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12.1 INTRODUCTION complex assemblages formed by different organisms that

Lynn Margulis (1938-2011), the iconoclastic scientist who
shed light on biological evolutionary mechanisms that
have driven the emergence of eukaryotic cell complex-
ity by sequences of mergers of different type of bacteria,
often referred in her works to marine “sunbathing green
worms” from beaches of Brittany, France (Margulis 1998).
She exemplified the sometimes uncritically accepted serial
endosymbiotic theory (Sagan 1967) by pointing at this pho-
tosynthetic animal, a sustainable assemblage combining a
marine flatworm and a dense population of photosyntheti-
cally active green microalgae localized under its epidermis
(Figure 12.1a, b). From a rhetorical standpoint, the use of an
oxymoron to describe a biological system (photosynthesis
is not expected to be a property of metazoan tissues) can
be a crucial educational and pedagogical lever. It provides
a strong illustration for introducing and promoting the holo-
biont paradigm, which conceives of all living beings as
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constantly communicate.

We present herein descriptions related to the history, biol-
ogy and ecology of Symsagittifera roscoffensis which have
led to the emergence of this metazoan as a marine model
organism, a photosymbiotic flatworm living together with
in hospite green microalgae in its tissues, giving the typi-
cally green color to the animals (hence the name “mint-sauce
worm”). Symsagittifera roscoffensis became attractive for
research because gravid specimens can be found abundantly
on specific beaches along the Atlantic coast, and all stages
of development are easily accessible in the lab. Recent zoo-
technical advances allow for completing the life cycle in cap-
tivity; this includes deseasonalization (bypassing the annual
reproductive diapause) but above all conserving colonies for
months, with very low mortality and high reproduction rate.
Culture standardization is critical to provide wide access
to S. roscoffensis as a system exhibiting various biological
properties, from brain regeneration to photosymbiosis.
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FIGURE 12.1 S. roscoffensis biotope and its photosymbiont. (a) At low tide, millions of S. roscoffensis specimens emerge from the
sand and aggregate in puddles or gentle flow streams until the next high tide. The whole colony appears as a green mat. (b) Enlarged
view of (a) showing high density of S. roscoffensis. Each adult flatworm is about 3 millimeters long. The white filaments in the middle of
the body are oocytes (gravid animals). (c) Free-living algae Tetraselmis convolutae: The difference of phenotype between the in hospite
microalgae and the free-living relatives are mainly noticeable by the absence of a cell wall (and the flagella) resulting from its ingestion in
the animal tissues. (d) A freshly hatched, transparent juvenile of about 250 to 300 micrometers long. The brownish cells homogeneously
spread along the body are rhabdites, rod-shaped, epidermal, mucus-secreting bodies (Smith et al. 1982). Two black arrows point to the
photoreceptors at both sides of the statocyst (gravity sensor). (¢) A transmission electron microscopy picture of the epidermal and sub-
epidermal layers of the animal. Above the muscle fibers, organized as a net (1), lay the epidermal ciliated cells (3 and 4). The photosymbi-
ont algae (2) are localized beneath the muscle layer (the closest position within the parenchyma to sense the light). Most of the microalgae
cellular space is occupied by the thylakoids (lamellar-like structure = dedicated to photon harvesting) with a characteristic central struc-
ture, the pyrenoid (2bis), surrounded by the white halo (a sign of starch synthesis). Microalgae are in close contact with animal cells (5).
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12.2 HISTORY OF THE MODEL AND
GEOGRAPHICAL LOCATION

In the first publications, addressing the nature and origin
of the “green bodies” conferring the animals’ green color
(Geddes 1879) and the intriguing simplicity of the body plan
(Delage 1886), S. roscoffensis was first mistakenly referred
to as Convoluta schultzii, a phenotypically similar species
previously described from the Adriatic Sea. An accurate
taxonomic description was performed by Ludwig von Graff,
hosted in a marine biological laboratory outpost on the coasts
of North Brittany, France, now called the Station Biologique
de Roscoff. As a tribute to the spirit of hospitality associated
with facilities provided for exploration and experimentation
of the surrounding marine environment, von Graff named
this species Convoluta roscoffensis (von Graff 1891). Since
then, colonies of billions of individuals have been observed
on sandy beaches, distributed all along the Atlantic coast of
Europe, from Wales to Portugal. The in hospite enigmatic
green cells in the original description were first described
as chloroplasts vertically transferred as colorless leuco-
plasts (Graff and Haberlandt 1891). They were later iso-
lated and identified as free-living quadri-flagellate green
microalgae (Gamble and Keeble 1904), known today as
Tetraselmis convolutae (Figure 12.1c), and formerly named
Platymonas convolutae (Parke and Manton 1967). Revisited
with molecular taxonomy tools (Kostenko and Mamkaev
1990), Convoluta roscoffensis was renamed Symsagittifera
roscoffensis. Initially positioned inside the Platyhelminthes
phylum as an acoel turbellarian, this species is now a mem-
ber of the phylum Xenacoelomorpha (Philippe et al. 2011),
whose critically—and currently unresolved—phylogenetic
position in the animal tree of life is discussed further.

S. roscoffensis has initially been used in a wide range
of studies as a model for deciphering the mechanisms of
the setting up, specificity and trophic relationship of this
photosymbiosis in the intertidal zone. Gravid adult S.
roscoffensis lay a translucid cocoon with embryos that
develop to the aposymbiotic juvenile stage within four
to five days (Figure 12.1d). If juveniles, once outside the
cocoon, fail to ingest the microalgae, they do not survive to
maturity, indicating that this association is obligate, with
the animal feeding on photosynthates transferred from
the photosymbiont (Keeble 1907). The aposymbiotic S.
roscoffensis juvenile specifically incorporates but do not
digest some Tetraselmis convolutae. These microalgae, in
comparison to other closely related species (7. chui/sub-
coriformis/suecica), exhibit a special mode of division,
whereby daughter cells stay in pairs in the parent theca
for a much longer period, a factor favoring ingestion by
the “benthic” juvenile acoel. The in hospite microalgae are
taken up into the digestive syncytium and undergo morpho-
logical alterations compared to the free-living state, losing
their theca (cell wall), eyespot and flagella but retaining
an imposing chloroplast and a specific shape with finger-
like processes (Oshman 1966; Figure 12.1e). This suggests
that microalgal cellular processes leading to high levels
of energy consumption are drastically reduced in favor of
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increasing photosynthesis and production of organic mol-
ecules. Mannitol and starch (visible as grains in the chlo-
roplast—Figure 12.1e) are the major carbohydrates in both
free-living and in hospite microalgae (Gooday 1970). The
photosynthetically fixed carbon, moving from the micro-
algae to the animal are mostly amino acids (Muscatine
1974). The nitrogen source for the in hospite algae (i.e. for
amino acid synthesis) is ammonia stemming from the ani-
mal’s uric acid catabolism (Boyle 1975). Both adult and
aposymbiotic juvenile worms produce nitrogen waste (i.e.
uric acid/ammonia) that is recycled by the algae for protein
synthesis. In juveniles, uric acid crystals accumulate until
photosynthesis sets in, then decline once photosynthesis is
fully operational (Douglas 1983a).

According to the literature (Oshman 1966; Nozawa et al.
1972; Muscatine et al. 1974; Meyer et al. 1979), microalgal
photosynthetic activity provides all of the energy and nutri-
ents (proteins, polysaccharides, lipids) for feeding the worm.
However, strict photo-autotrophy has never been formally
demonstrated for this association, and one cannot rule out
a mixotrophic regime: S. roscoffensis could indeed take
up some additional organic molecules released by benthic
organisms, including the environmental microbiome.

The paucity of data describing the trophic relationship
between S. roscoffensis and T. convolutae prevents one from
assigning a mutualistic status between these organisms, with
the idea of a reciprocal benefit and egalitarian partnership,
as has often been claimed. Controversially, recent surveys
on photosynthetic endosymbiosis rather suggest that micro-
algae are exploited by their host (Kiers and West 2016; Lowe
et al. 2016).

The S. roscoffensis biotope is localized within the upper
sandy part of the intertidal zone. During high tide, ani-
mals live inside the interstitial sandy net, but as soon as
the tide goes out (uncovers the sand) and until it comes in
again, the animals are exposed to the sunlight in seepages
or pools of seawater.

12.3 LIFE CYCLE AND REPRODUCTION

Exploring the diversity and complexity of body plans and
their evolutionary and developmental basis requires that the
entire life cycle of a species be accessible, from the freshly
fertilized oocyte to the gravid reproducer. Controlling all the
developmental steps of a species in captivity is essential to
undertake necessary experimental steps, including genetic
analysis and genome editing. An often-ignored obstacle is
a non-negligible investment in time and expenses, a suite of
trials, errors and chance findings that slow down access to
many crucial stages of ontogenesis.

12.3.1 ReproDUCTIVE ORGANS

Acoels are hermaphroditic and reproduce by internal fertil-
ization. Sperm cells and eggs develop from neoblast-derived
progenitors which divide and mature in the parenchyma
in an anterior—posterior gradient (Figure 12.2a, b). Figure
12.2¢ shows V-shaped bundles of sperm (“‘sperm tracts”),
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FIGURE 12.2 S. roscoffensis reproduction and anatomy. (a) Schematic sagittal section of acoel illustrating reproductive organs.
(b) Photograph showing gravid S. roscoffensis reproductive organs: a male gonopore (1) is associated with bundles of mature sperm (2);
flanking the gonopore area, there are an important group of saggitocysts (3). A female genital pore (not visible in the picture) gives access
to the spermatheca, full of spermatozoids (4) ready to fertilize mature oocytes (6), an event mediated by a bursal nozzle (5). (c) V-shaped
bundles of sperm (“sperm tracts”), localized in the posterior part of the body and converging into the male gonopore (invisible in this
picture). (d) Cocoon with cluster of cleavage stage embryos. (e) Needle-like structures, the sagittocysts, are found around the genitalia
at the end the body. ([a] After Kathryn Apse and Prof. Seth Tyler, University of Maine; with permission. http:/turbellaria.umaine.edu/
globalworming/.)
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localized in the posterior part of the body and converging
onto the male gonopore. Fertilization is mutual, and sperm
are transferred into the seminal bursa and stored there until
the eggs are ready to be fertilized (Figure 12.2a, b). Acoel
egg and sperm morphologies vary among species, and their
characteristics have been used for taxonomic classification
(e.g. Achatz et al. 2013). Their copulatory organs are well
developed and also show great morphological variety across
different taxa. The members of the family Sagittiferidae, for
example, develop an antrum that is turned inside out, and
the bursa of many sagittiferid species lacks a muscular lin-
ing (Kostenko and Mamkaev 1990). In general, the copula-
tory apparatus of Sagittiferidae is considered a simplified
version when compared to those of other families, such as
Convolutidae (Zabotin and Golubev 2014).

Most species release the fertilized eggs through the
mouth. A few species release eggs through the female
genital pore (in those species that have this structure), but
all species release the sperm through the male gonopores
(Figure 12.2a, b). Genital pores in Acoela are by no means
simple structures but have specific associated muscle sys-
tems. Symsagittifera roscoffensis has both male and female
genital pores. The female genital pore lies in much closer
proximity to the male pore than to the mouth, namely at
70% of the anterior—posterior axis, while the male genital
pore is located at the 90% position (Semmler et al. 2008).
The male copulatory organ presents a complex associated
musculature. In the position where it is located, the regular
grid of circular and longitudinal muscles of the body wall is
disrupted, as also happens in the area of the female genital
pore. The bursal nozzle is composed of a sclerotized lamel-
late stack of cells, forming a tubule. This tubiform structure
on the seminal bursa is believed to behave like a sperm duct,
through which allosperm are transported to the oocytes
(Figure 12.2a, b).

In addition to the copulatory organs themselves, certain
structures of yet-unknown function are clustered around the
male gonopore. Called saggitocysts, these have a needle-like
shape with a clear muscle mantle that wraps around an inte-
rior protusible filament, being located below the body’s mus-
cular grid (Figure 12.2d). Some authors have speculated that
the needles might be released and be functionally relevant
during copulation (e.g. Yamasu 1991).

12.3.2 EcG DrposiTION

In the natural environment, S. roscoffensis is not gravid
from July to September and usually reproduces from
October to June. In the lab, each gravid adult (Figure 12.2b)
maintained in filtered or artificial sea-water spontaneously
lays embryos. Embryos are surrounded by a viscous mucous
layer, a cocoon or capsule (Figure 12.2¢). The lack of extra-
cellular coats around oocytes prior to capsule formation is
functionally very significant, since it allows the incorpora-
tion of multiple cells per capsule (Shinn 1993). Once the
cocoon with a diameter of approximately 750 micrometers is
finished, the adult deposits the eggs inside it. The number of
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eggs inside each cocoon can reach a maximum of 30. After
four to five days of development, embryos become actively
moving transparent juvenile flatworms, approximately 250
micrometers long (Figure 12.1d). After some hours, the
juveniles hatch from the cocoon. The absence of microal-
gae in the juvenile tissues indicates that the transmission
of the microalgae is not vertical (i.e. transmission through
the oocytes) but horizontal: the free-living microalgae live
in the sand and seawater of flatworm’s habitat. In the lab,
without providing the free-living algae, the juvenile reared
in sterile seawater do not survive more than 10 to 15 days,
indicating that this partnership is obligatory with respect to
the animal.

12.4 ANATOMY

12.4.1 GEeNERAL ARCHITECTURE OF CELLS AND TISSUES

As a member of the clade Acoelomorpha, S. roscoffensis
lacks a body cavity. A body wall, consisting of processes
of epidermal cells and muscle cells, encloses a solid paren-
chyma whose cells serve the digestion and distribution of
nutrients. Embedded in the parenchyma are the nervous sys-
tem, a variety of glands and the reproductive organs (Ehlers
1985; Rieger et al. 1991).

A fundamental aspect of acoelomorph cellular architec-
ture is the highly branched nature of virtually all cell types.
Cells possess a cell body, formed by the nucleus surrounded
by scant cytoplasm, and one or (more often) multiple pro-
cesses which emerge from the cell body (Ehlers 1985;
Rieger et al. 1991; Figure 12.3a, b). Processes display a great
variety of shapes depending on the type of cell considered.
There is the main, or “functional” process(es), next to one or
more leaf-like ensheathing processes that many cells project
around neighboring structures. Epidermal cells, for exam-
ple, emit their one “connecting” process radially toward the
periphery, where it spreads out to form a large (compared
to the size of the cell body), flattened layer that displays
the complex ultrastructural features, such as microvilli and
cilia, intercellular junctional complexes and epitheliosomes
(Rieger et al. 1991; Lundin 1997; Figure 12.3b, ¢ and see
subsequently). Additional branched and variably shaped
processes of the epidermal cell body project horizontally
and intermingle with peripheral nerves, muscle fibers and
parenchymal cells (Figure 12.3b, c). Similar to epidermal
cells, muscle cells give rise to connecting processes which
branch out into long, slender fibers (myofibers) that contain
contractile actin-myosin filaments (myofilaments; Figure
12.3b, ¢). Many cells, including muscle and glands, possess
a third type of thin, cylindrical process that enters the neuro-
pil of the central nervous system (see subsequently).

Their branched anatomy implies that the cell bodies of
epidermal cells or muscle cells (and other cell types) are
located at a distance from their “functional parts”, that is,
the myofibers or epithelial processes forming the body wall.
Cell bodies are embedded in the parenchyma, where they are
arranged as an irregular layer (“cell body domain”) around
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FIGURE 12.3 Anatomy of S. roscoffensis. (a) Schematic sagittal section of acoel (modified from Hyman 1951). (n) Ultrathin cross-
section of juvenile S. roscoffensis at level of statocyst (st), showing body wall (bw), domain of cell bodies (cbd), sunken into peripheral
parenchyma (pp) and neuropil (np). (c) Confocal section of juvenile S. roscoffensis labeled with anti-acetylated tubulin (acTub, red;
marking epidermal cilia [ci] and neuronal fibers forming neuropil [np]). (d) Ultrathin cross-section of juvenile S. roscoffensis, showing
structures of bodywall (bw), peripheral parenchyma/cell body domain, and neuropil (np). Different cell types are rendered in shades of
blue (epidermal cells), green (muscle cells), red (neurons) and yellow (gland cells). Basic architecture of acoel cell types is shown for
epidermal cell at upper right, for which cell body (ep,s,), connecting process (ep,,), functional process (epy,) and sheath processes (ep,,) are
visible. Muscle cell fibers include longitudinal fibers (Im), diagonal fibers (dm) and vertical fibers (vm). A bundle of peripheral sensory
dendrites (ds; shades of purple) penetrate the bodywall. (e) 3D digital model of juvenile S. roscoffensis bodywall, showing partial recon-
structions of three epidermal cells (blue) and vertical muscle cell (green). Components of the epidermal cell on the left and of the muscle
cells are indicated. Both cells are composed of a cell body (ep,, vm,,), connecting process(es) (ep,, vm,,), functional processes (epy,,
vm,,) and sheath processes (ep;,; no sheath processes are formed by the muscle cell shown). (f) Electron micrograph of cross-section of
body wall of juvenile S. roscoffensis, showing ultrastructural aspects of epidermal cells (ci: cilia; es: epitheliosome; rt: rootlet of cilium;
aj: adherens junction; sj: septate junction) and body wall-associated muscle fibers (cm: circular muscle; Im: longitudinal muscle; vm:
vertical muscle; de: desmosomes between muscle fibers). (g—i) 3D rendering of S. roscoffensis muscles labeled by phalloidin. Ventral
view (g), dorso-posterior view (h), frontal view (i; digital cross-section). Other abbreviations: com: ventral cross-over muscles; m: mouth;
ne: central neuron; pn: peripheral nerve; sne: sensory neuron; um: U-shaped muscles. Scale bars: 20 micrometers (b, c); 2 micrometers
(d, e); 1 micrometer (f); 50 micrometers (g). ([g—i) From Semmler et al. 2008, with permission.)
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an interior neuropil and digestive syncytium (Figure 12.3d, e;
see subsequently). Importantly, bodies of different cell types,
in particular neurons, muscle cells and gland cells, appear to
be intermingled in the cell body domain rather than form-
ing separate organs or tissues (Figure 12.3a; Arboleda et al.
2018; Gavilan et al. in prep).

The wunusual cellular architecture in acoelomorphs
has been related to the absence of a basement membrane,
another unique character of this clade (Smith and Tyler
1985; Rieger et al. 1991; Morris 1993; Tyler and Rieger
1999). In other animals, a basement membrane, composed
of robust and highly interconnected filamentous proteins
including collagens and laminins, separates epidermal cells
and muscle cells and surrounds internal organs such as the
intestinal tube, glands and nerves. The basement membrane
also provides the point of anchorage between muscles and
epidermis or other epithelial tissues. As a result, cells have
a more or less symmetric shape, resembling cubes or cyl-
inders, with the cell body included within these shapes. In
acoelomorphs, lacking a basement membrane, cell bodies
can be extruded out from their working parts, intermingle
and adopt highly irregular, branched shapes.

12.4.2 EPIDERMIS

The squamous functional processes of epidermal cells that
cover the surface of the animal are of a fairly regular polygo-
nal shape. Epidermal cells of S. roscoffensis are intercon-
nected by belt-like junctional complexes, consisting of an
apical adheres junction followed proximally by a prominent
septate junction (Rieger et al. 1991; Lundin 1997; Figure
12.3f). Epidermal motile cilia power locomotion of the ani-
mal. Following the ground pattern of acoelomorphs and flat-
worms in general, epidermal cells are multiciliated (Figure
12.3f). Cilia are anchored by vertically oriented striated
rootlets, conspicuous cytoskeletal elements consisting of the
conserved protein rootletin (Yang et al. 2002). Since root-
lets are interconnected by evenly sized horizontal processes,
cilia of each epidermal cell form a highly symmetric array.
More irregularly spaced microvilli are interspersed with the
cilia. Another characteristic of epidermal cells are closely
packed, moderately electron-dense vesicles called epithelio-
somes, or ultrarhabdites (Rieger et al. 1991). Epitheliosomes
are of rounded or elongated shape and can be seen to be
extruded from the apical membrane to release their presum-
ably mucous content (Figure 12.3f).

12.4.3 MusCLE SYSTEM

The musculature of the acoelomorph body wall is formed
by three layers of myofibers, circular fibers, diagonal fibers
and longitudinal fibers (Rieger et al. 1991; Hooge 2001).
In early larval S. roscoffensis, one finds approximately 60
circular and 30 longitudinal fibers; in adults, these numbers
increase to 300 and 140, respectively (Semmler et al. 2010;
Figure 12.3g—i). Note that these numbers do not necessar-
ily reflect the number of muscle cells, since one muscle cell
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soma can give rise to more than one myofiber (see previ-
ously). In addition to the outer muscles, a large number of
regularly spaced, short vertical muscle fibers penetrate the
parenchyma and nervous system and insert at the dorsal and
ventral body wall. Specialized muscle fibers surround the
mouth opening (see section on digestive system). In all mus-
cle fibers, myofilaments show a smooth architecture (Figure
12.3f), lacking the Z-discs of striated muscles found in other
clades. Myofibers are typically branched near their point of
attachments to each other and to epidermal cells (Figure
12.3e, f) and exhibit electron-dense junctional complexes
(“maculae adherentes” or desmosomes; Tyler and Rieger
1999; Figure 12.3f).

The innervation of the musculature of S. roscoffensis, as
with acoelomorphs in general, is mediated by thin processes
branching off the myofibers and extending into peripheral
nerves or the neuropil (Rieger et al. 1991). In addition, large
numbers of neuronal fibers exiting neuropil and peripheral
nerves terminate in close contact to myofibers, as well as
epidermal and glandular processes (Gavilan et al. in prep.).
The exact mechanism of neural control of muscle contrac-
tion and ciliary movement is clearly one of the research
areas that needs much attention.

12.4.4 CeNTRAL NERVOUS SYSTEM

Acoelomorphs have a central nervous system consisting
of an anterior brain, several and paired longitudinal nerve
cords that issue from the brain (Martinez et al., 2017). Brain
and nerve trunks are formed by neuronal somata that are
located in the cell body domain underlying the body wall
and a central neuropil enclosed within the cell body domain.
The neuropil, labeled by markers such as anti-acetylated
tubulin or anti-Synapsin (Bery et al. 2010; