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Chapter 14 ®)
Xenacoelomorpha, a Key Group e
to Understand Bilaterian Evolution:
Morphological and Molecular

Perspectives

UIf Jondelius, Olga 1. Raikova and Pedro Martinez

Abstract The Xenacoelomorpha is a clade of mostly marine animals placed as the
sister group of the remaining Bilateria (Nephrozoa) in most phylogenomic and mor-
phological analyses, although alternative hypotheses placing them within deuteros-
tomes have been proposed. This key phylogenetic position has raised recently a
great interest in the study of their constitutive clades, since they can provide us with
character states that illuminate different aspects of the origin of bilateral animals.
Moreover, the recent availability of genomic and transcriptomic data from different
species has been used in inferring the internal relationships among xenacoelomorph
clades and the deciphering of molecular mechanisms that contribute to the evolu-
tion of metazoan genomes. Having access to molecular data paves the way to the
systematic analysis of the genetic control of xenacoelomorph development and, addi-
tionally, to a better-informed study of bilaterian innovations. Here we revisit what has
been learned over the last decades on the morphology, genomics and phylogenetic
relationships of the Xenacoelomorpha.
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14.1 Xenacoelomorpha: Taxonomic Status

Superphylum Xenacoelomorpha (Philippe et al. 2011) currently includes two phyla:
Xenoturbellida (Bourlat et al. 2006) and Acoelomorpha (Ehlers 1985) with two
subgroups that are traditionally considered to be orders: Nemertodermatida (Karling
1940) and Acoela (Uljanin 1870). Xenacoelomorpha lack any type of nephridia,
which distinguishes them from the rest of Bilateria (Nephrozoa).

14.2 Xenacoelomorpha and Its Constitutive Clades:
Phylogenetic Considerations

Xenacoelomorpha are soft-bodied marine hermaphroditic worms comprising three
subgroups: Acoela, Nemertodermatida and Xenoturbella (see Fig. 14.1 for represen-
tatives). Acoela is by far the most diverse group with about 400 nominal species abun-
dant in many marine habitats ranging from sandy beaches to deep-water mud and also
with a few pelagic species. The 18 nominal species of Nemertodermatida are much
rarer, many of them known from just a few specimens from marine sandy and muddy
sediments below the intertidal zone (Sterrer 1998). Endosymbiotic species occur
within both groups: Meara stichopi is an endosymbiotic nemertodermatid occurring
in the intestine of the holothurian Parastichopus tremulus (Westblad 1949a), and
within the acoel genus Avagina, there are three species that occur in echinoids (Dor-
jes 1972). Acoels and nemertodermatids are small animals with a maximum size of
a few millimetres whereas the five species of Xenoturbella are much larger, attaining
more than 20 cm in X. monstrosa (see below for detailed descriptions).

When they were first described, both Acoela and Nemertodermatida were clas-
sified as flatworms (“turbellarians”). The name Acoela (Uljanin 1870) refers to the
lack of both intestinal cavity and body cavity in these animals. Nemertodermatida
alludes to the thick gland-rich epidermis similar to that of nemertines. In contrast to
acoels, nemertodermatids possess an epithelial gut, and they were classified in a sep-
arate order (Karling 1940). The first known Xenoturbella, X. bocki, was described in
1949 (Westblad 1949b) and, as the name indicates, it was considered to be a “strange
turbellarian”, i.e. also a flatworm, but strange due to its large size and very simple
anatomy.

Acoela and Nemertodermatida are considered sister groups making up the group
Acoelomorpha (Ehlers 1984). This hypothesis was first based on ultrastructural sim-
ilarities in their epidermal ciliary rootlets and later received support from phyloge-
nomic analyses (Hejnol et al. 2009).

Acoelomorphs, based on similarities of morphological characters (lack body cav-
ities (acoelomate structure), a hindgut or an anus), were originally classified within
the Platyhelminthes (i.e. Conway-Morris et al. 1985). However, this original classifi-
cation of Acoelomorpha within Platyhelminthes was difficult to reconcile with some
of their morphological features, e.g. the absence of protonephridia, the divergent
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1mm

Fig.14.1 a.Nemertodermatida. Live specimen of Flagellophora apelti. Charactersitsic double sta-
toliths can be seen in anterior (arrow). b. Acoela. In this live specimen of Childia macroposthium,
the male copulatory organ with proximal seminal vesicle can be seen at the posterior end (arrow)
and the two ovaries are visible in the mid-third of the body (arrows). ¢. Swimming specimen of
Xenoturbella bocki from the Gullmar fjord. d. Current phylogenetic hypothesis for Xenacoelomor-
pha where Xenoturbella is the sister taxon of Acoela and Nemertodermatida, which together form
Acoelomorpha
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sperm morphology and embryonic development. Even greater confusion pertained
to Xenoturbella, which differs considerably from a flatworm in its morphology with
larger size, rugby ball-like body shape, lack of defined gonads and epidermal ner-
vous system. Its classification within Platyhelminthes was soon questioned; there has
been an extraordinary array of different morphology-based phylogenetic hypotheses
placing Xenoturbella close to Enteropneusta due to their epidermal histology and
the morphology of the statocyst (Reisinger 1960), within Acoelomorpha on account
of specialisations of its ciliary ultrastructure (Franzen and Afzelius 1987), as sis-
ter group to all other Bilateria based on epithelial ultrastructure (Ehlers 1985), and
within Mollusca owing to similarities in oocyte morphology (Israelsson 1997).

The first molecular phylogenetic study that tested the position of Acoela in meta-
zoan phylogeny and attempted to control for bias in phylogeny reconstruction poten-
tially caused by among-lineage heterogeneity of substitution rates (so-called long
branch attraction) was based on sequences from the 18S rRNA gene. A sister-group
relationship between Acoela and Nephrozoa (Bilateria excluding Acoelomorpha and
Xenoturbella) was supported in this study (Ruiz-Trillo etal. 1999). Subsequent analy-
ses corroborated this result and added data on Nemertodermatida as well as sequences
from other genes consistently demonstrating that the two taxa are not part of Platy-
helminthes. In early studies, where much of the signal was derived from 18S and 28S
rRNA genes, Acoela and Nemertodermatida did not form a monophyletic group but
placed at the first and second split within Bilateria (Jondelius et al. 2002; Ruiz-Trillo
et al. 2002; Telford et al. 2003), but subsequent phylogenomic studies supported a
monophyletic Acoelomorpha, e.g. (Hejnol et al. 2009; Cannon et al. 2016, Rouse
et al. 2016).

Xenoturbella initially proved difficult to place phylogenetically also when the
first sequence data became available. In the first instance, a close relationship with
molluscs was suggested (Noren and Jondelius 1997), but the first sequences from the
cytochrome oxidase I mitochondrial gene (COI) were likely a food contamination
from protobranch bivalves and analyses of new COI and 18 S sequence data supported
a position within deuterostomes as sister group to Ambulacraria (Bourlat et al. 2003).

A comprehensive phylogenomic study of metazoan groups supported a topol-
ogy where Acoelomorpha and Xenoturbella formed the sister group to Nephrozoa
(Hejnol et al. 2009). Re-analysis of data from Hejnol et al. by Philippe et al. (2011)
using the CAT substitution model allowing for across sites rate heterogeneity under
a Bayesian framework did not recover the Acoelomorpha and Xenoturbella as sister
group to Nephrozoa, but instead placed the two former close to or within deuteros-
tomes with varying degrees of statistical support depending on the taxonomic com-
position of the data set. Philippe et al. (2011) suggested that previous studies had
been affected by long branch attraction, which, they claimed, was overcome by the
use of the CAT model in their study. They also proposed the name Xenacoelomorpha
for the group Xenoturbella + Acoelomorpha. Cannon et al. (2016) added more data
from acoelomorphs and made efforts to control for long branch attraction through
analysis of a number of data sets with differing taxonomic composition under the
CAT substitution model. Cannon et al. found strong support for a sister-group rela-
tionship between Xenacoelomorpha and Nephrozoa and proposed that missing data
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and misleading signal from ribosomal protein genes in Philippe et al. (2011) caused
Xenacoelomorpha to associate with deuterostomes in that study (for a discussion
about ribosomal protein genes in deep animal phylogeny see: (Bleidorn et al. 2009)).
The sister-group relationship between Xenacoelomorpha and Nephrozoa provides
a parsimonious explanation for the lack of excretory organs, through gut and body
cavity in Xenacoelomorpha; these features evolved within the Nephrozoan stem line.
As noted by Philippe et al. (2011), a placing of Xenacoelomorpha within deuteros-
tomes requires numerous ad hoc hypotheses to explain the absence of these features
as well as specific deuterostome characters such as gill slits and endostylar tissue.

An early classification of Acoela in the two families Proporidae (acoels with one
gonopore) and Convolutidae (acoels with two gonopores) was proposed by von Graff
(1905, 1911) who also elevated Acoela to the rank of subclass within Platyhelminthes.
Einar Westblad studied the Swedish acoel fauna in a series of papers where he gave
detailed accounts of their anatomy and proposed a comprehensive classification of
Acoela (Westblad 1940, 1942, 1945, 1946, 1948). Westblad’s system, which com-
prised four additional families, was based on the histology of the gonads, presence
or absence of female copulatory organs and the position and anatomy of the male
copulatory organ. A major transformation of acoel taxonomy was carried out by
Dérjes (1968) who described a large number of new species and introducing six new
families and numerous new genera. None of the above classifications were based on
explicit phylogenetic hypotheses. In more recent years, Hooge (2001) emphasized
the configuration of the body wall musculature as phylogenetically informative and
introduced four new families based on features of the body wall musculature and
morphology of the male copulatory organ.

Jondelius et al. (2011) used ribosomal and mitochondrial nucleotide sequences in
combination with morphological characters to reconstruct phylogeny and character
evolution of Acoela and provide a phylogenetic classification of the group down to
“family” level. They found a basal split in the acoel tree between Diopisthopori-
dae with a single hermaphrodite gland and Bitesticulata with paired or follicular
testes. The latter group comprises fifteen “family level” taxa. Acoela are relatively
easily recognized from their general habitus (cylindrical or drop-shaped, sometimes
flattened, ciliated, having no gut lumen and no anus, with obvious statocyst in the
anterior and clear copulatory organs in the posterior; all visible in a simple dissect-
ing microscope), and the group is monophyletic in all molecular analyses. In spite of
this it is difficult to point to an easily discernible unique acoel feature. The presence
of a digestive parenchyma in lieu of an intestinal lumen and a particular type of
biflagellate spermatozoa are morphological synapomorphies at the histological and
ultrastructural levels. Their position as part of the sister group of Nephrozoa paired
with their relative morphological simplicity renders acoels important for understand-
ing the evolution of bilaterian complexity. Of particular interest is the reconstruction
of ancestral features of acoels and of Xenacoelomorpha. Among the most studied
acoels are several species of Convolutriloba, large acoels that are able to reproduce
asexually through budding and that harbour symbiotic algae. The morphology of the
Convolutriloba species was shown by Jondelius et al. (2011) to be highly divergent
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from the ancestral acoel. Hence, caution is advised when drawing conclusions about
acoel ancestral features based on Convolutriloba.

Nemertodermatida comprise 18 nominal species, far fewer than Acoela, and
most of them are known from a small number of specimens (Sterrer 1998; Meyer-
Wachsmuth et al. 2014). Nemertodermatids are easily recognized by the statocyst
that contains two statoliths. Phylogenetic reconstruction based on the ribosomal
18S and 28S genes and the nuclear Histone H3 demonstrated a basal split between
Ascopariidae and Nemertodermatidae with the symbiotic Meara stichopi as sister
to Sterreria within Nemertodermatidae (Meyer-Wachsmuth and Jondelius 2016).
Species delimitation studies using nucleotide sequence data revealed a high inci-
dence of cryptic species in the nemertodermatid genera Sterreria and Nemertinoides
(Meyer-Wachsmuth et al. 2014). This suggests that global diversity of nemertoder-
matids may be much higher than previously understood. There is no study analysing
a large number of specimens of a nominal acoel species to detect cryptic species,
but Kénneby et al. (2015) found three new species of Archaphanostoma with limited
distribution ranges when sampling on the Swedish west coast where the acoelomorph
fauna is comparatively well studied. Data mining of metabarcoding sequences from
pelagial and deep benthic habitats demonstrated the presence of new species and
even potentially early branching groups of acoels (Arroyo et al. 2016). Thus, there
are strong indications of extensive unknown acoel diversity in the oceans.

In summary, knowledge of acoelomorph fauna is fragmentary with a strong bias
towards the Scandinavian coasts, the North Sea area, western Mediterranean, Parts
of the North American east coast and the Sao Paolo area. The actual number of
acoelomorph species is likely to be orders of magnitude larger than the current
number of nominal species.

