 13; Supp. Table 5).  189 
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Ctenophora invariably emerged as the sister group of all the animals except sponges in the 190 

TPCTs; however, the support for this node is variable in TPCTs derived from homogroups 191 

and orthogroups (PP=0.55-0.99; Supp. Figs. 2–4). The variable level of support indicates that 192 

some analyses found Ctenophora to be placed more crownward in the tree. Three alternative 193 

topologies were found for the placement of the Ctenophora when Porifera branched first 194 

(Supp. Fig. 1C, 2–5): Placozoa branches off before Ctenophora, the relationships between 195 

Ctenophora and Placozoa are not resolved, or Placozoa emerges as the sister group of 196 

Ctenophora. These three arrangements appear in very low numbers of trees, mostly derived 197 

from homogroup-based datasets (see Supp. Table 3 for details). In some cases, Placozoa 198 

emerges as the sister group of all animals (Supp. Table 3). Finally, Cnidaria appears as the 199 

sister group of the Bilateria in all analyses (PP=0.99). 200 
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 201 

Figure 2: Reconstruction of animal phylogeny with 47 species (Opi taxon sampling) based on 202 

gene content datasets (TPCT) and morphological data. Left: Total consensus tree of >10.5 million 203 

individual tree samples from analyses using datasets of homogroups and orthogroups of all the 204 

different E- and I-values for genome gene content (for details see Materials and Methods, see Supp. 205 

Data 1 for details of analytical settings). Right: morphology-based phylogeny based on the non-206 

additive coding scheme.  207 

Note the different positions of Ctenophora. Second to branch off in gene content and sister group to 208 

Cnidaria in morphology (i.e., Coelenterata) analyses. The monophyly of Deuterostomia is strongly 209 

supported by morphology but around 50% by gene content datasets. 210 

Posterior probabilities lower than 0.99 are indicated on both phylogenies.  211 

Statistical hypothesis tests of focal nodes: Green circle = node is strongly supported in the majority of 212 

tests conducted; Purple circle = node is not strongly supported in the majority of tests conducted (see 213 

Supp. Figs 9, 12, 13 for details). 214 

 215 

 216 
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Genome gene content supports Xenacoelomorpha as the sister group of the other Bilateria  217 

The 47-genomes Opi dataset included five Xenacoelomorpha species and the full outgroup 218 

taxon sampling (Fig. 1, see Methods). With these datasets, Xenacoelomorpha was recovered 219 

as the highly-supported sister group of the rest of the Bilateria (Fig. 2, Genome gene content), 220 

consistent with the Nephrozoa hypothesis, irrespective of whether homogroups or 221 

orthogroups were used, and with different inflation values and different outgroup sampling. 222 

Statistical hypothesis tests provided very strong support for the Nephrozoa hypothesis in 96% 223 

of the Opi, Aco and Xen datasets (Supp. Figs. 12, 13). Similarly, datasets in the Aco group 224 

(those in which Xenoturbella was excluded) placed Acoelomorpha as the sister group of the 225 

rest of the Bilateria (both based on homogroups and orthogroups, Supp. Fig. 3). The 226 

overwhelming majority of the 41-genome datasets in the Xen group (those where 227 

Acoelomorpha were excluded) also resolved X. bocki as the sister group of the rest of the 228 

Bilateria (Supp. Fig. 3, 5, Supp. Table 3). Finally, in the TPCT Opi-ortho, deuterostome 229 

paraphyly is supported but with low posterior probability (PP=0.77). Statistical hypothesis 230 

test support for deuterostome monophyly is strong from most Opi, Aco and Xen homogroup 231 

datasets, but not so from orthogroup datasets (see Supp. Figs. 12, 13).  232 

Parameter changes affect mainly the final topologies from homogroup-based datasets.  233 

Different Similarity (E) and Inflation (I) values were used to construct the gene content 234 

datasets and evaluate their influence on dataset construction and downstream phylogeny 235 

estimation. Parameter changes resulted in final homo- and orthogroup matrices with different 236 

numbers of characters, but always in the range of 20,000 to 80,000 genes (Supp. Table 2, 3). 237 

The choice of E-values did not significantly affect matrix reconstruction, but by contrast, the 238 

choice of I-values and whether homo- or orthogroups were used when defining matrices had 239 

significant but predictable effects.  240 
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It was expected that Orthogroup-based datasets contain a larger number of characters than the 241 

corresponding homogroup-based datasets (Supp. Fig. 1 A, B), because homogroups include 242 

multiple orthogroups. Furthermore, higher inflation values resulted in the identification of a 243 

higher number of smaller homo- and orthogroups, which translated into matrices with more 244 

characters. In datasets Opi, Aco, and Xen, the lower I-values resulted in phylogenies 245 

favouring the Porifera-sister hypothesis, Xenacoelomorpha as the sister group of the 246 

Nephrozoa, and monophyletic Deuterostomia; this trend is stronger for the orthology-based 247 

datasets (see Supp. Fig. 1C).  248 

Phylogenies based on homogroups exhibit more variability in the resulting tree topologies 249 

than phylogenies based on orthogroups. However, while the overwhelming majority of 250 

homogroup-based trees were consistent with the Porifera-sister hypothesis, 11.1% of all those 251 

trees showed Placozoa as the sister group of all the other animals. From all homogroup-based 252 

analyses that showed Porifera-sister, less than 25% of datasets constructed using high I-253 

values placed X. bocki within Deuterostomia (see Supp. Fig. 1C and Supp. Table 3). Up to 254 

75% of homogroup-based datasets have consistent support for the Nephrozoa hypothesis, 255 

independent of inflation values. 256 

Paraphyletic Deuterostomia appears in around 25% of the trees estimated from data sets 257 

constructed with high inflation values (Supp. Fig. 1C), while in the rest of the treatments it 258 

appears in less than 25% of the trees. The variability of the phylogenies obtained with high 259 

inflation values is also reflected in the statistical hypothesis tests performed, where high 260 

granularity of homogroups did not support any of the tested constraints (Supp. Data 5). The 261 

prediction of homo- or orthogroups appears to affect the support for deuterostome paraphyly; 262 

orthogroups favour it, while homogroup-based datasets do not (Supp. Fig. 1-4).  263 
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The Porifera-sister hypothesis is robust to outgroup sampling in both homogroup- and 264 

orthogroup-based phylogenies, as indicated by their very strong statistical hypothesis test 265 

support (see Supp. Table 5). Similarly, the Nephrozoa hypothesis received very strong 266 

support from the reduced outgroup sampling datasets in our statistical hypothesis tests (see 267 

Supp. Table 5), and all reduced taxon-sampling phylogenies where Porifera branched first 268 

supported monophyletic Deuterostomia (Supp. Fig. 1C).  269 

The different taxon exclusion schemes showed high variations in the number of characters in 270 

the final homogroup- and orthogroup-based data matrices (Supp. Fig. 1A). However, only 271 

minor topological changes were observed in phylogenies reconstructed with different 272 

numbers of characters, compared to the phylogeny displayed in Figure 2 (Genome gene 273 

content). Xenoturbella bocki was only recovered in an intra-nephrozoan location in three 274 

analyses, all were from the orthogroup-based Holozoa datasets (Supp. Table 3).  275 

Morphological data analyses 276 

The morphological data sets constructed here are the first to include state-of-the-art 277 

knowledge about shared characters across Xenacoelomorpha. Two different coding schemes, 278 

i.e., non-additive and reductive coding (Methods; Fig. 1, Supp. Data 1) were applied to the 279 

morphological dataset. In addition to the different coding schemes, four taxon exclusion 280 

experiments were performed: a version with a reduced outgroup, where all the non-metazoan 281 

outgroups except the choanoflagellates were excluded from the taxon sampling, two matrices 282 

with the 41 and 44 taxon samplings (the core 40 taxa plus Xenoturbella bocki and the four 283 

species of Acoelomorpha, respectively) and a set without the three taxa with the longest 284 

morphological branches (dataset name Morphology Long Branches, MLB) in the previous 285 

analyses (Ixodes scapularis [Arthropoda], Danio rerio, Gallus gallus [both Chordata]). All 286 

ten analyses resulted in similar topologies (see data repository for details). The analysis of the 287 

non-additive matrices exhibits heterogeneous branch lengths and high node support across 288 
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the phylogeny (Fig. 2, Morphology; Supp. Fig. 6). The phylogeny resulting from the datasets 289 

applying reductive coding has lower node support, with three polytomies in the ingroup 290 

(within echinoderms, chordates and the sponge classes; Supp. Fig. 7). 291 

The only notable difference between the results of these analyses are the relationships within 292 

Porifera. In all phylogenies, sponges branched off first (Fig. 3 Morphology; Supp. Fig. 7, 9). 293 

However, in the reductive-coding datasets, sponges are paraphyletic, with demosponges 294 

branching off first and the Homoscleromorpha and Calcarea in a polytomy with the rest of 295 

the animals. In both datasets, Placozoans branched off next and are the sister group of the 296 

traditional Eumetazoa (PP=1.0 for non-additive coding, and PP=0.89 for reductive coding). 297 

Within eumetazoans, ctenophores are the sister group of the Cnidaria (Coelenterata) (PP=1.0 298 

for non-additive coding, and PP=0.65 for reductive coding).  299 

In our Bayesian analyses, the hypothesis that Xenacoelomorpha is the sister group of the 300 

Nephrozoa is fully supported in the non-additive coded dataset (Supp. Fig. 9) and the 301 

outgroup-reduced reductive coded dataset (Supp. Fig. 8), but slightly less supported in the 302 

complete sample reductive-coded phylogeny (PP=0.9) (Supp. Fig. 7). The internal 303 

relationships of Bilateria show monophyletic Nephrozoa, Deuterostomia, Protostomia, 304 

Ecdysozoa, and Spiralia in all the coding schemes applied. In order to further corroborate the 305 

results of our Bayesian analyses of the morphological data, we also analysed the set with both 306 

codings under maximum parsimony using TNT 50. The resulting phylogenies from both 307 

codings are congruent with the other Bayesian ones (Supp. Figs. 10 and 11). The differences 308 

between codings mirror the ones seen from the Bayesian analyses. The reductive coding 309 

shows paraphyletic Porifera and much lower bootstrap support overall. The only topological 310 

difference between the analyses is the support for a clade of ctenophores and cnidarians in the 311 

reductive coding. Instead of being the sister group of ctenophores, cnidarians appear in a 312 

polytomy with bilaterians and ctenophores (Supp. Fig. 11). 313 
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The statistical hypothesis tests found strong to very strong support for the topology displayed 314 

in Fig. 2 (Morphology) for the three different taxon samplings (Opi, Aco and Xen; Supp. Fig. 315 

9). The Nephrozoa hypothesis and the Porifera-sister hypothesis have consistent very strong 316 

support. Deuterostome monophyly has strong support in the reductive coding, but very strong 317 

support in the non-additive coding (see Supp. Table 5 for the exact values). This statistical 318 

support was robust over all different assumed models of morphological character evolution. 319 

However, the coding, non-additive vs. reductive, yielded different strengths of support, with 320 

the reductive coding producing weak to strong statistical support, whereas the non-additive 321 

coding produced very strong support in all scenarios (Supp. Fig. 9). Interestingly, the 322 

assumption of a fixed prior distribution over a hyperprior approach for the branch lengths 323 

reduced the strength of support in some cases (Supp. Fig. 9). None of the other modelling 324 

assumptions had any impact on the estimated strength of support for the different tested 325 

hypotheses. 326 

Statistical hypothesis tests support monophyletic Deuterostomia  327 

Although the gene content TPCT displayed in Fig. 2 shows paraphyletic Deuterostomia, this 328 

tree topology received only low support (PP=0.5). Statistical hypothesis tests (Supp. Fig. 13, 329 

and details above) showed that monophyletic Deuterostomes was consistently and very 330 

strongly supported in the majority of datasets analysed, except for orthogroup taxon sampling 331 

Opi with inflation values other than the default value of 1.5, and homogroup taxon sampling 332 

Opi with higher inflation values of 4 and 6, as well as taxon sampling Xen with an inflation 333 

value of 6. The statistical hypothesis tests of the morphological data (Supp. Fig. 9) provided 334 

strong to very strong support for monophyletic Deuterostomes. 335 

Discussion  336 

We analysed new genome gene content datasets constructed under various settings and with 337 

various taxon samplings, and newly assembled and curated morphological character matrices. 338 
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In contrast to primary sequence-based phylogenies, the use of gene content in phylogenetics 339 

is a comparably recent development 9,25,38,39 and has been advocated to complement amino 340 

acid phylogenomic analyses 14. This approach relies on the correct estimation of the 341 

underlying ortho- and homogroups, which is affected by the tool- and parameter choices 51.  342 

In order to gain an understanding of the effect of different parameter combinations on the 343 

prediction of ortho- and homogroups in gene content-based phylogenies, we tested a variety 344 

of similarity (E) and inflation (I) values. The differences in the numbers of characters in our 345 

datasets, as parameters change, is consistent with the observation that the identification and 346 

delimitation of gene families is difficult 40,41. However, we observed good congruence across 347 

datasets over the topology in Fig. 2 (Genome Gene Content), indicating that errors induced 348 

by misidentifications of orthogroups were negligible (contra 42), while homogroup-based 349 

topologies were less congruent mostly when high inflation values were used for the 350 

predictions. 351 

Potential biases can be induced in the results of gene content analyses when the available 352 

genomes are fragmented. While we strived to use high quality genomes only, some were still 353 

fragmented, and even recent <chromosome-level= genome assemblies can not guarantee a 354 

complete and unfragmented set of the gene content of a species. For example, the genome of 355 

Ephydatia muelleri, not available at the time we assembled our data set in 2018, is dispersed 356 

over 1419 scaffolds, even though about 84% of it was contained in the 24 largest scaffolds, 357 

encompassing 22 of the 23 chromosomes 52. Virtually complete chromosome scale genome 358 

assemblies of non-bilaterians are only now starting to appear, i.e., the ctenophore 359 

Hormiphora californensis, where 99.47% of the genome are contained in 13 scaffolds 53. 360 

While the ascertainment bias correction introduced and used in the gene content analyses of 361 

Pisani et al. 9 and Pett et al. 38 accounts for unobserved genes in all species, no correction 362 
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currently exists to account for unobserved genes in individual species, the type of bias that 363 

may be induced by incomplete genomes. However, we used ortholog and homolog 364 

identification methods that are standard in the field (see Methods) and those do not rely on 365 

complete genes, but assess the given sequence. Nonetheless, developing additional 366 

corrections to account for potential errors introduced during in silico genome assembly and 367 

annotation could be a fruitful avenue for future research. 368 

Considerable attention was given to the investigation of putative long-branch attraction 369 

artefacts (LBA) that might have caused a placement of Xenacoelomorpha at the root of 370 

Bilateria and the sponges at the root of the animals. To achieve this goal we performed taxon 371 

exclusion experiments, similar to Pisani et al. 9 and Philippe et al. 11. Based on our tests, 372 

where we do not see taxa changing position as the ingroup and the outgroup are subsampled, 373 

we suggest that the placement of Porifera and Xenoacoelomorpha in our trees does not seem 374 

to be affected by LBA.  375 

Based on multi-gene alignments, several studies showed that the evolutionary model used can 376 

affect the inferred topologies 10,22,23,26,27,30. For the burgeoning field of the phylogenetic 377 

analysis of gene content data, model development is still limited. Pett et al. 38 applied both the 378 

Dollo model, in which, if applied to gene content data, each gene family may be gained only 379 

once on a tree, and a reversible binary substitution model, in which a gene family may be 380 

gained more than once on a tree. Both models recovered identical topologies, but the 381 

reversible binary substitution model, also used here, was shown to have the best fit for this 382 

type of data. In any case, additional and more biologically realistic evolutionary models need 383 

to be developed to analyse genome gene content data that may show better fit and adequacy. 384 

The independently estimated phylogeny from the morphological dataset is fully consistent 385 

with the results from the gene content analyses concerning the placement of Porifera and 386 
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Xenacoelomorpha. A notable difference concerns the position of Ctenophora, which appears 387 

as the sister group of Cnidaria, forming the classic Coelenterata 54 (Fig. 2, Morphology). 388 

Deuterostomes are recovered as monophyletic in the morphology-based phylogeny, 389 

different from their paraphyly as recovered in a few gene content analyses.  390 

Our genomic and morphological results agree with each other, with previous genome 391 

content analyses 9,38, and with phylogenetic trees of amino acid datasets supporting the 392 

Nephrozoa 4,29 and Porifera-sister hypotheses 9,12,20,22,26,27,30,55. Our results on the other hand 393 

are in disagreement with studies that identified Ctenophora as the sister of all the other 394 

animals 10,13,21,23,25,56–58, and Xenambulacraria 11,28,30,34,59.  395 

Nonetheless, irrespective of the arrangement of the lineages towards the root of the animal 396 

tree, the transition to animal multicellularity from a unicellular last common ancestor was 397 

marked by an expansion of a preexisting genetic toolkit to enable multicellularity 60. The 398 

functionalities necessary for this transition, such as cell adhesion, were already present in the 399 

closest protist relatives of animals, the Choanoflagellata 19. Additionally, new protein 400 

domains evolved in the Urmetazoan that enabled more complex traits 5,61–63, for example 401 

novel signalling pathways, such as tyrosine kinases signal transduction cascades 62 and many 402 

components of Wnt pathway 61, and transcription factors, such as the common glutamate 403 

GABA-like receptors 64.  404 

In any case, our conciliated results allow for addressing more conclusively questions about 405 

early animal evolution. If we accept that sponges are the sister group of the rest of the 406 

animals (Fig. 2), it can not be excluded that the last common animal ancestor (the 407 

urmetazoan) may have been a sponge-like organism that fed using choanocyte-type cells 65. 408 

However, the homology of the collar apparatus in the Choanoflagellata, the sister group of 409 

animals, with the one of the choanocyte in sponges is currently disputed 66–68. In spite of that, 410 
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whatever the true phenotype and metabolic capacities 69 of this urmetazoan were, the key 411 

innovations required for animal multicellularity must have happened along the stem lineage 412 

towards this urmetazoan. Furthermore, if the Porifera-sister hypothesis is correct, the last 413 

common ancestor of animals might have lacked most recognizable metazoan cell types and 414 

organ systems, despite having the capacity to transit between different cell states similar to 415 

stem cells 67.  416 

If we accept that Xenacoelomorpha is the sister group of the rest of the Bilateria (Nephrozoa) 417 

and Deuterostomia is monophyletic, the urbilaterian (the last common ancestor of Bilateria) 418 

might have been an acoelomate worm 4. This contrasts scenarios 70 that posit a very complex 419 

urbilaterian that could have possessed a coelom, metameric segmentation, and many other 420 

bilaterian organ systems. The most notable feature of the urbilaterian would be the lack of 421 

any ultrafiltration organs or cell types 4,71. This lack has been argued to be primary because 422 

most xenacoelomorphs are predators and a system for nitrogen excretion is very beneficial 423 

for animals with protein-rich diets 6. Other notable aspects would be the presence of a blind 424 

stomach without an anus and their simple gonads which would have been more similar to 425 

those of most non-bilaterians. Nevertheless, the high morphological disparity present within 426 

extant xenacoelomorphs introduces some uncertainty about the plesiomorphic status of many 427 

features. Their nervous systems, for example, are extremely varied 72 and the presence of 428 

eyes in their last common ancestor can not be established with confidence 6. 429 

Elucidating the origin of bilaterians is also fundamental for our understanding of the early 430 

history of our biosphere. The precise sequence of character acquisition is important because it 431 

can be correlated with the appearance of more complex body plans and new metazoan 432 

ecological guilds such as burrowers and grazers. For example, in the early Cambrian fossil 433 

record, it has been postulated that the rising abundance of burrowing bilaterian animals led to 434 
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the decline of the dominant Precambrian bacterial mats and an initial diversification of 435 

ecological interactions – the "agronomic revolution" 73. 436 

 437 

Figure 3: Illustration of the different data sources used in this study to conciliate results.  438 

In circles are the different data sources. Top/Red: These data (amino acid sequence-based multi gene 439 

alignments) are not used here but the competing hypotheses about the relationships towards the root 440 

of the animal tree of life assessed in this study are derived from previous publications that used this 441 

data type. Left/Blue: Genome gene content. These data are used here. Right/Yellow: Morphological 442 

characters. These data are used here.  443 

Middle triangle: The outcome of independent sources of information allows the conciliation of the 444 

results. 445 

 446 

In summary, we independently analysed two lines of evidence, i.e., novel gene content and 447 

morphological data matrices, and investigated the robustness of different parameter 448 

constellations, including taxon sampling, on the resulting phylogenies. Our results provide 449 

further evidence to resolve recalcitrant nodes in the animal phylogeny.  450 
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With reference to the root of the animals, where the debate is quite mature, and many 451 

contributions from different fields exist 9,10,12,13,17,18,20–23,25–27,30,54–57, our results further 452 

strengthen the view that sponges are the sister group of all the other animals. However, 453 

resolving the exact relationships of the Ctenophora and Placozoa with respect to the Cnidaria 454 

and the Bilateria remains a future challenge.  455 

With reference to the phylogenetic placement of the Xenoacoelomorpha, our analyses favour 456 

the Nephrozoa hypothesis. However, the debate on the placement of the Xenoacolemorpha is 457 

much less developed 4,11,28–30,34,59, with some key new hypotheses (e.g., the non-monophyly 458 

of Deuterostomia) recently emerging 33,34. Clearly, more studies, using different datasets and 459 

methods, as well as the development of more sophisticated evolutionary models for the 460 

analysis of gene content data, are necessary to more firmly establish the relationships at the 461 

root of the Bilateria.   462 
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3. Methods 463 

Data set creation 464 

1. The general strategy for assembly of the genome gene content datasets  465 

Publically available proteomes derived from full genome sequences of 47 species were 466 

collected in 2018 (Supp. Table 1), representing 17 phyla, to create a balanced taxon sampling 467 

across animal phyla, supplementing the taxon sampling of Pett et al. 38. The collection of 468 

proteomes also included non-metazoan outgroups sampled across Opisthokonta (Fungi + 469 

Ichthyosporea + Choanoflagellates + Metazoa; Supp. Data 1).  470 

The core taxon set includes 40 species (bold in Supp. Table 1), from which additional taxon 471 

samplings were created. The 47-species Opisthokonta (Opi) taxon set contained the full set of 472 

species, and is the largest genome gene presence/absence dataset to date. Two additional 473 

taxon sets (see Fig. 1; Supp. Data 1, 2) with different taxon samplings of Xenacoelomorpha 474 

were assembled adding species to the 40-species core set: a 44-species dataset that had four 475 

Acoelomorpha species and no Xenoturbella bocki (specified with "Aco" in the dataset name) 476 

and a 41 species dataset that had only X. bocki and no Acoelomorpha (specified with "Xen" 477 

in the dataset name). The rationale behind this taxon-pruning approach was to test for long-478 

branch attraction artefacts in the ingroup (following Philippe et al. 11) that may impact the 479 

relationships of Xenacoelomorpha.  480 

For each taxon sampling strategy two datasets were generated. The first coded the 481 

presence/absence of homogroups (i.e., protein families as defined by the output of the 482 

Orthofinder-1 pipeline 74) across taxa. This coding strategy uses the shared presence of a 483 

protein family as phylogenetic evidence. The second coded the presence/absence of 484 

orthogroups. When this second coding strategy is used, individual orthogroups within each 485 
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protein family are treated as individual characters. This is the same strategy introduced and 486 

justified by Pett et al. 38 487 

Homology searches were performed using different parameters of similarity (E-value) in 488 

DIAMOND and granulation (Inflation value; I) in the MCL algorithm. Granulation affects 489 

the cluster size, i.e., the number of the predicted clusters (orthogroups) that will be considered 490 

members of the same homogroup (i.e., of the same protein family). Small I-values indicate 491 

coarse-grained clustering resulting in larger clusters (i.e., larger protein families with many 492 

paralogs, i.e., orthogroups). Large I-values will lead to fine-grained clustering, chopping 493 

bigger clusters into smaller ones, including fewer paralogs (i.e., fewer orthogroups) 75. 494 

Increasing the inflation value (I) therefore leads to homogroup-based datasets with more 495 

characters.  496 

For all species in the dataset where only coding sequences (CDS) were available, 497 

transdecoder 76 was used to extract the best possible prediction of open reading frames (ORF) 498 

and corresponding proteins. All proteomes were analysed using a general approach similar to 499 

Pett et al. 38, but with different tools. A homology search of the individual proteomes against 500 

each other was conducted with a combination of four different E-values. The search was 501 

performed using Diamond v0.9.22.123 77 for the E-values of 1e-2, 1e-5, 1e-9, and 1e-12. To 502 

obtain orthogroups, we used OrthoFinder v2.3.7 78 with the Diamond option. To establish the 503 

homogroup datasets, we used homomcl 38 with a Diamond search. MCL v14-137 75 was used 504 

to cluster the different gene sets with five I parameters: 1.5 (default), 2, 2.5, 4, and 6 79,80. 505 

Similar to Pett et al. 38, we applied a correction for the ascertainment bias in our phylogenetic 506 

model and removed all singletons (i.e., sequences that appear to be present in only one 507 

genome) from each presence/absence matrix (gene groups represented by single species). 508 

Both homogroup and orthogroup datasets therefore do not contain any single species homo- 509 

or orthogroups (singletons), i.e., proteins need to be shared by at least two species and at most 510 
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all but two species. The final matrices of homogroup/orthogroup presence/absence for 511 

phylogenetic analyses were generated with custom python and BASH scripts. For the dataset 512 

naming convention used here, see Supp. Table 4.  513 

All steps of the analysis (dataset construction, phylogenetic analyses) were performed twice 514 

to ensure reproducibility, resulting in a total of 380 different datasets analysed. 515 

Datasets to test for long-branch attraction artefacts (LBA) 516 

Using the default E-value of 1e-3 and I-value of 1.5 in OrthoFinder, Diamond, and MCL, 517 

we further tested the outcome of different species combinations. The complete taxon 518 

sampling of the 47 Opisthokonta (Opi) species and the two subsets Aco and Xeno were used 519 

to construct further reduced datasets for two different approaches (see Fig. 2). These are 520 

divided into two sub-categories to test for putative long-branch attraction artefacts by either 521 

outgroup taxa exclusion or by excluding long-branched ingroup taxa from the taxon 522 

sampling.  523 

Taxa exclusion experiments 524 

We tested the effect of reducing taxa in two different ways: first we excluded taxa before 525 

running homology searches. When this approach is used, taxa are excluded before the 526 

datasets are generated, this is the ab initio approach (see Fig. 1 and Supp. Data 1). The 527 

second approach, here called <pruning= (see Fig. 1 and Supp. Data 1) simply removed taxa 528 

from the datasets. The latter significantly reduces computational time.  529 

1. Outgroup taxon exclusion: 530 

i.)  All outgroups but the Choanoflagellates, the sister group of the Metazoa, were 531 

successively excluded from the full 47-species Opisthokonta (Opi) taxon set, and a 532 
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new OrthoFinder search was conducted to create three different taxon sets, namely ii) 533 

Ichthyosporea + Choanoflagellata + Metazoa (= Holozoa; dataset prefix Holo), and 534 

iii) Choanoflagellata + Metazoa (= Choanozoa; dataset prefix Cho) 81; see Supp. Data 535 

