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Abstract.—Acoela are marine microscopic worms currently thought to be the sister taxon of all other bilaterians. Acoels
have long been used as models in evolutionary scenarios, and generalized conclusions about acoel and bilaterian ances-
tral features are frequently drawn from studies of single acoel species. There is no extensive phylogenetic study of Acoela
and the taxonomy of the 380 species is chaotic. Here we use two nuclear ribosomal genes and one mitochondrial gene
in combination with 37 morphological characters in an analysis of 126 acoel terminals (about one-third of the described
species) to estimate the phylogeny and character evolution of Acoela. We present an estimate of posterior probabilities for
ancestral character states at 31 control nodes in the phylogeny. The overall reconstruction signal based on the shape of
the posterior distribution of character states was computed for all morphological characters and control nodes to assess
how well these were reconstructed. The body-wall musculature appears more clearly reconstructed than the reproductive
organs. Posterior similarity to the root was calculated by averaging the divergence between the posterior distributions
at the nodes and the root over all morphological characters. Diopisthoporidae is the sister group to all other acoels and
has the highest posterior similarity to the root. Convolutidae, including several “model” acoels, is most divergent. Finally,
we present a phylogenetic classification of Acoela down to the family level where six previous family level taxa are syn-

onymized. [Acoela; ancestor; Bilateria; character evolution; divergence; posterior similarity; reconstruction signal.]

Acoela are small hermaphroditic marine worms
(380 spp.) that occur commonly as part of the meio-
fauna of sandy or muddy sediments as well as among
algae. Acoels have attracted considerable attention in re-
cent years because analyses of ribosomal (Ruiz-Trillo et
al. 1999; Telford et al. 2003; Wallberg et al. 2007) and
protein coding nuclear genes (Ruiz-Trillo et al. 2002;
Hejnol et al. 2009) have supported their position as one
of the earliest branches within Bilateria and separate
from the protostomian Platyhelminthes, in which they
were previously classified. These molecular findings are
consistent with their comparatively simple morphology:
acoels lack excretory organs and other features of the
Nephrozoa (Jondelius et al. 2002). Neurotransmitter pat-
terns in acoels indicate a brain composed of transverse
commissures and strengthened anterior parts of longi-
tudinal cords different from the typical bilaterian pat-
tern with a central neuropile surrounded by neurons
(Raikova et al. 2001; Reuter et al. 2001). Reconstruction
of acoel ancestral traits will likely provide important
clues to the morphology of the last common bilaterian
ancestor and the evolution of more complex bilaterians
(Jondelius et al. 2002) but is restricted to inference from
extant species since there is no acoel fossil record.

The study of acoels has its challenges, as the worms
are small, ranging between 0.3 and 10 mm, and rather
fragile. Identification of species often requires studying
the reproductive organs of live specimens in a drop
of sea water under a high-quality light microscope.
The reproductive biology and general appearance of
the worms often adds to the difficulty; interesting

specimens are often immature and their soft bodies
easily disintegrate under a badly applied cover slip.
Moreover, many cold water specimens die in less than
half an hour at room temperature. Acoela have a lim-
ited number of organs but display almost unlimited
variation in their configuration. Thus, there is relatively
low morphological complexity but high disparity. Such
disparity could be expected from a lineage as old as
Nephrozoa and likely predating the Cambrian (Budd
2008; Peterson et al. 2008). The mouth can be located
almost anywhere along the ventral midline: either in
the anterior as in Proporus, ventrally as in most Acoela
or posteroterminally as in Diopisthoporus. A muscular
pharynx exists in some taxa, but it has been considered
nonhomologous among these groups due to anatomical
differences (Todt 2009) implying independent appear-
ance of a pharynx within Acoela. The acoel nervous sys-
tem is highly variable in terms of position relative to
the body wall and level of centralization (Kotikova and
Raikova 2008). Acoela are hermaphrodites and there
may be paired or single ovaries and testes or, as in
Diopisthoporus and Antigonaria a single mixed gonad.
Secondary female organs such as a copulatory bursa
for storage of allosperm and a vagina, may be highly
developed or completely absent. Male copulatory or-
gans may take the shape of sclerotized stylets, mus-
cular penes, or glandular structures of various shapes.
One or two gonopores may be located anywhere along
the ventral midline. Even the acoel spermatozoa are di-
verse. They have two incorporated flagella with either
9+2,9+1 or9 + 0 axoneme configurations and many
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different arrangements of cytoplasmic microtubules and
other inclusions. It is not surprising that 19th and 20th
century systematists struggled with the classification of
the group.

In spite of their pivotal position in animal phylogeny,
there is no extensive phylogenetic study of the interre-
lationships within Acoela. The proliferation of family
level taxa without reference to a phylogenetic hypoth-
esis (e.g., Westblad 1948; Dorjes 1968; Kostenko 1989;
Kostenko and Mamkaev 1990) has resulted in some
confusion. In many cases, there are no credible synapo-
morphies, and the current classification has little pre-
dictive power: it is problematic to determine to which
higher taxon a new specimen of an unknown species
should be referred because classification into taxa such
as families is more or less a matter of pigeonholing.
Moreover, it is often difficult to identify a specimen
belonging to a previously described species.

The largest study to date, which was based on par-
tial 185 rDNA sequences from 32 species of 10 nominal
acoel families, retrieved only 4 of these as monophyletic
(Paratomellidae, Mecynostomidae, Sagittiferidae, and
Anaperidae), whereas three families were reconstructed
as nonmonophyletic (Actinoposthiidae, Convolutidae,
and Haploposthiidae) and the status of the remaining
three families represented was undetermined (Hooge
et al. 2002). Hooge and coauthors observed that some
features of the spermatozoa and body-wall muscula-
ture appeared to fit the topology particularly well, but
without a more complete taxonomic sample it is diffi-
cult to hypothesize which states are ancestral and im-
portant for inferring the features of the last common bi-
laterian ancestor. There have been attempts to use some
acoel species as “models” for Acoela and lower Bila-
teria, for example, when inferring a complex pattern
with longitudinal, circular and U-shaped muscles in the
acoel and bilaterian ancestors based on studies of Iso-
diametra pulchra and Symsagittifera roscoffensis (Semmler
et al. 2008) and when inferring separate origins of the
bilaterian mouth and anus based on studies of the devel-
opment of Convolutriloba longifissura (Hejnol and Mar-
tindale 2008). The choice of species for detailed study
has been based on availability or ease of identification
rather than on a hypothesis spanning as much as pos-
sible of the phylogenetic diversity. Reconstructions of
ancestral states must be based on thorough knowledge
of character distributions and a robust phylogenetic
hypothesis for the Acoela, both of which are currently
lacking. Consequently, explicit hypotheses of charac-
ter evolution in this group are few, restricted mainly to
the evolution of the pharynx (Todt 2009), spermatozoa
(Hooge et al. 2002; Achatz et al. 2010), and body-wall
musculature (Hooge et al. 2002), and phylogenetic hy-
pothesis testing has generally not been feasible.

Here we set out to reconstruct the phylogeny of
Acoela using a comprehensive data set consisting of ri-
bosomal and mitochondrial DNA sequences and mor-
phological characters. We aim to provide a revised
and simplified classification of Acoela consistent with
the phylogeny, study the evolution of morphological

characters, and reconstruct ancestral features of Acoela
and of acoel subgroups. In particular, we compare
some evolutionary properties of the body-wall mus-
culature with those of the gonads because both organ
systems have been highlighted as important for acoel
phylogenetics and classification. The evolution of the
acoel pharynx, as inferred by us, differs distinctly from
the hypothesis put forward by Todt (2009) and we there-
fore evaluate alternative hypotheses on pharynx homol-
ogy in more detail. We use a Bayesian framework to
account for some the uncertainty of the reconstruction
(Ronquist 2004) and demonstrate how this approach
can be extended to provide useful tools for systematic
research such as estimating the reconstruction potential
of characters at deep nodes, morphological divergence
among clades and help delineate taxa.

MATERIALS AND METHODS
Specimens

The material represents a collecting effort spanning
more than 10 years and many marine habitats and lo-
cations from all over the world (Table 1). Specimens
were collected by a variety of methods ranging from
beach sampling at low tide or snorkeling to scuba
diving or dredging at larger depths. Live specimens
were most often fully identified to species using light
microscopy, but some unidentified specimens or spec-
imens of unidentified species were only determined
to genus. If available, photos of these unidentified
worms can be found at the Acoela Scratchpad project
(http:/ /acoela.myspecies.info/).

Coding of Morphological Characters

General morphology such as size, shape, pigmen-
tation, presence or absence of algal symbionts, eyes,
pharynx, chordoid vacuoles, or frontal glands and most
of the characters related to the gonads and genitals
were coded for 104 species using original descriptions,
live observations, and illustrations or photos of the ac-
tual specimen. Ultrastructural and histological informa-
tion is still not available for many species, and was,
with the exception of the musculature in Diopisthoporus
longitubus, only included for those species for which
these features have been described. Information about
the presence or absence of interconnecting digestive
cells located at the mouth or pharynx was coded for
6 species from Todt (2009); axoneme and microtubu-
lar arrangements of spermatozoa were coded for 36
species; (the 9 + 2 axoneme arrangement in Hofstenia
miamia is our own unpublished observation); and prop-
erties of the body-wall musculature were fully coded
for 46 species. The body-wall musculature of Diopistho-
porus lofolitis, as described by Hooge and Smith (2004),
was here attributed to the very similar D. longitubus,
for which we had molecular data. See Table 2 for the
full set of references used to code the morphological
information. We concluded that information about the
nervous system in acoels was still too fragmentary to
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TABLE 2. Primary literature sources used for coding acoel morphology

General morphology
Abildgaard (1806)
Achatz et al. (2007)

An der Lan (1936)
Bartolomaeus and Balzer (1997)
Beklemischev (1915)
Beklemischev (1957)
Boguta (1970)

Brauner (1920)

Bush (1975)

Correa (1960)

Crezée (1975)

Dorjes (1966)

Dérjes (1968)

Dorjes and Karling (1975)
Faubel (1974)

Faubel and Regier (1983)
Graff (1882)

Graff (1891)

Graff (1905)

Body-wall musculature

Gschwentner et al. (2002)
Gschwentner et al. (2003)
Hooge (2001)

Hooge (2003)

Hooge and Eppinger (2005)

Sperm ultrastructure

Afzelius (1966)

Graff (1911)

Gray and Rieger (1971)
Gschwentner et al. (2002)
Hendelberg and Akesson (1988)
Hooge (2003)

Hooge and Eppinger (2005)
Hooge and Rocha (2006)
Hooge and Smith (2004)
Hooge and Tyler (1999)
Hooge et al. (2002)

Hooge and Tyler (2003)
Hooge and Tyler (2005)
Hooge and Tyler (2008)
Hyman (1939)

Kozloff (1965)

Levinsen (1879)

Luther (1912)

Mamkaev (1965)

Marcus (1948)

Hooge and Rocha (2006)
Hooge and Smith (2004)
Hooge and Tyler (2003)
Shannon and Achatz (2007)
Tekle et al. (2005)

Henley and Costello (1969)

Marcus (1950)

Marcus (1954)
Oersted (1845)
Ogunlana et al. (2005)
Papi (1957)

Schultze (1851)
Shannon and Achatz (2007)
Smith and Bush (1991)
Steinbock (1931)

Tekle (2004)

Tekle et al. (2006)
Tekle et al. (2007)
Uljanin (1870)
Westblad (1940)
Westblad (1942)
Westblad (1945)
Westblad (1946)
Winsor (1990)

Yamasu (1982)

Todt (2009)
Tyler and Hooge (1999)
Tyler and Rieger (1999)

Raikova et al. (1997)

Afzelius (1982) Henley (1968) Raikova et al. (1998)
Costello et al. (1969) Henley (1974) Raikova et al. (2001)
Crezée (1975) Henley et al. (1968) Raikova and Justine (1999)
Hendelberg (1969) Hooge and Tyler (2005) Silveira (1967)
Hendelberg (1974) Mamkaev and Ivanov (1970) Silveira (1969)
Hendelberg (1975) Petrov et al. (2004) Tekle et al. (2007)
Hendelberg (1977) Raikova and Justine (1994)

be included in the analysis. Coding and management to L3449)

5”-AACACTTTGCGAATTCTGCTTCGC-

of the data matrix was done with the web-based MX
content management system (Yoder et al. 2006). Both
binary and multistate characters were coded. The core
data set consisted of 37 characters coded for 104 acoel
species. Seven additional characters were coded as mul-
tistate versions of some binary characters to provide
additional details at a few nodes. Three Nemertoder-
matida species were coded specifically to assess how
inclusion of morphological information from this taxon
would influence our inference. See Table 3 for the mor-
phological characters and states and the Supplementary
Data for the morphological matrix (available from
http:/ /www.sysbio.oxfordjournals.org).

Molecular Sequence Assembly and Alignment

We used the 185 rRNA, 285 rRNA, and COI genes
as molecular markers for the phylogenetic anal-
yses. Eighty-seven new sequences of about 1780
bp of the 185 rRNA gene and 82 new sequences
of about 3200 bp of the 285 rRNA gene were pro-
duced for acoels according to the PCR protocols
described in Wallberg et al. (2007). A few additional
28S primers were used: F2093 (alternative to U1846)
57-CCCAYAACCGCATCAGGT-3”, R3182 (alternative

3”7, and R3239 (alternative to L3449) 5”-CCTGTCT
CACGACGGTCTAAACCC-3". Sixty-seven new acoel
sequences of about 660 bp of the COI gene were pro-
duced using the universal LCO/HCO primers and
protocols from Folmer et al. (1994) and with minor
variations of the annealing temperature around 50 °C.
Contigs were produced with Staden v1.6.0 (Staden
1996) and the Phred/Phrap base calling and assembly
modules (Ewing and Green 1998; Ewing et al. 1998). The
three genes were also sequenced in the three nemer-
todermatids used as outgroups. Additional acoel and
outgroup sequences were downloaded from GenBank
(http:/ /www.ncbi.nlm.nih.gov/). See Table 1 for the
complete list of sequences included in the analyses.
Both ribosomal genes and COI were aligned with Mul-
tiple Alignment using Fast Fourier Transform (MAFFT)
(Katoh and Toh 2008; Katoh et al. 2009). The COI
data were aligned using the nonstructural global
Needleman-Wunsch algorithm. Because acoels are
known to have unusually variable ribosomal sequences
compared with most metazoans (Ruiz-Trillo et al. 1999),
18S and 28S sequences were aligned with alternative
algorithms in MAFFT, using either the nonstructural
method above or a structural option that aims to
incorporate folding properties of the ribosomal genes
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TABLE 3. Morphological characters
No. Character States
1 Size 0 =small, 1 = conventional, 2 =large
2 Body shape 0 = cylindrical, 1 = convoluted, 2 = flattened
3 Threadlike (slender) 0=no, 1=yes
4 Chordoid vesicles (large vacuoles) 0 =absent, 1 = present
5 Level of chordoid vesicles 0 = chordoid vesicles absent, 1 = weakly developed, 2 =well
developed
6 Frontal glands 0 =absent, 1 = present
7 Level of frontal glands® 0=frontal glands absent, 1 =weakly developed, 2=well
developed
8 Symbiotic algae 0 =absent, 1 = present
9 Sagittocysts 0 =absent, 1 = present
10 Pigmentation 0 =absent, 1 = present
11 Eyes 0 =absent, 1 = ocelli with platelets, 2 = pigmented eyespots
12 Mouth position 0 = anteroterminal or subterminal, 1 = ventral,
2 = posteroterminal or subterminal
13 Pharynx 0 =absent, 1 = present
14 Interconnecting cells (glandular cells at the pharynx 0 =absent, 1 = present
epithelium)
15 Testis 0 =unpaired, 1 = paired
16 Seminal vesicle 0 =absent, 1 = present
17 Glandomuscular eversible copulatory organ 0 = absent, 1 = present
18 Copulatory organ partly inside seminal vesicle 0=no, 1=yes
19 Copulatory organ invaginated into seminal vesicle 0=no, 1=yes
20 Shape of glandomuscular copulatory organ® 0 = glandomuscular copulatory organ absent,
1 =isodiametric tube, 2 = conical tube, 3 = spherical,
4 = globular papilla, 5 = multilayered muscular seminal
vesicle
21 Penis stylet (sclerotized copulatory organ) 0 = absent, 1 = present
22 Accessory penetrating hard structures 0 =absent, 1 = adenodactyls, 1 =needles
23 Antrum 0 =absent, 1 = present
24 Antrum ciliation? 0 = antrum absent, 1 = ciliated, 2 = not ciliated, 3 = shallow
25 Antrum shape? 0 = antrum absent, 1 =long and tubular, 2 = irregular or
saclike
26 Male opening position 0 = anteroterminal or subterminal, 1 = midbody,
2 = posteroterminal or subterminal
27 Ovary 0 =unpaired, 1 = paired
28 Bursa seminalis (receptacle for allosperm) 0 = absent, 1 = present
29 Number of bursae? 0 =bursa absent, 1 = one, 2 = several
30 Bursal nozzle (sclerotized proximal opening of bursa) 0 =absent, 1 = present
31 Number of bursal nozzles? 0 =nozzle absent, 1 = one, 2 = several
32 Vagina 0 =absent, 1 = present
33 Separate female gonopore 0 =absent, 1 = present
34 Ovary positioned or reaches behind testes 0=no, 1=yes
35 Hermaphrodite gonad (testis and ovary mixed) 0=no, 1=yes
36 Asexual reproduction 0 =absent, 1 = present
37 Sperm axonemes 0=9+0,1=9+1,2=9+2
38 Sperm cytoplasmic microtubules 0 = cortical, 1 =axial, 2 = distal only, 3 = corticoaxial
39 Longitudinal muscles enwrap mouth 0 = absent, 1 = present
40 Ventral diagonal muscles 0 =absent, 1 = present
41 Ventral crossover muscles 0 =absent, 1 = present
42 Dorsal diagonal muscles 0 =absent, 1 = present
43 Longitudinal muscles outside of circular muscles 0 =absent, 1 = present
44 Longitudinal muscles between mouth and frontal pore 0 =absent, 1 = present