14.3 Morphological Characters of the Xenacoelomorpha

Herein we give a brief review of the main features of xenacoelomorph morphology
and discuss the evolution of the various character states. As starting points, we
have taken two recent excellent reviews of the current data published by Achatz
et al. (2013) and Hazsprunar (2015), which has provided tables of references to
phenotypic studies within the Xenacoelomorpha, on gene expression methodologies
and molecular data.

14.3.1 Epidermis

Xenacoelomorpha share a multiciliary epidermis without accessory centrioles
(Ehlers 1985). Cilia in all three groups of Xenacoelomorpha have unique thinned
ciliary tips considered a synapomorphy of the group (for details see Fig. 14.2a and
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Fig. 14.2 a Schematic representation of synapomorphic for Xenacoelomorpha thinned ciliary tips
with a distinctive shelf where the doublets 4—7 terminate and central microtubules (cm) continue
in a peripheral position (Tyler 1979; Ehlers 1985; Smith and Tyler 1985a, b; Franzen and Afzelius
1987; Lundin 1997, 1998). b Hypothesis of rootlet system evolution within Xenacoelomorpha,
from Raikova (1991) with modifications. In Xenoturbella bocki (Franzen and Afzelius 1987) cilia
(c) have two rootlets, anterior (ar) and vertical (vr) both running almost vertically down. The basal
body has a well-developed basal foot (bf) with microtubules (mt) fanning from it. The rootlets are
interconnected on a single level by a horizontal fibrous cell web (cw). In Nemertodermatida (Tyler
and Rieger 1977) each cilium has an anteriorly directed main rootlet (mr) that forms a knee-like bend
and continues vertically down. The main rootlet is bipartite in its upper part, supposedly formed by
two fused rootlets: anterior and vertical. The basal foot is linked by microtubule bundles (mtb) with
the main rootlets of the two posteriorly adjacent cilia, thus forming an upper interconnection of the
rootlet grid. The rootlets are also interconnected by cell web. In Acoela (Dorey 1965; Hendelberg
and Hedlund 1974; Tyler 1979; Ehlers 1985; Rohde et al. 1988), in addition to the described
pattern, there are paired lateral rootlets (Ir), linked to the main rootlets of two posteriorly adjacent
cilia, forming the lower interconnection of the grid

ref. in the figure caption). Epidermal cilia are anchored within the cytoplasm of epi-
dermal cells by ciliary rootlets (for details see Fig. 14.2b and ref. therein). Cilia in
Xenoturbella bocki have two almost vertical rootlets interconnected only by fibrous
cell web. Acoelomorphs have a single main rootlet, bipartite in its proximal part,
likely formed by fusion of the two rootlets found in X. bocki (Raikova 1991). In
Acoelomorpha, rootlet system reaches great complexity with rootlets interconnected
at two (in Nemertodermatida) or at three levels (in Acoela).

14.3.2 Musculature of the Body Wall and Pharynges

Changes in the muscular system pattern were shown to be phylogenetically infor-
mative especially in Acoelomorpha (Hooge 2001; Tyler and Hooge 2004; Jondelius
et al. 2011; Meyer-Wachsmuth et al. 2013). Xenoturbella bocki has only two mus-
cle layers in the body wall: outer circular and inner longitudinal (for details see
Fig. 14.3 and ref. in the figure caption). Such orthogonal muscle grid is presumably
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Xenacoelomorpha J

Xenoturbella bocki Nemertodermatida

Fig. 14.3 Patterns of body wall musculature in Xenacoelomorpha. a Xenoturbella bocki, trans-
verse section, from Westblad 1949b. The body wall is composed of an orthogonal grid of outer
circular muscles and inner longitudinal muscles (Westblad 1949b; Sopott-Ehlers and Ehlers 1997;
Raikova et al. 2000a). b—-f—Schemes of arrangement of ventral body wall musculature from Hooge
2001 (b; d-f) and Meyer-Wachsmuth et al. 2013 ¢. Within Nemertodermatida, Sterreria psammi-
cola b has mostly orthogonal body wall with few anterior diagonal muscles (Hooge 2001), while
Meara stichopi ¢ has three-layered body wall musculature with diagonal muscles and additional
U-shaped muscles around the mouth Among lower acoels, representatives of early emerging clades
Solenofilomorphidae and Proporus cf. lonchitus d have only an orthogonal muscle grid (Hooge
2001); Paratomellidac e have few anterior diagonal muscles and U-shaped around the mouth
(Hooge 2001). The more derived groups of Acoela (Crucimusculata) have very complex mus-
culature with cross-over muscles, especially in the most derived Mecynostomidae f (Hooge 2001).
Abbreviations: am—accessory muscles; bm—basal lamina; c—circular muscles; dm—diagonal
muscles; gp—gonopore; Im—Ilongitudinal muscles; m—mouth; n—nerve net; pm—parenchymal
muscles; rm—reticular muscles of the gut; u—U-shaped muscles; ve—ventral cross-over muscles

plesiomorphic for Bilateria (Hooge 2001; Schmidt-Rhaesa 2007). Development of
more complex muscle patterns likely took place independently within Acoela and
Nemertodermatida, as in each of these taxa cases of plesiomorphic orthogonal grid
occur in early emerging clades, while the more derived ones have quite complex
muscular patterns (for details see Fig. 14.3 and references therein). There is no evi-
dence of secondary simplification of muscles in some lineages and it seems highly
improbable in free-living predators. Parasitic species (like Meara stichopi) show
even more complex muscle patterns than their free-living relatives (Raikova et al.
2016). Pharynges are absent in Xenoturbella and nemertodermatids, but present in
many early and mid-level acoel groups (Diopisthoporidae, Proporidae, Hofsteni-
idae, Solenofilomorphidae, Isodiametridae), where their presence compensates for
the absence of cross-over muscles (Hooge 2001; Jondelius et al. 2011). Todt (2009)
has demonstrated that different versions of pharynx simplex differ considerably in
muscle patterns and speculated that they likely had developed independently.
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14.3.3 Glands

Glands in Xenacoelomorpha are diverse and abundant, especially those producing
mucus for mucociliary gliding. Mucous glands form the newly described ventral
glandular network in Xenoturbella species (Rouse et al. 2016; Nakano et al. 2017).
In Nemertodermatida numerous mucous glands are concentrated on the frontal pole
of the animal opening separately, which is interpreted as a plesiomorphic condition
(Smith and Tyler 1988; Ehlers 1992c¢). The same condition occurs in the early emerg-
ing taxa of Acoela: Diopisthoporus, (Smith and Tyler 1985a, b), Paratomella (Ehlers
1992a, b, c) and Afronta (Proporidae) (Rieger et al. 1991). In the rest of acoels, the
glandular ducts of the frontal glands discharge together through a common pore at
the anterior pole of the body forming the “frontal organ” (Smith and Tyler 1985a, b;
Smith et al. 1986; Klauser et al. 1986; Ehlers 1992b, c).

14.3.4 Receptors

Sensillae are bipolar or multipolar nerve cells with dendrites bearing one or rarely 2
and more cilia and sometimes, in “collar receptors”, a collar of thickened microvilli,
called “stereocilia”. Sensillae were studied by electron microscopy mostly in acoels
and classified on morphological basis (Bedini et al. 1973; Todt and Tyler 2006; Bery
et al. 2010; Zabotin 2019). In acoels up to five different types of sensillae are usually
present in various combinations. The simplest receptor type, likely plesiomorphic, is
that with a long and slender ciliary rootlet—and only this type was so far described in
Xenoturbella (Raikova et al. 2000a). It is also present in Nemertodermatida (Smith
and Tyler 1988; Ehlers 1992c). Collar receptors are completely lacking in Xeno-
turbellida, Nemertodermatida or in lower acoels, suggesting an independent origin
of collar receptors within the acoels and in other invertebrates (Todt and Tyler 2006).
Eyes. Xenoturbellida and Nemertodermatida are devoid of eyes. Among acoels,
epidermal eyespots occur in some Isodiametridae (Lanfranchi 1990), and very simple
eyes are described in Convolutidae (Popova and Mamkaev 1985; Yamasu 1991).
These structures show quite different organization and likely evolved independently
in originally eyeless Acoela.

Statocysts. Representatives of all three groups of Xenacoelomorpha have anteriorly
situated statocysts thoroughly described and discussed by Ehlers (1991). In Xeno-
turbella bocki, the statocyst is intraepidermal; it lies at the anterior pole anchored
in the basal lamina and surrounded by thick basiepidermal nerve net. Acoelomorph
statocysts are submuscular and lie within the brain, more specifically surrounded
by statocyst ganglion. All xenacoelomorph statocysts have a capsule composed of
extracellular matrix and inlaid on the inside by parietal cells. Inside the capsule,
there are freely movable lithocyte cells with intracellular statoliths. In X. bocki, the
lithocytes are numerous and have flagella, as do the parietal cells (Ehlers 1991). In
Nemertodermatida, there are always two lithocytes (Fig. 14.1a), and a few parietal
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«Fig. 14.4 Schematic drawings of the organization of the nervous system (NS) and its position with
respect to the body wall musculature (BWM) in Xenacoelomorpha. For all species only the anterior
partis shown, statocysts and broom organ (Flagellophora) are shown for morphological context. The
NS is shown in red, the layers of BWM in blue. Xenoturbella possesses the hypothesized ancestral
basiepidermal nerve net without anterior centralization. In Nemertodermatida, the NS is diverse and
does not show a trend from an epidermal nerve net towards an insunk centralized lobed brain. It lies
outside the BWM in N. westbladi and M. stichopi and inside the BWM in F. ¢f. apelti and Sterreria
sp. Meara stichopi has no brain, but only a pair of basiepidermal lateral neurite bundles. Nemerto-
derma westbladi has a basiepidermal brain ring and a pair of ventrolateral neurite bundles. Sterreria
sp. shows a commissural-like brain similar to that observed in Acoela and several neurite bundles
going in frontal and caudal directions. Flagellophora apelti has a neuropile, located at the level of
the statocyst, providing innervation for the broom organ. In Acoela, the NS is mostly submuscular
with anterior centralisations of different degrees ranging from two rings in basal taxa to more com-
plex structures with several commissures and paired peptidergic marker neurons. Figure adapted
from Achatz and Martinez (2012). Nemertodermatid phylogeny is based on Meyer-Wachsmuth and
Jondelius (2016), that of Acoela on Jondelius et al. (2011). Morphological information based on
the following studies: Xenoturbella westbladi (Westblad 1949b; Raikova et al. 2000a); Diopistho-
porus longitubus (Raikova 2004); Paratomella rubra (Crezée 1978); Actinoposthia beklemischevi:
(Raikova et al. 1998; Raikova 2004),; Childia crassum (Reuter et al. 2001a, b, Raikova et al. 2004b);
Nemertoderma westbladi (Raikova et al. 2004a and Raikova et al. 2016); Meara stichopi (Raikova
et al. 2000b; Bgrve and Hejnol 2014), Flagellophora cf. apelti and Sterreria spp. (Raikova et al.
2016)

cells with ventral nuclei; while in Acoela there is always one single lithocyte and two
parietal cells with dorsal nuclei. No flagella are encountered within the statocysts
of Acoelomorpha (Ferrero 1973; Ehlers 1985, 1991). Ehlers (1991) proves that sta-
tocysts of Xenacoelomorpha are non-homologous neither between each other, nor
with those found in Platyhelminthes.

14.3.5 Nervous System

The nervous system (NS) patterns in xenacoelomorphs are extensively studied (see
list of references in Hazsprunar (2015), or Martinez et al. (2017) and in the more
recent of Dittmann et al. (2018). Here we give a brief summary of the currently
available data (for details see Fig. 14.4 and ref. therein).

Xenoturbella bocki has a very simple NS, consisting solely of a basiepidermal
nerve net lying above the thick basal lamina with no brain detected. Nemertoder-
matids have a very plastic NS, either basiepidermal or submuscular with or without
a brain (for details see Fig. 14.4). Acoels show a considerable variety in the details
of NS patterns (for details see Fig. 14.4), but some common features can be found.
According to Raikova (2004), acoel brain has two parts: (1) a 5-HT- or RF-amide
immunoreactive “commissural brain” (Raikova et al. 1998) more often composed
of one to several rings, with paired longitudinal cords (or neurite bundles according
to terminology proposed by Richter et al. 2010) starting caudal from it and (2) a
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ganglion surrounding the statocyst. Unlike the commissural brain, the statocyst gan-
glion shows no 5-HT- or RF-amide like immunoreactivity; therefore, it is considered
non-homologous with “true” cerebral ganglia of Nephrozoa and a synapomorphy
of Acoelomorpha. Martinez et al (2017) disputed the use of “commissural brain”
terminology, at least for the most recent clades of Acoela, due to the presence of
a compact brain in convolutids, with a periphery occupied by the cell bodies and
a dense internal neuropile. The acoel NS is currently being extensively studied in
species of Convolutidae (Gaerber et al. 2007; Semmler et al. 2010; Bery et al. 2010;
Bery and Martinez 2011; Gavilan et al. 2016; Martinez et al. 2017) or Isodiametridae
(Achatz and Martinez 2012; Dittmann et al. 2018) as model animals. Moreover, the
acoel S. roscoffensis is nowadays used to test the functionality of the NS given the
fact that adult worms are able to regenerate a whole head from scratch (Sprecher
et al. 2015; Arboleda et al. 2018).

The earliest bilaterian NS is thought to consist of a diffuse subepidermal nerve
net similar to that of cnidarians (i.e. Groger and Schmid 2001). Reisinger (1925)
proposed that in the course of evolution nerve elements become more concentrated
and the NS sinks below the muscle layers. According to this hypothesis, the basiepi-
dermal NS of Xenoturbella, Meara and Nemertoderma would represent the ancestral
state, while the submuscular brains of nemertodermatids and acoels would be apo-
morphic (Westblad 1948; Rieger et al. 1991). Under this hypothesis, a submuscular
nervous system evolved multiple times independently in Acoelomorpha (Raikova
et al. 2016).

A common for most animals stomatogastric nervous system is absent in all xena-
coelomorphs (Westblad 1937, 1949b; Raikova et al. 2000a, b; Raikova 2004). It
seems to be a symplesiomorphy of these groups, as a loss of stomatogastric sys-
tem in primitively predatory organisms is unlikely (Haszprunar 2015; Gavilan et al.
2019).

14.3.6 Digestive System

Mouth is situated mid-ventrally in Xenoturbella and nemertodermatids while in
acoels mouth position shows great variability. Most commonly it is situated mid-
ventrally, sometimes subfrontally, but in the basalmost acoel taxon Diopisthoporidae
the mouth opens at the posterior end. Beklemischev (1963) pointed out that the mouth
in acoels was homologous to blastopore which makes its posterior position primitive
(plesiomorphic). Xenoturbella and nemertodermatids have a saccular blind gut with
amoeboid gastrodermis (Westblad 1949b, 1949a) that seems to be plesiomorphic
for Xenacoelomorpha. Some acoels have cellular amoeboid digestive parenchyma
(Smith and Tyler 1985a, b; Ehlers 1992b), but most often there is a central diges-
tive syncytium (Rieger et al. 1991). For a recent review on the digestive system
of xenacoelomorphs, check Gavilan and collaborators recent review (Gavilan et al.
2019).
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14.3.7 Reproductive Organs

The Acoelomorpha are simultaneous or protandric hermaphrodites suggesting
hermaphroditic Urbilateria as likely (Haszprunar 2015). Xenoturbella lacks copula-
tory organs entirely (Westblad 1949b). Nemertodermatids have only a seminal vesicle
opening subterminally. Acoels display a striking variety of copulatory organs. Most
are not yet sufficiently investigated to be properly classified, especially the copulatory
stylets (Tekle et al. 2007a, b; Achatz et al. 2013).

The agonadial condition with free eggs and sperm found in Xenoturbella and in
several taxa of Acoelomorpha is presumably plesiomorphic (Rieger et al. 1991). The
oocytes in Xenoturbella and Acoelomorpha are entolecithal with non-sclerotized egg
envelope which seem to be plesiomorphic features (Falleni et al. 1995; Raikova et al.
1995 and ref. therein).

The three taxa of Xenacoelomorpha radically differ by their sperm structure.
Xenoturbella bocki (Fig. 14.5a) has a primitive monoflagellate sperm with a roundish
head and a free 9 + 2 flagellum that reflects ectaquatic fertilization (Obst et al. 2011).
Nemertodermatida (Fig. 14.5b) have sperm with a single 9 4 2 flagellum starting from
the nucleus, a condition clearly plesiomorphic for Acoelomorpha (Tyler and Rieger
1975). However, nemertodermatid sperm is filiform and highly modified in order to
penetrate tissues (introsperm). Acoels (Fig. 14.5¢) have aberrant filiform biflagellate
sperm with incorporated flagella in inverted position and supporting microtubules
(cortical or axial) (Hendelberg 1969, 1977, 1986). In Acoela, three configurations of
sperm axonemes are described: 9 + 2; 9 + 0 and 9 + 1 (for details see Fig. 14.5d-h
and ref. therein). It should be emphasized that the aberrant 9 + 1 configuration
where only one central microtubule remains surrounded by a halo of electron dense
material (Tekle et al. 2007a, b), found in acoel family Mecynostomidae, is non-
homologous with 9 4 ”1” configuration in flatworm taxon Trepaxonemata, as the
central cylinder (‘1) in Trepaxonemata does not contain tubulin (Iomini et al. 1995).
Sperm characters in Acoela proved to be those most concordant with molecular
phylogeny (Petrov et al. 2004; Jondelius et al. 2011); thus, they were extensively
studied (see references in Haszprunar (2015).

Recently data on the sperm of Xenacoelomorpha have been re-evaluated by
Buckland-Nicks et al. (2018). The authors propose a very interesting hypothesis
that, assuming Xenacoelomorph monophyly and ancestral introsperm in this taxon,
the re-expression of the aquasperm form could have happened in Xenoturbella as a
secondarily derived state through “progenetic spermiogenesis” with the precocious
development of round spermatids to maturity.
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«Fig. 14.5 Schematic drawings of the sperm morphology in Xenacoelomorpha. a Xenoturbella
bocki. Primitive monoflagellate sperm in with a roundish head and a free 9 4+ 2 flagellum after
Westblad (1949a) and Obst et al. (2011). b Nemertodermatida modified filiform monoflagellate
sperm with long proximal nucleus, mitochondrial derivatives and supporting microtubules, after
Hendelberg (1986), Lundin and Hendelberg (1998), Boone et al. (2011), Buckland-Nicks et al.
(2018). c. Acoela. Aberrant filiform biflagellate sperm with incorporated flagella in inverted posi-
tion (with basal bodies at the distal end of the cell), after Hendelberg (1986). d-h Cross sections
of the sperm shaft in different acoel groups showing axoneme configuration and the arrangement
of cytoplasmic microtubules. d Plesiomorphic axoneme configuration with nine peripheral micro-
tubule doublets and two central microtubules (9 + 2), characteristic for all basal and mid-level taxa
of the Acoela (Petrov et al. 2004; Jondelius et al. 2011). Cortical (positioned under the plasma mem-
brane) cytoplasmic microtubules are also plesiomorphic. e. Sperm with 9 + 2 axonemes and axial
(running along the main axis of the sperm) cytoplasmic microtubules, described in Philactinoposthia
saliens (Raikova and Justine 1999), Philocelis brueggemanni and Daku woorimensis (Petrov et al.
2004). f. Sperm in Childia spp. (Mecynostomidae) with 9 4+ 1 axonemes and distal microtubules
found only in the distal region of the sperm (Tekle et al. 2007a, b). g. Sperm in other Mecynos-
tomidae with 9 + 1 axonemes and axial microtubules (Petrov et al. 2004; Tekle et al. 2007a, b).
h. Sperm in Convolutidae with 9 4+ 0 axonemes and axial microtubules. Note that Mecynostomi-
dae and Convolutidae due to their aberrant sperm axonemes are united into Aberrantospermata
group. The phylogenetic tree used is based on Jondelius et al. (2011) and Hejnol et al. (2009), but
simplified. Abbreviations: a—acrosome; a—flagellum; dc—distal centriole; m—mitochondrion;
md—mitochondrial derivative; n—nucleus; pc—proximal centriole

14.4 Molecular Regulation in Xenacoelomorphs

The characterization of xenacoelomorph genomes is still in its infancy. Our current
knowledge derives, fundamentally, from the isolation of single genes using classical
PCR screens. However, and mostly owing to the needs of having large data sets
for phylogenomic analysis, several transcriptomes have been obtained over the last
number of years. This provides a very rich source of data for downstream charac-
terization of specific genes/gene families, though at present, the data is, with this
purpose, very seldom used. Moreover, we have generated data that represents a wide
array of species, most of which are unsuitable for developmental studies given the
paucity with which they are found and the undeveloped systems for their culture.
Most developmental studies have been focused on just a few species, for which we
are starting to gather some critical data on the use of regulatory genes and certain
families of differentiation markers.

14.4.1 Xenacolomorph Genomes and Transcriptomes

Before proceeding further, let us recapitulate what has been learned in terms of the
molecular composition of different xenacoelomorph genomes and transcriptomes.
Table 14.1 provides a comprehensive list of our current knowledge.



302

U. Jondelius et al.

Table 14.1 Summary of the current genomic and transcriptomic resources available for different

xenacoelomorph species

Species Family Data source References

Acoela

Childia Mecynostomidae Transcriptome Cannon et al. (2016)

submaculatum

Convolutriloba Convolutidae Transcriptome Cannon et al. (2016)

macropyga

Diopisthoporus Diopisthoporidae Transcriptome Cannon et al. (2016)

gymnopharyngeus

Diopisthoporus Diopisthoporidae Transcriptome Cannon et al. (2016)

longitubus

Eumecynostomum Mecynostomidae Transcriptome Cannon et al. (2016)

macrobursalium

Hofstenia miamia Hofsteniidae Transcriptome Cannon et al. (2016)

Isodiametra pulchra Isodiametridae Transcriptome Cannon et al. (2016)

Symsagittifera Convolutidae Mitochondrial Mwinyi et al. (2010)

roscoffensis genome

Isodiametra pulchra Isodiametridae Mitochondrial Robertson et al.
genome (2017)

Paratomella rubra Paratomellidae Mitochondrial Ruiz-Trillo et al.
genome (partial) (2004)

Paratomella rubra Paratomellidae Mitochondrial Robertson et al.
genome (2017)

Archaphanostoma Isodiametridae Mitochondrial Robertson et al.

ylvae genome (2017)

Symsagittifera Convolutidae Transcriptome (mix Philippe et al. (2019),

roscoffensis stage embryos) Perea-Atienza et al.

(2015)
Symsagittifera Convolutidae Draft genome Philippe et al. (2019),
roscoffensis Perea-Atienza et al.
(2015)

Hofstenia miamia Hofsteniidae Transcriptome Srivastava et al.
(embryos + reg. (2014)
animals)

Isodiametra pulchra Isodiametridae Transcriptome Brauchle et al. (2018)
(adults)

Symsagittifera Convolutidae Transcriptome Brauchle et al. (2018)

roscoffensis (juveniles)

Hofstenia miamia Hofsteniidae Genome (complete) Gehrke et al. (2019)

Hofstenia miamia Hofsteniidae Transcriptome Gehrke et al. (2019)
(adults)

Praesagittifera Convolutidae Genome (complete) Arimoto et al. (2019)

naikaiensis

(continued)
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Species

Family

Data source

References

Nemertodermatida

Ascoparia sp.

Nemertodermatidae

Transcriptome

Cannon et al. (2016)

Meara stichopi Nemertodermatidae | Transcriptome Cannon et al. (2016)
Nemertoderma Nemertodermatidae | Transcriptome Cannon et al. (2016)
westbladi

Sterria sp. Nemertodermatidae | Transcriptome Cannon et al. (2016)
Nemertoderma Nemertodermatidae | Mitochondrial Ruiz-Trillo et al.
westbladi genome (partial) (2004)

Xenoturbellida

Xenoturbella bocki Xenoturbellidae Transcriptome Cannon et al. (2016)
(adults)

Xenoturbella Xenoturbellidae Transcriptome Rouse et al. (2016)

profunda (adults)

Xenoturbella Xenoturbellidae Mitochondrial Rouse et al. (2016)

monstrosa genome

Xenoturbella Xenoturbellidae Mitochondrial Rouse et al. (2016)

hollandorum genome

Xenoturbella churro Xenoturbellidae Mitochondrial Rouse et al. (2016)
genome

Xenoturbella bocki

Xenoturbellidae

Draft genome

Philippe et al. (2019);

Perea-Atienza et al.
(2015)

Brauchle et al. (2018)

Xenoturbellidae Transcriptome

(adults)

Xenoturbella bocki

As mentioned before, the first characterization of xenacoelomorph genes was
derived from the need for obtaining molecular markers to infer phylogenetic relation-
ships, whether they were for understanding the position of different Xenacoelomor-
pha clades within the Metazoa or inferring the internal phylogeny of those clades.
In this context, it was, historically, natural that cloning ribosomal (i.e. 18S) and
mitochondrial genes were taken as a priority (see the earlier sections for details).
The advent of powerful phylogenomic methodologies prompted the use of transcrip-
tomic and genomic data for the inference of clade relationships. With this in mind,
the studies of Hejnol et al. (2009), Philippe et al. (2011) and Cannon et al. (2016)
were pioneers (see Sect. 2.1 for more details). They used, mostly Cannon and col-
laborators, large sets of xenacoelomorph transcriptomes, including a wide range of
species from various xenacoelomorph families. The species used in these studies are
all found in Table 14.1, which summarizes all the species for which there is genomic
or transcriptomic data.

Very little is known about the structure and composition of xenacoelomorph
genomes. Only two complete genomes, with long scaffolds, have been produced,
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that of the early divergent acoel Hofstenia miamia (Gehrke et al. 2019) and that
of the more recently diverged species Praesagittifera naikaiensis (Arimoto et al.
2019). H. miamia has a genome with a size of 950 Mb, encoding for (predicted
and supported by transcriptome data) 22,632 genes in an environment of 53% of
repetitive sequences, mostly derived from transposons. P. naikaiensis genome is a
bit smaller, approx. 656 Mb, with 70% of the sequence being repetitive elements,
though encoding for 22,143 genes (a number supported also by transcriptome data).
Other genomic data, in relatively small scaffolds has been obtained for the genomes
of the xenoturbellid, Xenoturbella bocki, and the acoel, Symsagittifera roscoffensis
(Philippe et al. 2019). The complete descriptions of those last genomes are, how-
ever, still missing. Of the general characteristics, only the sizes (~150 Mb for X.
bocki and ~1.4 Gb for S. roscoffensis) are known, plus the fact that those genomes
are full of repetitive elements, accounting for the large size of the S. roscoffensis
genome, which is nearly half the size of the human genome. Several features of the
genome organization of acoels were known, through the use of technologies that
include the development of BAC libraries and chromosomal mapping. These were
instrumental in understanding that the Hox genes in acoels were dispersed, located
on different chromosomes (Moreno et al. 2009). Unfortunately, the potential of these
technologies was not explored any further.

In the absence of xenacoelomorph genomes, large-scale analysis of long frag-
ments has been conducted in a few acoelomorphs targeting mitochondrial genomes,
shorter gene complexes easier to sequence. Complete or substantial fractions of mito-
chondrial genomes are known for one nemertodermatid and four acoels (Table 14.1
and: (Ruiz-Trillo et al. 2004; Mwinyi et al. 2010; Robertson et al. 2017). Strikingly,
all these reports indicate that the arrangement of genes within these mitochondrial
genomes is very different from what has been observed in other metazoans (and with
each other), pointing towards a clade-specific set of rearrangements.

Returning to draft genomes, we need to stress that independent of the completeness
they represent, in the current state, they have facilitated the characterization of the
size and diversity of certain gene families in these two species, for instance, those of
the transcriptional regulators, bHLH or Hox, the signalling Wnt family of ligands and
the complete set of GPCR receptors (Perea-Atienza et al. 2015; Gavilan et al. 2016).
Other families have been characterized through the deep analysis of transcriptomes.
In addition to the previous ones (for which we have genomic and transcriptomic data),
the whole complement of homeobox-containing families (11 in total) have been
identified in X. bocki and the two acoels, S. roscoffensis and Isodiametra pulchra
(Brauchle et al. 2018), or the GPCR complements of different xenacoelomorphs
(Thiel et al. 2018). In addition, the latter study of transcriptomes carried out by Thiel
and colleagues has permitted a comprehensive description of neuropeptide evolution
in this phylum.

Before ending, this section is important to emphasize that the phylogenetic posi-
tion of Xenacoelomorpha allows us to study with detail those genomic novelties
associated to the origin and diversification of bilaterian animals and how the activi-
ties of those new or lost genes affect the evolutionary transformations of body plans.
The important paper of Paps and Holland (2018) describes the particularities of the
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birth and loss of gene groups in the metazoans (see their Fig. 14.1 for a graphical
view). These authors have shown that the emergence of multicellular animals was
accompanied by the incorporation of many genomic novelties (1189 gene homol-
ogy groups; HG). Other, more recent phylogenetic nodes, such as that representing
the last common ancestor of Cnidaria + Bilateria (Planulozoa) and the Bilateria,
are also characterized by the incorporation of 1201 and 1580 new HG, respectively.
In fact, these nodes are also characterized by some specific HG loses, here 72 and
520. Many of these genes encode for regulatory functions (transcription factors or
signalling molecules). Since no comprehensive expression analysis has been done
for those specific genes in most metazoan clades, it becomes quite obvious that the
genomic underpinnings of the emergence of bilaterian animals (including the early
diversification of xenacoelomorphs) are, mostly, a matter of speculation. The study
of those regulatory functions should become a major future focus of analysis in
the Xenacoelomorpha because they will illuminate many aspects of the origin of
bilaterians.

14.4.2 Gene Activity in Xenacoelomorphs

Transcriptomes are ideal sources for the identification of particular genes, avoiding
the cumbersome procedure of PCR screens. They can provide sequence information
necessary to generate probes for in situ hybridization, thus providing us with entry
to viewing particular developmental or physiological processes. The exploitation of
transcriptomes for this purpose has been instrumental in identifying genes involved
in dorsoventral patterning (Srivastava et al. 2014), mesoderm specification (Chiodin
et al. 2013) and stem cell biology (De Mulder et al. 2009) in different acoels or the
study of excretion processes in acoelomorphs (Andrikou et al. 2019). All these studies
have provided the necessary tools to understand the molecular underpinnings of those
processes at a level that was impossible previously using more conventional, gene-
by-gene cloning methods (i.e. Ramachandra et al. 2002; Cook et al. 2004; Moreno
et al. 2009).

The identification of all those genes plus the development of colorimetric or flu-
orescent in situ methodologies has supplied a basic understanding of developmental
processes. It is true that, in comparison with well-established model systems, our
knowledge of xenacoelomorph development, from the molecular point of view, is
rather limited. The paucity of functional tools (see the following) and a detailed
description of embryogenesis have hampered progress in this area. Nevertheless, it
is fair to stress here that in some areas, our knowledge is more detailed than that
we have for many other phyla. A clear case would be our characterization of the
patterning mechanisms employed along the two major body axes (AP and DV). The
genes involved in both processes were of primary interest as it was revealed that
acoelomorphs were the first offshoot of Bilateria. It was clear that in order to deter-
mine how bilateral animals acquired their specific symmetry, we needed to know
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how acoelomorphs specified their orthogonal axis. Hox genes were the primary can-
didates as they were used as a vectorial system to specify the position of structures
along the AP axis across all bilaterians. The study of different acoels uncovered early
on that the complement of Hox genes was quite reduced, numbering at only three,
one orthologous to each of the so-called Anterior, Central and Posterior classes.
Studies of Convolutriloba longifissura (Hejnol and Martindale 2009) and Symsagit-
tifera roscoffensis (Moreno et al. 2009) exhibited a pattern of staggered domains for
the three genes along the major body axis, in agreement with what is observed in
other bilaterians. The expression of those genes was initiated during embryogenesis,
just after gastrulation (Hejnol and Martindale 2009) and resolved in the staggered
pattern seen in hatchlings and juveniles. In budding specimens of Convolutriloba
retrogemma, it has also been shown that during the budding process (that involves
a reversal of polarity in new animals), expression along the bud also conforms to
the expected AP Hox pattern (Sikes and Bely 2010). Interestingly, the staggered
pattern is not the result of chromosomal clustering (Moreno et al. 2009), just as in
other bilaterian animals. However, it seems clear clustering is not necessary for the
establishment of a staggered expression pattern (i.e. Seo et al. 2004). Other regu-
lators of the AP axis are the Wnt ligands, and in the acoel Hofstenia miamia, they
are used in the same process (Srivastava et al. 2014). In regenerating Convolutriloba
retrogemma, the chemical inhibition of the Wnt pathway also affects the polarity of
the regenerates (Sikes and Bely 2010). The role of Hox and Wnt ligands in the spec-
ification of posterior structures has been further explored through the use of RNAi
technologies in the acoels, Isodiametra pulchra (Moreno et al. 2010) and Hofste-
nia miamia (Srivastava et al. 2014). These represent two of the very few functional
studies carried out for any xenacoelormoph; in fact, we only have data obtained for
acoels. The DV axis of bilaterian animals is specified through the BMP pathway. In
the case of H. miamia, the interplay between the ligands, BMP and ADMP, seems to
specify the DV axis, as probed through the use of RNAi technology (Srivastava et al.
2014). Additional data on the expression of BMP-ADMP genes has been obtained
from the study of the nemertodermatid, Meara stichopi, and the acoel, Isodiametra
pulchra (Martin-Duran et al. 2018). These ligands are also present in other xena-
coelomorphs, such as S. roscoffensis or in X. bocki (Chang et al. 2015), though their
expression or function has not been evaluated.

A cautionary note before proceeding all the functional experiments using RNAi
carried out in acoels have been conducted in regenerating adults. No embryo RNAi
methods have been developed to date.

During animal development, the establishment of the major body axis is fol-
lowed by a regionalization process followed (or in concert) with the specification of
the major tissues. With acoels, for the most part, much effort has been devoted to
characterizing the molecular players involved in the specification of tissues, with a
major focus placed on understanding mesodermal and neural developmental mech-
anisms. The mesodermal derivatives in acoels have been studied, fundamentally, in
two species—Isodiametra pulchra and, to a lesser degree, Symsagittifera roscoffen-
sis. While in the latter, the study of the musculature, and its structural components,
has been assessed (Chiodin et al. 2011), in the case of I. pulchra, there is a relatively
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complete understanding of how different mesodermal derivatives are molecularly
regulated (Chiodin et al. 2013). The study of Chiodin and collaborators demon-
strated that the mesoderm in acoels is composed of a few different cell types and that
the gonads and stem cells are all derived, most probably, from the endomesoderm.
The specific role of the stem cell system has been explored in the past (Gschwentner
etal. 2001), but it is through the more detailed studies of De Mulder et al. (2009) that
we came to understand various molecular players. In particular, we learned that the
piwi orthologues (there are two in I. pulchra) are involved in specifying/maintaining
the stem cell state. This has been proven through the use of RNAi methods in regen-
erating animals.

The development of the nervous system in acoels has been evaluated through the
identification and characterization of candidate genes belonging to different tran-
scription factor families. A major focus has been allocated to the identification of the
so-called neurogenic genes of the bHLH family. The characterization of their expres-
sion patterns has been carried out in embryos and hatchlings of the species, Symsagit-
tifera roscoffensis (Perea-Atienza et al. 2018). Interestingly, the different members
of this family seem to have quite different spatio-temporal patterns of expression,
with some of them being specifically restricted to neurogenic areas (from early on
in embryogenesis). Their sometimes overlapping domains hint at the possibility of
a combinatorial code of genes responsible for the specification of different neural
domains or phenotypes. In addition to this family, other genes involved in neuroge-
nesis have been characterized, though sometimes in the context of exploring other
processes. This is the case of SoxB relatives in Convolutriloba longifissura (Hejnol
and Martindale 2008) or in S. roscoffensis (Semmler et al. 2010). In both cases, the
domain of expression of SoxB is compatible with their use in the specification of the
neurogenic domain. Other regulatory genes expressed in presumptive neural tissue
have been described in C. longiffisura (Cdx, Otp and NK2.1; Hejnol and Martindale
2008)) or Neochildia fusca (Brnl and Brn3; (Ramachandra et al. 2002)). Very little
is known of the regulation of nemertodermatid nervous system formation. However,
the expression domains of certain key regulatory genes have been recently reported
by Martin-Duran and colleagues utilizing Meara stichopi (Martin-Duran et al. 2018).

In spite of the knowledge gathered over the last number of years on the molecular
components that regulate certain basic processes in xenacoelomorphs, it is clear that
what needs to be done in order to “understand” both the development and physiology
of this group of animals represent still an enormous task. This would be one that
should involve the generation of more, and better, sequence data and the incorporation
of novel technologies to assess gene function.

14.5 Future Perspectives

The realization that Xenacoelomorpha represent a clade of early divergent bilaterian
has prompted a renewed interest in its study. While the collection and initial mor-
phological characterization of different species within this clade date to more than
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a century ago, it has been the introduction of molecular technologies that have rev-
olutionized their modern study. Large gene data sets have allowed, on the one side,
to reanalyse the phylogenetic affinities of Xenacoelomorpha, and its constitutive
clades, and on the other, to initiate the characterization of the regulatory functions of
many genes. While the functional analysis of these genes are still in its infancy, the
promise of new technologies such as single-cell sequencing, CRISPR, high through-
put genomic and proteomic analysis, should bring the study of these animals to a
new level. However, it is important to note here that in absence of a careful analysis
of the morphology and developmental processes, as well as a detailed understanding
of the diversity of this group, molecular data per se will be of little value. Under-
standing how xenacoelomorphs have diversified over time and how the patterns of
divergence are reflected in changes in developmental processes will need of a contin-
uous investigation of the interplay between morphology changes, development and
evolutionary diversification (Martinez 2018). If we follow this recommendation, we
anticipate that the study of Xenacoelomorpha will become a key research program
geared at a better understanding of the origin and diversification of Bilateria.
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