1 for more details. 536 

ii.) All outgroups but the Choanoflagellates were pruned from the whole taxon set 537 

above. However, the initial character matrix derived from the full Opi dataset was 538 

used (no new OrthoFinder search), deleting new singletons and orphans (that resulted 539 

from taxon deletion) instead of re-running OrthoFinder; see Supp. Data 1 for more 540 

details. 541 

2. Exclusion of long-branched ingroup taxa: 542 

i.) The long-branched species Caenorhabditis elegans (Nematoda), Pristionchus 543 

pacificus (Nematoda), and Schistosoma mansoni (Platyhelminthes) were excluded 544 

from each of the different taxon sets described above. The complete analysis of ortho- 545 

and homogroups estimation was rerun from start to end (ab initio). The datasets 546 

analysed were Opi-homo/ortho-Ab, Hol-homo/ortho-Ab, and Cho-homo/ortho-Ab, 547 

where Ab refers to ab initio; see Supp. Data 1 for more details. 548 

ii.) The long-branched species Caenorhabditis elegans (Nematoda), Pristionchus 549 

pacificus (Nematoda), and Schistosoma mansoni (Platyhelminthes) were excluded 550 

from the final matrix of 47 species together with the outgroups, but without re-551 

running the complete analysis of ortho- and homogroups estimation from start to end, 552 

creating three more datasets: Opi-homo/ortho-P, Hol-homo/ortho-P, and Cho-553 

homo/ortho-P, where P refers to pruning; see Supp. Data 1 for more details. 554 
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Overall, 70 datasets were generated combining alternative taxon sampling and character 555 

coding (homogroups and orthogroups) strategies. For a full illustrated explanation of the 556 

different datasets created, see Fig. 1 (main manuscript) and Figure <All_graph.p.pdf= of the 557 

data repository in folder <Additional information=.  558 

Phylogenetic analysis based on genome gene content data matrices 559 

All matrices were analysed with the MPI version of RevBayes v1.0.14 82,83. The reversible 560 

binary substitution model 84,85 was used for phylogenetic analysis, as it was found to have the 561 

best fit to gene content data in Pett et al. 38 (for details see Supp. Data 6). Each run was 562 

conducted with four replicated MCMC runs of 50,000 to 80,000 generations to achieve full 563 

convergence. Convergence of the four runs was assessed with bpcomp and tracecomp of 564 

PhyloBayes v4.1c 86. An ESS value >300 and bpdiff values <0.3 were used as thresholds to 565 

indicate convergence.  566 

Majority rule consensus trees were calculated with bpcomp of PhyloBayes v4.1c 86 for each 567 

dataset and i) from the individual four MCMC runs of each of the matrices that achieved 568 

convergence; ii) from all posterior trees from all converged MCMC runs of homo- and 569 

orthogroup datasets, all different E-value (similarity) and inflation value (I) constellations 570 

with the same taxon samplings. The resulting phylogeny thus represents the total majority 571 

rule consensus tree of all posterior trees / samples from all the different MCMC simulations 572 

(TPCT). For a detailed methodological explanation of Total Posterior Consensus Tree 573 

(TPCT) see Supp. Data 4. The final trees were visualised with Figtree v1.4.4 87, all the trees 574 

were rooted with the most distant outgroup (Supp. Table 1).  575 

 576 

 577 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 16, 2022. ; https://doi.org/10.1101/2021.11.19.469253doi: bioRxiv preprint 

https://github.com/PalMuc/triangulation/tree/main/Additional%20information
https://paperpile.com/c/j8A7dx/452W+Vsyjn
https://paperpile.com/c/j8A7dx/QZnjp+s6zjk
https://paperpile.com/c/j8A7dx/fwsmm/?noauthor=1
https://paperpile.com/c/j8A7dx/GB6qz
https://paperpile.com/c/j8A7dx/GB6qz
https://paperpile.com/c/j8A7dx/y0DWI
https://doi.org/10.1101/2021.11.19.469253
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

27 

Phylogenetic analysis based on morphological characters 578 

The taxon sampling of the morphological data matrix was tailored to be identical to the 47-579 

taxon Opi gene content dataset to make the results fully comparable (see data repository). 580 

The set of 770 morphological characters is a curated combination of three different 581 

previously published datasets: 1) Dataset 1 46 was used due to its broad eukaryotic sampling, 582 

including some fungi and non-metazoan holozoans needed for the coding of the outgroups. 2) 583 

Dataset 2 45 represented the animal backbone as the most comprehensive and exhaustive 584 

source of general animal morphological characters. 3) Dataset 3 47 was added because it 585 

included more up-to-date interpretations of some morphological features. Although Dataset 2 586 

45 is an extensive dataset, it is based on the classical work of Peter Ax from 1996 44 and, 587 

consequently, some well-established changes in the scoring of some characters were needed. 588 

For example, characters regarding cuticles and moulting not known at the time of Ax9s work 589 

to define the Ecdysozoa 88 were coded independently for "nemathelminthes" and arthropods 590 

in the original dataset.  591 

The final character list analysed here (Supp. Data 3) was constructed by first combining the 592 

character lists of the publications as mentioned above. Then, the combined list was manually 593 

checked, and some characters were removed based on four criteria: 1) characters that were 594 

redundant (i.e., that reference the same information); 2) characters that only make reference 595 

to the specific morphology of clades that were not included in the sample; 3) highly debated 596 

characters where the homology was uncertain and has been questioned through independent 597 

lines of research, like the homology of "articulatan" (the classical grouping of annelids and 598 

arthropods) features 88; and 4) characters that would have to be coded as unknown for most 599 

taxa because we are coding at the species level (i.e., reproductive, developmental and 600 

molecular).  601 
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In addition to the full 47 taxa set, four taxon sampling experiments were performed by 602 

pruning taxa from the full taxon samplings similar to the gene content analyses: two datasets 603 

without the two problematic/unresolved echinoderms and a subsample of Xenacoelomorpha 604 

(only Xenoturbella and only Acoelomorpha, respectively); a dataset without long branches 605 

observed in preliminary morphological analyses (Danio rerio, Gallus gallus, Ixodes 606 

scapularis); and lastly a dataset excluding all outgroups except the two choanoflagellates. All 607 

morphological data matrices are available in the data repository.  608 

Modelling morphological evolution by using stochastic processes is more intricate than 609 

modelling molecular sequence evolution because it cannot be assumed that the same 610 

evolutionary process is acting on all characters identically. Stochastic processes for molecular 611 

evolution have extensively been studied and extended in the last three decades but stochastic 612 

processes for morphological character evolution are only recently catching up. Therefore, we 613 

explored several recently developed stochastic processes to test for potential biases in our 614 

phylogenetic estimates due to model assumptions. All our stochastic processes are variants of 615 

the Markov k (Mk) model, where k represents the number of states for a character, to model 616 

transitions between character states 89,90. First, we explored the impact of ascertainment bias 617 

by either assuming that invariant characters were removed (Mkv model 89,90) or by assuming 618 

that parsimony non-informative characters (i.e., autapomorphies) were removed. We expect 619 

that this ascertainment bias primarily influences branch length estimates but not topology 620 

estimates 91,92. Second, we explored whether assuming a fixed exponential prior distribution 621 

with a mean of 0.1 expected substitutions per site per branch or a hyperprior distribution on 622 

the branch lengths has an impact on the estimated tree topology 93. Third, we explored 623 

whether assuming that all morphological characters are evolving according to the same 624 

shared rate or if there is rate variation that can be modelled using four quantiles of gamma 625 

distribution 94. Finally, we explored whether the assumption that all binary characters either 626 
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share equal rates of transitions or the 0 and the 1 state occur in different frequencies by using 627 

a symmetric mixture model with four or five categories 95. 628 

We explored all possible combinations of model assumptions (2 ascertainment bias 629 

corrections x 2 branch length priors x 2 models of rate variation across characters x 3 models 630 

of transition rate variation = 24 models per dataset) for each of the 10 morphological datasets 631 

(see Fig. 1; 240 analyses in total). These analyses were run in the Bayesian phylogenetic 632 

inference software RevBayes 83 using the MPI version. We used MCMC simulations to 633 

approximate the posterior distribution and ran two replicated MCMC simulations per analysis 634 

to check for convergence. Each MCMC simulation was run for 250,000 iterations with, on 635 

average, 150 moves per iteration. Furthermore, we used the Metropolis-Coupled MCMC 636 

extension with one cold and three heated chains to improve convergence. 637 

Additionally, to validate our analyses with more commonly applied phylogenetic inference of 638 

morphological characters, we performed a single Bayesian analysis in MrBayes 89 and a 639 

parsimony analysis per dataset. In the MrBayes analyses, we used a Markov k (Mk) model, 640 

where k represents the number of states for a character, to model transitions between 641 

character states 89,90. Additionally, we assumed that only variable characters (Mkv model) 642 

were used and therefore applied the commonly used ascertainment bias correction 89,90. We 643 

ran two replicate MCMC analyses with two million iterations per chain for each dataset. The 644 

reductive-coded Opi and Aco sets were run for 10 million because they had not fully 645 

converged after the initial two million generations. We checked for convergence using Tracer 646 

v1.7.1 96. The parsimony analyses were performed on TNT v1.5 using the New Technology 647 

search option 50  and 100 bootstrap replicates. 648 

 649 

 650 
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Hypothesis testing 651 

We used posterior odds 48,49 to test statistical support for three competing hypotheses: (1) the 652 

Porifera-sister vs Ctenophora-sister hypotheses, (2) Nephrozoa vs Xenambulacraria 653 

hypotheses, and (3) Deuterostome monophyly vs Deuterostome paraphyly. Specifically, we 654 

computed the statistical support in favour of the null model M0 over the alternative model M1. 655 

Following standard statistical practice 48, we used the log-posterior odds of larger than 1 as 656 

substantial support, larger than 3 as strong support, and larger than 5 as very strong support. 657 

For a detailed explanation of the statistical hypothesis tests carried out see Supp. Data 5. 658 

Code availability 659 

All data and code necessary to reproduce results are available in a public repository 660 

https://github.com/PalMuc/triangulation. 661 
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