2Character not included in posterior similarity and reconstruction signal computations for nodes.

to assess position homology by using the Vienna RNA
package (Hofacker et al. 2002) and MXSCARNA (Tabei
et al. 2008) from within MAFFT. To further assess
the influence of ambiguously aligned regions in the
ribosomal data on downstream phylogenetic analyses,
these alignments were filtered using Aliscore (Misof K.
and Misof A. 2009), treating gaps as ambiguous char-
acters and using a sliding window size of 4. Thus,
four different concatenated data sets were produced
and analyzed, with respect to the ribosomal data:
nonstructural unfiltered versus filtered alignments;
and structural unfiltered versus filtered alignments,
respectively. These data sets spanned 126 acoels and the

taxon sampling coverage of the 18S, 28S, and COI genes
were 95%, 72% and 55%, respectively.

Substitution Models and Phylogenetic Analysis

We used Bayesian, maximum likelihood (ML), and
cladistic methods of phylogenetic inference. For the
model-based analyses of the genes, we used MrAIC
(Nylander 2004) and PhyML v2.4.4 (Guindon and
Gascuel 2003) to help select among commonly imple-
mented substitution models. We used GTR + G for phy-
logenetic analysis of 18S, HKY + G for 285, and GTR+G
for COL Phylogenies were inferred from the combined
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data using either nemertodermatids or additional bi-
laterian and cnidarian taxa as the outgroup. Bayesian
phylogenetic inference was performed using a CVS ver-
sion of MrBayes v3.2 (Huelsenbeck and Ronquist 2001;
Ronquist and Huelsenbeck 2003). We performed the
analysis using the concatenated molecular data with
and without morphological data and used a G model to
allow variation in rates among the morphological char-
acters. The default prior settings were used to estimate
parameters such as nucleotide state frequencies, substi-
tution rates, and the shape of the site-to-site rate distri-
bution for each gene. We also analyzed the COI gene
separately. For the concatenated data we ran two par-
allel runs of eight Markov chain Monte Carlo (MCMC)
chains using a melting temperature of 0.1 because we
found chain mixing to be very low and convergence
among runs to be insufficient using the default MCMC
settings of four chains and a temperature of 0.2. The
combination of additional chains and lower tempera-
ture make the chains cover approximately the same
range of temperatures as the default settings, but subdi-
vided into more intervals, which in our case improved
chain mixing and convergence. The COI analyses used
the default settings. The chains ran for 10 million gen-
erations and trees and parameters were sampled every
1000 generation. We used AWTY (Nylander et al. 2008),
LnL, the potential scale reduction factor, and the av-
erage standard deviation of split frequencies to mon-
itor and infer convergence. At 10 million generations,
the latter measure was always less than 1.5%. Rapid ML
bootstrapping of the molecular data was done with the
Pthreads version of RAXML v7.0.4 (Stamatakis 2006; Sta-
matakis et al. 2008). We ran 500 bootstrap replications
using the default “fast and easy” settings and a separate
GTR +G model for each data partition. Five-hundred
parsimony jackknife replications were run in the soft-
ware TNT (Goloboff et al. 2008), each of which used
five random additions holding up to five trees, secto-
rial search, and a round of tree fusing (Goloboff 1999).
We found that the implied weights algorithm generally
produced majority-rule consensus trees that were more
congruent with the model-based analysis. The ML boot-
strap and parsimony jackknife sets of trees were com-
pared with the Bayesian consensus tree.

Reconstruction of Ancestral Morphology

Reconstructions of ancestral morphological states
were performed with BayesTraits (Pagel et al. 2004),
and the inference of states at the root were compared
with a cladistic reconstruction based on the majority-
rule consensus tree in MacClade v4 (Maddison D.R.
and Maddison W.P. 2001). We used the trees sampled
from the stationary distribution in the Bayesian molec-
ular phylogenetic analysis to represent the current best
estimate of the interrelationships and evolutionary dis-
tances among taxa. To study the extent to which topo-
logical differences related to alignment ambiguities in
the molecular data influenced our conclusions about

morphological evolution in acoels, we analyzed the
posterior distribution of trees produced from all four
alternative alignments in BayesTraits. Three aspects of
morphological evolution were compared among the
analyses: the inferred evolutionary rates and reconstruc-
tion signals (see below) of each morphological charac-
ter, as well as the states inferred at ancestral nodes. For
each analysis, the original sample of 10,000 trees was
thinned to 2000 trees due to computational memory con-
straints, using an in-house Perl script. The outgroup ter-
minals and uncoded acoel species were pruned and the
trees were rooted on the first split inside Acoela us-
ing Phyutility (Smith and Dunn 2008). Ancestral states
were specified to be estimated for nodes of particu-
lar interest using the AAdMRCA option in BayesTraits
and the Multistate version of the program. Two acoel
specifiers were used for each node. We focused on the
deep nodes in the tree, those nodes roughly correspond-
ing to the traditional families and a few within-family
nodes of particular interest. All in all, 31 such nodes
were specified. We used the reversiblejump MCMC
algorithm (Pagel and Meade 2006) and tried both the
exponential and gamma hyperpriors to seed the prior
distribution of rates. An MCMC analysis of 101 million
generations was run separately for each character. The
first million generations were considered burn-in and
discarded. Posterior probabilities of states at all nodes
were then sampled every 20,000 generation to avoid au-
tocorrelation among samples, amounting to 5000 sam-
ples per character-state and node. The analyses were
repeated several times but we noted very little differ-
ence in the posterior probabilities between runs using
the exponential or gamma hyperprior. The final analy-
ses used the default reversible jump setting (rfjhp gamma
0 10 0 10). We repeated the analyses without Hallan-
gia proporoides because this taxon was recovered at an
unexpected part of the tree. To evaluate alternative hy-
potheses on the evolution and homology of the phar-
ynx among acoel families, we constrained the states of
various basal nodes and took the difference between
the harmonic means of the marginal likelihoods among
different MCMC runs (Bayes factors) as indications for
how well different hypotheses fit our phylogenetic ev-
idence. A difference of 2 indicates “positive” evidence
to reject the worse hypothesis, whereas a difference of
>5 can be taken as strong evidence (Kass and Raftery
1995). BTParser, a cross-platform Perl program, was
written specifically to automate running BayesTraits
and summarizing the output and can be downloaded
from http://code.google.com/p/btparser/.

Morphological Divergence and Reconstruction Potential

We implemented a posterior similarity index that
compares the posterior probabilities of states estimated
at each control node in a set of trees with those of
the other control nodes to study morphological diver-
gence. The maximum difference between two poste-
rior probability distributions is 2 and it is recovered
when the nodes have full support for different states,
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whereas minimal difference is 0, which is recovered 1.0
when the nodes have identical posterior distributions 0.9
among states. We inverted and normalized the scale be- & o.84-
tween 0 (maximal divergence) and 1 (maximal similar- Eo e
ity) to harmonize this index with other commonly used ¢

.. . . S 0.6 -
phylogenetic indexes. A benefit of this approach, com- ©
pared with analyzing averaged branch lengths in a sin- ‘g’ 0.5
gle morphological tree, is that divergence canbe directly  § 44
analyzed for individual characters or arbitrary groupsof g |
characters, even when a well-supported morphological § ™
tree is difficult to reconstruct with that data or incongru- £ 927
ent with the genealogy. Overall posterior similarity be- 0.1 -
tween nodes representing acoel families and the root of B

the tree was computed by averaging the posterior sim-
ilarities between the nodes and the root for the core set
of morphological characters.

To assess how clearly characters were reconstructed
over all control nodes and how well the ancestral worms
were reconstructed at each control node, we used the
Shannon index to capture the shape of the posterior dis-
tributions. Whereas posterior probabilities are mainly
used to highlight those states that dominate the poste-
rior, the Shannon index can be used to measure the full
shape of the posterior and further help distinguish sig-
nal from noise. We here computed the reconstruction
signal R to capture the ratio of signal to noise in the
posterior distributions by taking 1 minus the evenness
among the posterior probabilities (p1,pz,...,pn) of all
states (1,2,...,N) for a given character at a given node:

N
hlp,'
R=1 72 <Pi x lnN)

i=1

A flat posterior where states are recovered with
nearly the same probabilities has no signal, whereas
a highly unbalanced posterior distribution favoring a
particular state has a strong signal (Fig. 1). The main
benefit of this approach, compared with evaluating the
posterior probabilities of only the dominating states at
various nodes, is that the reconstruction signal can be
computed for characters with an arbitrary set of states
and therefore more naturally lends itself to summation
over heterogeneous multistate characters to provide
an approximation of how well a particular ancestor
is reconstructed and understood. We calculated the
overall signal at nodes by averaging over the core set
of morphological characters and plotted the estimates
on the Bayesian consensus tree. We used the Wilcoxon
rank-sum test as implemented in R to test whether a
group of nodes or characters appeared to be recon-
structed with significantly higher signal than another
group, given a common set of trees. Two comparisons
were done. We first compared the reconstruction signals
at 9 control nodes corresponding to families (Fig. 8a,b;
gray nodes) with those of 11 deeper parent nodes (Fig.
8a,b; black nodes), most of which were strongly sup-
ported in the phylogenetic analyses. We then compared
the reconstruction signals of the characters related to
the body-wall musculature of the worms with those
related to the reproductive system. BayesTraits draws

00 01 02 03 04 05 06 07 08 09 1.0

Posterior probability

FIGURE 1. Relationship between reconstruction signal and poste-
rior probabilities of states in a binary character. A flat posterior dis-
tribution among the two states with P = 0.5 has no signal, whereas a
highly skewed posterior has a strong signal.

trees randomly from the pool of input trees, so the
sequence of sampled trees differs among the MCMC
chains of each character. When samples were structured
to compare the overall signals of families with their
parent nodes, the pattern of sequenced trees were
identical among the two sets and estimates generated
for all 2000 input trees were compared. To facilitate
statistical evaluation between the musculature (six char-
acters, fully sampled in 1109 trees) and reproductive
signals (19 characters, fully sampled in 106 trees), we
filtered the BayesTraits output to find trees that had
been sampled by all 25 MCMC chains, resulting in 55
fully sampled trees. Statistical tests were conducted on
a tree-by-tree basis or by pooling the reconstruction
signals of each group of samples. In addition to using
the full set of taxa in the comparison, we repeated the
BayesTraits analyses keeping only those taxa for which
the body-wall musculature was coded in the trees.

RESULTS
Phylogenetic Analyses of Molecular Data

The results of the phylogenetic analyses of the con-
catenated molecular data are summarized on a Bayesian
majority-rule consensus tree inferred from the filtered
structural alignment in Figure 2. The deep nodes are
generally recovered with high support across Bayesian
inference, ML bootstrapping, and parsimony jackknif-
ing. Compared with this phylogeny, we detected only
minor discrepancies in topologies and clade support
among the sets of Bayesian and ML trees inferred
from the alternative alignments (see Supplementary
Data). Ribosomal sequence alignments are often rich in
gaps due to insertions and deletions. For the structural
18S alignment, Aliscore filtered out about 15% of the
original positions, yet purging only about 5% of the
original sequence data. About 18% of the sequence data
were removed from the more variable structural 285
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1.00

80 91

:

Aberrantospermata

Otocelis sandara

Proporidae

Solenofilomorphidae

= Hofsteniidae

0
Prosopharyngida
P e yg -Hallangia proporoides

1.00 @a Paratomellidae
0 Diopisthoporidae

Mecynostomidae
incl. Actinoposthia haplovata, Childia

Avaging marci
Proaphanostoma tenuissima

Avaging nsp

FuL'rJgD'a glomerato
Atriofronza polyvacuala
Pelaphila lutheri

r Actinoposthia beklemischevi
L Pseudactinoposthia sanguineum

incl. Haplogonaria viridis, Haplaposthia, Kuma,
Pseudohaplogenaria, Simplicomarpha, Polycanthus

Symsagittifera
psommophila
Convolutidae

incl. Anaperus, Convolutriloba,
Symsagittifera

5 Childia
trianguliferum

Notacelis
gullmarensis

Dakuidae
incl. Notocelis®, Philocelis,
Philactinoposthia

Proapharostoma

0 tenuissima Archaphanostoma

macrospiriferum

Ffﬂplogcnnrm syltensis
Pseidabhanostoma herringi

Isodiametridae
incl. Haplogonaria schillingi

Proporus
bermudensis

Solenofilomarpha nsp

Hofstenia miamia

Paratomella rubra

Digpisthoporus
psammophilus

FIGURE 2. Overview of acoel phylogeny. Total-evidence Bayesian majority-rule consensus tree inferred from 18S, 28S, and COI sequences.
Bayesian posterior probabilities are shown in bold above branches. ML bootstrap (bold italics) and parsimony jackknife (italics) support below
branches. Deep nodes are marked with black circles, nodes corresponding to recognized families are gray. The white control node represents a
poorly sampled clade with unstable position. The reconstruction signal (RS) (bold) and posterior similarity to the root (PS) (italics) is displayed
on the nodes. A mixed clade with actinoposthiids and isodiametriids with unstable position among analyses of different alignments is marked
with an asterisk. Diopoisthoporidae is the sister taxon to all other acoels and has the highest similarity to the features reconstructed at the root.

Convolutidae is the most derived taxon.

alignment. For the nonstructural alignments, 6% and
14% of the data were removed, respectively. For both the
18S and 28S genes, the structural alignment approach
produced the longest filtered alignments (1796 positions
and 2811 positions, respectively). However, the only
discernible effect of the different data treatments is a
slight escalation of topological uncertainties regarding
two nodes in the tree: (i) a clade of actinoposthiids and
isodiametrids grouping either inside (nonstructural
alignments) or outside of Isodiametridae (structural
alignments; Fig. 2; clade marked with an asterisk); and
(ii) the unresolved placement of Notocelis gullmarensis
either inside Dakuidae or basal to it; both of which are
based on partially sequenced taxa lacking one of the
two ribosomal genes (see further results and discussion
below).

In view of the nearly identical topologies produced
from the analyses of the alternative alignments, we
here chose to focus on the results of the phylogenetic
analyses of the longer and potentially least ambigu-

ous filtered versions of the structural data sets. In
the phylogeny, Childia is nested inside Mecynostomi-
dae. Anaperus and those sagittiferid genera included in
the analysis are nested inside Convolutidae. Most of
the haploposthiid species form a group with Proporus
and Polycanthus but some group within Isodiametri-
dae. Members of the Actinoposthiidae are distributed
across Mecynostomidae, Dakuidae, and Isodiametridae.
Hofsteniidae and Solenofilomorphidae are recovered as
sister taxa, as are Mecynostomidae and Convolutidae.
Diopisthoporidae is found to be the sister taxon to all
other acoels and further shortens the branch between
acoels and other bilaterians. When cnidarians and other
bilaterians are included as outgroups, acoels and the in-
cluded nemertodermatids do not form a monophylum
(see Supplementary Material), as was also reported by
Wallberg et al. (2007). The molecular tree is presented in
more detail in Figure 8a,b.

The Bayesian analysis of the mitochondrial COI
gene alone results in a less well-supported consensus
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Convolutidae
(incl. Anaperus,
Convolutriloba,
Symsagittifera)

Mecynostomidae
(incl. Actinoposthia
haplovata,

Childia)

Otocelis sandara
Notocelis gullmarensis

Isodiametridae
(incl. Haplogonaria
schillingiy

Kuma viridis
Philactinoposthia saliens
Philactinoposthia sp. #3

Philocelis brueggemanni
Philocelis robrochai

. Philactinoposthia sp.
ﬂ|—_|: Philactinoposthia sp. #2
Philactinoposthia coneyi

Proporus bermudensis

Proporus sp,
Daku woorimensis

Polycanthus sp.
Polycanthus sp.

Haploposthia rubra
5

Haploposthia lactomaculata
Kuma albiventer

Pseudohaplogonaria sp.

Haplogonaria viridis

1.00

1.00 .
0.95

Hallangia proporoides

Diopisthoporus longitubus
Diopisthoporus psammophilus
BPP
0.3

Haploposthia vandula

Solenofilomorpha nsp.
Solenofilomorpha nsp. #2

L2 O—=——1 Hofsteniidae

0.56 ——— Myopea callaeum
L Endocincta nsp.

Paratomella rubra

FIGURE 3. Bayesian majority-rule consensus tree inferred from the mitochondrial COI gene. Bayesian posterior probabilities are shown in
bold above branches. Some families (gray nodes) and some deep nodes (black) are recovered as monophyletic clades, but others are unresolved.
There is no conflict with the total evidence tree, although the COI tree is less well resolved.

tree (Fig. 3), particularly close to the root. Whereas
some clades such as Mecynostomidae, Convolutidae,
Isodiametridae, and Hofsteniidae are still recovered
as monophyletic with high support, other taxa such
as Dakuidae and Proporidae are not well resolved.
There is however still a strongly supported basal split

between the clade uniting Hallangia, Hofsteniidae and
the solenofilomorphiids and the “higher” acoels, just as
in the analysis of all molecular data. Alignments and
trees can be downloaded from TreeBASE using the aces-
sion URL: http://purl.org/phylo/treebase/phylows/
study/TB2:511235.
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Phylogenetic Analysis of Morphological Data

The Bayesian phylogenetic analysis of the morpho-
logical data is presented as a majority-rule consensus
tree in Figure 4. A few traditional clades are recovered,

but families such as Isodiametridae, Mecynostomidae,
and Proporidae are unresolved at the 0.5 posterior prob-
ability cutoff level. In a consensus tree where all com-
patible clades are resolved, Mecynostomidae groups
with Childia and Anaperus groups with Convolutidae

0.98 Convolutidae
(incl. Convolutriloba,
Symsagittifera)
0.76 Childia

— Isodi

0.64

0.54

Atriofronta
Philacti

0.69 Avaginy m._?e @

[
e!og P?%gjv ?{f#len

— oposthia coneyi
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— Aphan?stoma collinae

sodiametra bajaensis

— Fod iametra cyernos
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oha lo nona rodmum
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nostomﬂ virescens

0.53 — Archap anostuma macrospiriferum

Haplocelis dichona
CE is efinae
Otoce is sandara
— Pmecog voluta bocasensis
raeconvolyta, castinea
Praeconvo uta tigrina
me onvoluta tornuva
anostoma tenuissima

anostoma smithrii
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0.51

— Droglsth

orus
OfLJ'S C
OPOI’LJ'S CGf’O inensis

— Dio, Jsthggur

—@ !o%onar a schn‘:rif;gt
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0
PsLEggg hanostoma erringi

ecynosmmum altitudi
Paedomecynostomum bruneum
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mecynostomum lapillum
Postmecyn'gstamum ictym
eudmec nostomum bruneofilum
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— Ph; C hs gﬁema ni

l OCE IS ngi
act nop st
— m(e is fobrochai
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FIGURE 4. Bayesian majority-rule consensus tree inferred from morphological characters. Bayesian posterior probabilities are shown in bold
above branches. Some families and genera are monophyletic, whereas the relationships among isodiametriids, dakuiids, and mecynostomiids
are completely unresolved. Paratomella and Hallangia appear more deeply nested in the tree than in the molecular analyses.
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100

0.8 -

0.6

0.4

Reconstruction signal

0.2

0.0

R? =0.83

—O— Miscellaneous characters
—O0— Reproduction characters
—&— Muscle characters

Rate

FIGURE 5. The correlation between reconstruction signal and evolutionary rates of morphological characters. There is a relationship between
the rate of a character and how clearly it is reconstructed at the control nodes. Characters related to the reproductive organs cover a wider range

of rates and signals than those of the body-wall musculature.

(see Supplementary Material) similar to the molecular
data. Apart from the nested positions of Paratomella and
Hallangia, there is no strongly supported conflict with
the molecular data. It is evident that those morpholog-
ical characters that we were able to score across all of
Acoela are not sufficiently informative to recover a fully
resolved tree alone.

Reconstruction of Ancestral Morphology

The insignificant topological disagreements among
the alternative sets of posterior distributions of trees
produced from the different alignments naturally result
in striking similarities among the features of morpho-

0.20

E Musculature

0.15

Frequency
(=]
5
1

0.05 +

0.0 -

Ml Reproductive system

logical evolution selected for comparison: (i) the rates
and reconstruction signals of all characters are highly
concordant among the sets (see Supplementary Data);
and (ii) only 2 characters out of 44 are reconstructed with
alternative states with posterior probabilities of 0.70 or
higher, which occurs at only a single control node out
of 30 (hence conflicts are restricted to two cells in a
1320-cell matrix). This ambiguity relates to details of the
copulatory organ inferred at a node inside Isodiametri-
dae depending on whether or not the clade contain-
ing many actinoposthiids groups inside Isodiametridae
with high support (Figs. 2 and 8a,b and the Supplemen-
tary Data). As a consequence of these uniform results,
we again chose to focus on the results inferred from
the Bayesian trees generated from the filtered structural

0.7 0.8 0.9

Reconstruction signal

FIGURE 6. The reconstruction signals of the reproductive system and musculature. The characters of the body-wall musculature are recon-

structed with significantly stronger signals than those of the reproductive system (Wilcoxon rank-sum test; pooled data: p(HO0) < 2.2e~10). The

histograms represent the distribution of mean reconstruction signals estimated for the reproductive system (19 characters) on 106 fully sampled
trees and the musculature (six characters) on 1109 fully sampled trees, respectively, out of 2000 Bayesian input trees.
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TABLE 6. Proportion of successfully reconstructed states at different nodes and confidence levels

Node Confidence level
0.5 0.6 0.7 0.8 0.9

Higher taxon
Acoela 0.93 0.77 0.70 0.55 0.45
Bitesticulata 091 0.77 0.66 0.52 0.41
Bursalia 091 0.75 0.68 0.52 0.41
Prosopharyngida 091 0.73 0.68 0.52 0.43
Hofsteniidae + Solenofilomorphidae 091 0.75 0.68 0.52 0.45
Crucimusculata 1.00 0.81 0.70 0.65 0.57
((Abberantospermata + Dakuidae) + Otocelis) + Isodiametridae + “ Avaginaclade” 0.89 0.73 0.52 0.41 0.32
((Abberantospermata + Dakuidae) + Otocelis) + Isodiametridae 0.91 0.77 0.66 0.59 0.45
(Abberantospermata + Dakuidae) + Otocelis 0.91 0.80 0.68 0.59 0.48
Abberantospermata + Dakuidae 0.93 0.77 0.70 0.61 0.52
Abberantospermata 0.93 0.73 0.61 0.57 041
Average 0.92 0.76 0.66 0.55 0.45

Family
Diopisthoporidae 0.98 0.84 0.82 0.70 0.52
Paratomellidae 1.00 0.98 0.86 0.82 0.70
Hofsteniidae 0.95 0.95 0.86 0.80 0.68
Solenofilomorphidae 0.95 0.84 0.80 0.75 0.59
Proporidae 1.00 091 0.86 0.73 0.57
Isodiametridae 0.93 0.86 0.77 0.70 0.48
Dakuidae 0.98 0.84 0.80 0.68 0.48
Convolutidae 0.95 0.86 0.82 0.73 0.59
Mecynostomidae 0.98 0.91 0.82 0.80 0.61
Average 0.97 0.93 0.86 0.78 0.66

data set. The overall reconstruction signals of all charac-
ters are plotted as a function of their evolutionary rates
in Figure 5 (see Supplementary Material for the corre-
sponding data table and detailed transition rates among
states). The characters span a wide range of rates and,
as expected, more rapidly evolving characters have less

0.20
Ml Parent nodes
[ Family nodes

0.15 4

Frequency
=]
s
|

0.05

ol .-|II

T T T T T 1
0.50 0.55 0.60 0.65 0.70 0.75 0.80

Reconstruction signal

FIGURE 7. The reconstruction signals of all characters at differ-
ent sets of nodes. Nodes corresponding to families are reconstructed
with significantly stronger signals than their deeper parent nodes
(Wilcoxon rank-sum test; pooled data: p(H0) < 2.2e~10). The his-
tograms represent the distribution of mean reconstruction signals esti-
mated for families (9 nodes) and parent nodes (11 nodes) on the same
set of 2000 Bayesian input trees.

reconstruction signal at the control nodes. Although the
characters of the body-wall musculature generally have
lower rates, the rates of characters related to the repro-
ductive system range across the whole spectrum. Some
features of the reproductive organs, such as the absence
or presence of a vagina or seminal vesicle are recon-
structed with extremely high rates to fit their patchy dis-
tribution in extant taxa and provide virtually no signal
at all as to what state would be most probable in the
deeper parts of the tree. The characters of the muscle
system are significantly more clearly reconstructed than
those of the reproductive system at the control nodes
(pooled data: p(HO) < 2.2e71%; tree-by-tree: 55 out of
55 trees p(HO) < 0.05; see also Fig. 6), but the differ-
ence appears to be smaller at the family nodes than the
deeper backbone nodes (see Supplementary Material for
a more detailed breakdown of all data samples). Some
of these family nodes, such as the Mecynostomidae and
the Proporidae, show the opposite pattern in that the
genitals are reconstructed with a slightly stronger sig-
nal than the muscles (Fig. 8a,b). The reconstructions of
the acoel root and other deep nodes are presented in
Table 4 and the reconstructions of the family ancestors
are presented in Table 5 (see Supplementary Material
for the reconstructions at all control nodes). The hypo-
thetical common ancestor of a recognized family, such
as that of Mecynostomidae or Convolutidae, is typically
more clearly reconstructed than that of a deeper node
(pooled data: p(HO) < 2.2e~16; tree-by-tree: 1247 out of
2000 trees p(HO) < 0.05; no tree with significant support
for the opposite pattern; see also Table 6 and Fig. 7),
such as Abberrantospermata, the parent node of both
Mecynostomidae or Convolutidae (Fig. 8a,b). There is
a clear relationship between cutoff levels of credibility
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in the reconstructions and the proportion of characters
that are successfully reconstructed at that level (Table
6). In the Bayesian analysis, the pharynx was inferred to
be homologous among all families with high posterior
probabilities (Tables 4 and 5) and alternative hypotheses
were associated with likelihood values orders of magni-
tudes lower (Table 7).

DISCUSSION
Phylogeny
We were able to reconstruct a comprehensive and
well-resolved phylogeny of Acoela using new and
previously published ribosomal and mitochondrial se-

quence data from over 120 acoel species, about one-
third of the described species. The tree recovered from

Convolutriloba hastifera Sagittiferidae
Convolutriloba macropyga Sagittiferidae
Convolutriloba retrogemma Sagittiferidae
Convolutriloba longifissura Sagittiferidae
Symsagittifera corsicae Sagittiferidae
Symsugittffem psammophila Sagittiferidae
ymsagittifera rosceffensis Sagittiferidae

analysis of the mitochondrial COI gene is less well
resolved than the ribosomal gene trees but is gener-
ally compatible with the tree of all combined data.
In addition to what was previously understood about
acoel interrelationships, there is now strong evidence
for: (i) Diopisthoporidae being the sister taxon to all
other acoels; (ii) a clade uniting Hallangia, Hofsteniidae,
and Solenofilomorphidae; (iii) the close relationship be-
tween Proporus, most haploposthiids and Polycanthus;
(iv) the polyphyly of Actinoposthiidae with taxa dis-
tributed among Dakuidae and Mecynostomidae and
possibly inside Isodiametridae; (v) a clade uniting Daku,
Notocelis, Philactinoposthia, and Philocelis; (vi) Anaperus,
Symsagittifera, and Convolutriloba being part of Convo-
lutidae; (vii) Childia being nested inside Mecynostomi-
dae; and (viii) Mecynostomidae and Convolutidae being

Convolutidae

onvoluta convoluta

Praesagittifera naikaiensis

Stomatricha hochbergi
Anaperus gardineri Anaperidae
Neochildia fusca

rus biaculeatus Anaperidae
Anaperus singularis Anaperidae

Anaperus tvaerminnensis Anaperidae

Anaperus rubeflus Anaperidae
Convoluta ¢f boehmigi™
Amphiscolops bermudensis

— Amphiscolops sp Hendelberg
Amphiscolops sp

r Warminoa brickneri

a
0.63 «0.65+0.73
0.77 » 0.74 + 0.85 A Anape
0.60 + 0.60 + 0.58 :
Aberrantospermata

0.50+0.51+0.63

0.80-0.80+0.84

Mecynostormum sp

0.67 « 0.67 » 0.65
0.58 + 0.59 + 0.63

aramec

0.53 « 0.51+0.61

0.71 + 0.70 » 0.70
0.56 + 0.56 + 0.62

Childia brachyposthium Childiidae
Chifdia macroposthium Childiidae
Childia vivipara Childiidae
Childia crassum Childiidae
Childia groenfandica Childiidae

Childia nsp #2 Childiidae
- Childia submaculatum Childiidae
Actinoposthia haplovata Childiidae
Childia trianguliferum Childiidae

—— Childia cycloposthium Childiidae

Childia sp Childiidae

Childia nsp #1 Childiidae
Paedomecynostomum bruneum

Pseudmecynostomum brunecfilum

— — Daku woorimensis
Philocelis karlingi Otocelididae

L Waminoa sp
Heterochaerus blumi

Mecynostomidae

Mecynostormum auritum
Pseudmecynastomum phoca
Postmecynostomum pictum
ostomum sp
Paramecynostomum diversicolor
— Philomecynostomum sp
Philomecynastomum lapillum
Eumecynostomum altitudi

- Philactinoposthia nsp Actinoposthiidae
Phifactinoposthia coneyi Actinoposthiidae
Philactinoposthia sp Actinoposthiidae
Philactinoposthia sp #2 Actinoposthiidae
Philactinoposthi
Phifactinoposthia nsp

Dakuidae

a Sf #4 Actinoposthiidae

#2 Actinoposthiidae

Philactinoposthia saliens Actinoposthiidae
Philactinoposthia sp #3 Actinoposthiidae

Philocelis brueggemanni Otocelididae

Philocelis robrochai Otocelididae

Notocelis gullmarensis Otocelididae

Otocelis sandara Otocelididae

FIGURE 8. Detailed presentation of the acoel phylogeny. Total-evidence Bayesian majority-rule consensus tree inferred from 18S, 285, and
COL. All control nodes are displayed. Nodes corresponding to families are highlighted as gray, their deep parent nodes are black, and other
control nodes are white. Nodes for which Bayesian posterior probabilities are below 0.90 are marked with a question mark. The overall recon-
struction signals and the averaged reconstruction signals of the reproductive organs and body-wall musculature are displayed at all control
nodes. Families in dotted boxes. Species transferred from other families or recovered outside their expected family clade are highlighted with
their old family names in bold. Family nodes generally have a higher overall reconstruction signal than their parent nodes and body-wall mus-
culature is generally reconstructed with stronger signals than the reproduction system. A mixed clade with actinoposthiids and isodiametriids
with unstable position among analyses of different alignments is marked with an asterisk. The positions of Hallangia proporoides and Actinoposthia
beklemischevi + Pseudactinoposthia sanguineum are associated with drops in the reconstruction signals of the reproductive organs.
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0.42+036+056

0.36+0.35+ 040

0.56 + 0.50+0.58

Avagina morci 1sodiametridae
Proaphanostoma tenuissima lsodiametridae
Avt}gma nsp Isodiametridae
Faerlea glomerata Isodiametridae
Atriofronta ppixvocuoia Actinoposthiidae
Pelophila lutheri Actinoposthiidae

Haplagonana syltensis Haploposthiidae
Pseuduﬁhanusicma herring! Isodiametridae
osthia beklemischevi Actinoposthiidae

0.55+0.51 <061 Aphanostoma sp

Isodiametra hortulus
Isodiametra norvegica

Praeconvoluta tigring
Praeconvoluta tornuva
Aphanostoma collinae

0.67 = 0.64 » 0.59

0.52 + 0.49 = 0.54

Crucimusculata\
0.60 + 0.63 + 0.51

Aphanostoma bruscai

Praeconvoluta castinea

Praeconvoluta bocasensis

Haplagonaria schillingi Haploposthiidae
Pseudaphanostoma smithrii
Haplocelis dichona

0.61+0.58-0.73

Haploposthia sp Haploposthiidae
,_&0@ sp P

Pseud%hapﬁogonunu sb Hap

Kuma albiventer Haploposthiidae
I Polycanthus sp Polycanthidae
Polycanthus torosus Polycanthidae
Polycanthus sp #2 P,_ofly:anthid:e

- 0.59 052+ 0.65
Bursalia

0.47 = 0.41 - 042 I 0.65 « 0.68 « 0.56|

Proporus carolinensis Proporidae
R e
orus brochn oridae
55 2 Proporidac

0.68 « 0.67 « 0.57, ropon.rs‘sg
Proporus bermudensis Proporidae

Hapl viridis Haplopasthil
Stmpiﬁscumurpha gigantorhabditis Haploposthiidae

Pseudohaplogonaria rodmani Haploposthiidae

r Actino|
b Ps‘eudgaﬁnoposthia sanguineum Actinoposthiidae

Isodiametridae

Archaphanostema macrospiriferum

7
0.48 = 0.46 * 0.47r'{

? Isodiametra divae
Isodiametra nicki
i Otacelis erinae
Raphidophallus actuosus
Isodiametra cuernos
=
lsodiametra vexillaria

a bajaensis

Isodiametra puichra

Proporidae

posthia vandula Haﬁ:pog‘“iédae
05 lae

laploposthia lactomaculata Haploposthiidae

Kuma viridis Hapl

Salenrg{'l!umur ha nsp,
Solenofilomorpha nsp #2
Solenofilomorpha creze

Bltestlculata‘\
0.48 + 0.45 + 0.44
0.63 4059075
0.49 » 040 » 0.66
0.48 + 035 + 0.62

Endocincta punc
docincta nsp

ea callaeum
w;gpm sp 4

Hafstenia miamia

Acoela A

0.50 = 0.42 = 0.59 0.71+0.67 = 0.72

T S0 gf;'nfiangra proporoides Hallangiidae
LI TR Paratornella nubra
(L Paratomella unichoeta
Diopisthoporus longitubus ;
Diopisthoporus g_sammopmlus
iopisthaporus nsp

0.59 = 0.56 = 0.60

Meara stichopi
emertoderma sp

L Ascopariasp

FIGURE 8. Continued

sister taxa. Although a few monotypic families are miss-
ing from our analysis, we believe that it is now possible
to trace the evolution of morphological traits in Acoela
with some accuracy.

Reconstruction of Ancestral Morphology

By using a Bayesian approach to character evolution,
we aim to accommodate uncertainties in topological
relationships and evolutionary distances among nodes
and species when inferring ancestral states. Such
uncertainties appear to be low in our phylogenetic
inferences, given the currently available molecular data,
alignment techniques, and the substitution models that
we applied. The Bayesian approach to inference does
not assign fixed synapomorphies to all clades. It instead
assumes that all states are possible at all nodes and that
their posterior probabilities are proportional to how
well they fit the data and the model. Although this aims
for more realistic inferences of evolutionary properties
of the data when the true genealogy and evolutionary
processes are not known, it leaves the job of assigning
character states and changes to the observer. In the
end, only one of several mutually exclusive states was
actually present in an ancestral organism. To decide

sthia rubra Haplop

el
Oligofilomorpha interstitiophilum
igofilomorp! e

Diopisthoporidae

Solenofilomorphidae

Hofsteniola pardii Hofsteniidae

Paratomellidae

RS(overall) * RS(reproduction) * RS(muscles)

1

if variations in posterior probabilities of states among
adjacent nodes represent different states at these nodes,
we have to find a level of confidence that balances
credibility and information content. As we show, there
is a correlation between the level of confidence and
the number of characters available for discussion. We
here focus our discussion of ancestral morphological
features on characters with states reconstructed with
average posterior probabilities of close to 0.7 or higher.
This corresponds to a reconstruction signal of 0.12 or
higher in a binary character.

The ancestral acoel was likely a cylindrical worm
with frontal glands and a pharynx located in the pos-
terior end of the body (Fig. 9 and Table 4). Chordoid
vacuoles were absent. The body-wall musculature con-
sisted of an orthogonal muscle grid with additional ven-
tral diagonal fibers. It had an unpaired ovary, which
may have formed a diffuse mixed gonad with the testis.
There was likely a tubular antrum through which the
sperm was transported to a posteroterminal or sub-
terminal male opening. The spermatozoa had a 9 + 2
arrangement of axonemes and cortical microtubules.
Copulation may have been assisted with a stylet but
other accessory penetrating muscular or hard structures
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TABLE 7. Evaluation of alternative hypotheses on the evolution of the acoel pharynx

Node constraint(s)

Mean of log Lh Harmonic_mean Test statistic

(H) of log Lh

None —13.51 —14.59 -
Proporidae = absent —14.80 —16.12 3.07
Acoela = absent —16.32 —17.10 5.03
Bursalia = absent —16.00 —17.28 5.39
H + S = absent, Prosopharyngida = absent —21.25 —22.09 15
H+S=absent —-21.22 —22.09 15
Acoela, Bitesticulata, Bursalia, Sphinctostomata, Prosopharyngida, H + S = absent —21.58 —22.85 16.53

were absent. Female accessory organs such as a sepa-
rate female gonopore, bursa, and bursal nozzle were ab-
sent. Traits mainly associated with Convolutidae such
as symbiotic algae, sagittocysts, adenodactyls, pigmen-
tation, and eyes were absent. Extant species of Diopistho-
porus possess many of these ancestral traits and of all the
families included in the analysis, the node correspond-
ing to Diopisthoporidae has the posterior distribution
of states that is the most similar to the posterior distri-
butions inferred at the root of the tree. Our parsimony-
based reconstruction of unambiguous changes in the
ancestral acoel (morphological characters optimized on
Bayesian molecular tree) implies a cylindrical body with
frontal glands, without chordoid vacuoles, orthogonal
body-wall musculature without ventral diagonal fibres,
an unpaired ovary, a ciliated male antrum, and 9 + 2 ar-
rangement of axonemes and cortical microtubules in the
spermatozoa. The parsimony reconstruction further en-
tails absence of a copulatory stylet, absence of vagina,
bursa and bursal nozzles, and absence of pigmentation,
eyes, or symbionts. In contrast to the Bayesian recon-
struction, the presence or absence of a pharynx, position
of the mouth, and existence of a mixed gonad could not
be determined under the parsimony framework. Except
for the presence of a muscular pharynx, our Bayesian
estimate of character states at the acoel root is largely
consistent with Westblad’s list of ancestral acoel fea-
tures: a mixed gonad, lack of accessory female struc-
tures, and posteroterminal gonopore were all regarded
as “primitive” by Westblad (1948). Many of the ances-
tral features, including the cylindrical body with frontal

glands, pharynx, the indistinct division between testes
and ovary (a hermaphrodite gonad), tubular antrum
opening into a posterior gonopore, penis stylet, and 9 +
2 sperm axoneme structure with cortical microtubules
occur in deep nodes and “basal” families. In this con-
text, the basal position of Hallangia proporoides is unex-
pected. This species stands out as it has paired ovaries
that do not mix with the testes and its copulatory or-
gan and chordoid vesicles are similar to those of Isodi-
ametridae. Consequently, some of the ancestral features
shared among many deep nodes cannot be assumed to
be homologous without recognizing some level of am-
biguity in this region of the tree (see Supplementary
Data for reconstructions with stronger signals without
this species). The reconstruction of the ancestral acoel
is nearly identical in the presence of Nemertodermatida
(see Supplementary Data), with the exception that the
position of the mouth opening is unresolved and that
the testis may have been paired structures (BPP = 0.65).
However, the sister group relationship between Acoela
and Nemertodermatida (Ehlers 1985) was recently chal-
lenged (Wallberg et al. 2007) and we here prefer to infer
ancestral features of Acoela from extant acoel species.
In our Bayesian reconstruction, the pharynx of
Diopisthoporidae, Hallangia, Solenofilomorphidae, Hof-
steniidae, and Proporus is homologous. This provides
an alternative to the hypothesis on the origin the acoel
pharynx put forward by Todt (2009). Todt argued, based
on anatomical differences in extant species, that the pha-
rynges of different families had evolved independently,
and she found it unlikely that a pharynx would have

Fg

FIGURE 9. A representation of the ancestral acoel worm as inferred from molecular and morphological analyses. Fg = frontal glands;
Go = mixed hermaphroditic gonads; Am = tubular antrum,; St = copulatory stylet; Gp = posteroterminal gonopore; Ph = posteroterminal
muscular pharynx. [llustration: Karolina Larsson. This figure is available in black and white in print and in color at Systematic Biology online.
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been present in the acoel ancestor. Our phylogenetic
analyses suggest the opposite: the pharynx is a fea-
ture that likely evolved only once (0 — 1 = 0.015)
but was lost multiple times (41 — 0 = 1.19): once in
Paratomella, twice in the clade comprising Proporus and
various haploposthiids and once in the ancestor of Isodi-
ametridae and its sister taxon (Tables 4and 5; Fig. 8a,b).
Multiple independent origins of the pharynx is a far less
likely hypothesis (Table 7). To accommodate fully inde-
pendent origins of pharynges among families, the rela-
tive transition rates between the absence and presence
of a pharynx need to be reversed (0 — 1 = 0.218 and
g1 — 0=10.083, respectively). Under our reconstruction,
the variation in pharynx tube muscle layers and associ-
ated tissues among the groups are better interpreted as
autapomorphies. Most extant acoels lack a pharynx, but
this condition is often associated with the presence of
additional ventral muscles oriented in such a way that
they could pull the posterior part of the body and mouth
forward, forcing food items into the mouth. Thus, ven-
tral longitudinal muscles crossing over from one side to
the other just behind the mouth or U-shaped fibers en-
wrapping the mouth may substitute for a specialized
pharynx (Tyler and Rieger 1999). Is the gain of such
muscles correlated with the loss of the pharynx in our
reconstruction? U-shaped fibers have been found in the
basal but pharynx-less Paratomella and most Crucimus-
culata species studied to date, but not in any acoel with a
pharynx (Todt 2009). Loss of the pharynx represents in-
dependent events in these lineages and the appearance
of U-shaped fibers are accordingly inferred to be conver-
gent in our reconstructions. Todt (2009) noted that the U-
shaped muscles of Paratomella unichaeta form a distinct
layer of fibers not connected to the ventral longitudinal
fibers, which is otherwise the case in Crucimusculata;
a difference that could be explained by independent
origins of these fibers among these lineages. Ventral
crossover muscles are not present in the basal and pha-
ryngeate Diopisthoporidae, Solenofilomorphidae, and
Hofstenidae and is here inferred to have evolved only
once along the lineage leading to Crucimusculata. The
Bayesian inference reconstructs the pharynx of Proporus
as homologous to that of the other acoels, whereas the
parsimony analysis infers a separate origin. Although
the latter hypothesis is not the preferred explanation
in the Bayesian analysis, it is the best-fitting alterna-
tive solution among those explored here (Table 7). It
should be noted that the pharynx in Proporus appears
different from other acoel pharynges when observed in
live specimens and some unique features such as the
presence of pharynx retractors and the absence of oral
sphincter muscles have been reported from Proporus
bermudensis (Todt 2009), the single species of the genus
that has been studied in detail. Although P. bermuden-
sis does have the ventral crossover musculature asso-
ciated with Crucimusculata, other ventral fibers of the
orthogonal muscle grid shared among most acoels
appear to be secondarily reduced (Hooge 2001). The
pharynx and elaborate ventral muscle fibres seem to
be coevolving and mutually exclusive. The pharynx is

likely an ancestral feature of the acoel feeding appara-
tus, but a separate origin of the divergent pharynx in
Proporus cannot be completely ruled out, especially as it
is consistent with the parsimony-based reconstruction.
Comparative studies of the developmental program as
well as the feeding mechanics and ecology in Diopistho-
porus, Hofstenia, Proporus, and other acoels are needed to
further elucidate the evolution of the acoel pharynx.

From our attempts to evaluate the reconstruction per-
formance of characters related to the body-wall mus-
culature relative to those of the reproductive system,
we conclude that the musculature is generally easier
to reconstruct at deep nodes than many features of
the reproductive system, that is, they make up a more
conservative set of characters. The difference was sig-
nificant also when only species completely coded for
both organ systems were included in the analyses (Sup-
plementary Material). The higher evolutionary rates
of reproductive system characters are consistent with
the results of Achatz et al. (2010), who found indi-
cations of a high rate of coevolution between sperm
morphology, secondary female reproductive organs and
speciation in Convolutidae. When averaged over all
characters, deeper nodes tend to have a weaker recon-
struction signal than nodes at the family level. The fam-
ily level nodes can be regarded as “outpost” nodes
for which many aspects of the ancestor can still be re-
constructed with high confidence. These nodes typi-
cally contain all sampled representatives of the family
according to the traditional classification but in some
cases also additional species, or in the case of Dakuidae
constitute a completely new configuration of species.
Although recovered in a nested position, Proporidae
retains many plesiomorphic states and therefore has a
high posterior similarity to the ancestral acoel (PS(non-
structural) = 0.82; PS(structural) = 0.79), second only to
Diopisthoporidae. In the analysis of only the morpho-
logical data sets, Proporus was basal even to Paratomella,
even though the latter taxon holds a basal position in the
molecular tree. Convolutidae (including Anaperus and
Sagittiferidae) on the other hand are the acoels that di-
verged the most from the ancestral acoel with a poste-
rior similarity score of only 0.50.

Our results appear to be robust with respect to the
small differences in the posterior distributions of trees
inferred from molecular data sets aligned with differ-
ent algorithms and optional filtering of ambiguous re-
gions. Furthermore, they underscore the importance of
broad taxonomic sampling and an informed choice of
“models” for in-depth studies of for example, devel-
opmental biology in Acoela. Inferences about ancestral
properties of Acoela should not be drawn from those
species that share the fewest features with the com-
mon ancestor of Acoela. It is ironic to note that recent
studies drawing conclusions about the developmental
origin of the mouth and gonopores in acoels (Hejnol
and Martindale 2008), the architecture of the ancestral
acoel muscular system (Semmler et al. 2008), the phy-
logenetic significance of serotonergic nerve chords in
Acoela (Gaerber et al. 2007), and the anatomy of the
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brain (Bery et al. 2010) are all based on single species of
the Sagittiferidae. Likewise, Ramachandra et al. (2002)
made general inferences about acoel and early bilate-
rian morphogenesis based on observations restricted to
Neochildia fusca. The stem cell system in Acoela and its
phylogenetic implications were studied by Egger et al.
(2009), who improved sampling by studying two species
of Isodiametridae and one species of Sagittiferidae. Eg-
ger and coauthors suggested that the stem cell system
in their acoel species and stem cells in Platyhelminthes
constitute a synapomorphy conflicting with molecular
phylogenies that place Acoela at the base of Bilateria
(e.g., Telford et al. 2003; Wallberg et al. 2007; Dunn et al.
2008, Hejnol et al. 2009). Unfortunately, Isodiametridae
does not appear to be a particularly plesiomorphic fam-
ily. Some species of Sagittiferidae are among the few
Acoela reported to reproduce asexually through fission
(Akesson et al. 2001), a process that requires consider-
able regenerative powers. This is a highly derived fea-
ture in our reconstruction. Thus, in addition to being
part of the clade that diverged the most from the acoel
ancestor, sagittiferids have special adaptations for re-
generation. We propose that the similarity between stem
cells in Platyhelminthes and stem cells in the Acoela
studied by Egger and coworkers is best explained as
convergence in view of the strong support for Acoela
as a basal bilaterian clade in the DNA sequence-based
studies, the specialized nature of sagittiferids, and the
uncertainties regarding reconstruction of ancestral iso-
diametrid characters. We recommend that species from
less divergent clades with high reconstruction scores

should be considered when choosing material for in-
depth studies seeking to draw generalized conclusions
about acoel biology and that such conclusions should be
based on more than one species, spanning as much phy-
logenetic diversity as possible.

A formal reclassification of Acoela at the family level,
consistent with the phylogenetic hypothesis presented
here is given in Table 9. In order to achieve the goal
of monophyletic family level groups, some reassign-
ments of species and genera are necessary: all the for-
mal nomenclatorial acts are reported in Table 8. We
have kept the reclassifications to the minimum neces-
sary for obtaining monophyletic family level taxa. Gen-
erally, the family level clades are strongly supported in
the Bayesian, ML, and parsimony analyses. We have
chosen not to reclassify the species of Actinoposthiidae
that group within the Isodiametridae clade (Fig. 8a,b)
as our sequence data for some of these species are in-
complete. Their position is based solely on 185 rRNA
sequences from GenBank and depending on underly-
ing alignment algorithms of the molecular data, there
are competing solutions indicating either inclusion of
actinoposthiids in Isodiametridae or paraphyly of Iso-
diametridae with regard to a few isodiametrid species
grouping with the actinoposthiids. Better sequence cov-
erage and more thorough sampling preferably involv-
ing type species of the genera is required to determine
the phylogenetic status of Actinoposthiidae, which we
regard as unresolved at this point. A comprehensive
phylogenetic system is essential for further studies of
acoel biodiversity and evolution. Informal names for

TABLE 9. Phylogenetic classification of Acoela with diagnostic features and specifiers of suprafamilial clades

Clade

Acoela (digestive parenchyma, biflagellate spermatozoa)
Diopisthoporidae Westblad, 1940

Bitesticulata (Paired or follicular testes, ventral gonopore. The most inclusive clade that contains
Paratomella rubra and Symsagittifera roscoffensis but not Diopisthoporus longitubus)

Paratomellidae Doérjes, 1966

Bursalia (Copulatory bursa often present. The most inclusive clade that contains
Oligofilomorpha interstitiophilum and Childia groenlandica but not Paratomella rubra)
Prosopharyngida (Muscular pharynx in anterior part of body. The most inclusive clade that contains
Hofstenia miamia and Oligofilomorpha interstitiophilum but not Haploposthia rubra)

Hallangidae Westblad, 1946
Hofsteniidae Papi, 1957
Solenofilomorphidae Dérjes, 1968

Crucimusculata (Ventral crossover muscle fibres). The most inclusive clade that contains
Actinoposthia beklemischevi and Childia groenlandica but not Haploposthia rubra)

Dakuidae Hooge 2003
Isodiametridae Hooge and Tyler 2005
Otocelididae Westblad, 1948
Proporidae Graff, 1882

Aberrantospermata (Spermatozoa with 9 + 0 or 9 + 1 axonemes. The most inclusive clade that contains
Neochildia fusca and Childia groenlandica but not Actinoposthia beklemischevi)

Convolutidae Graff, 1905
Mecynostomidae Dérjes, 1968

Acoela Incertae cedis, not sampled in this study
Actinoposthiidae (see discussion)
Anthroposthiidae (single species)
Antigonariidae (single species)

Nadinidae (single species)

Tauridiidae (single species)
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strongly supported higher level groups are introduced
in Table 9, thereby completing a phylogenetic classifica-
tion of Acoela down to the family level.

SUPPLEMENTARY MATERIAL

Supplementary material, including data files
and/or online-only appendices, can be found at
http:/ /www.sysbio.oxfordjournals.org/.
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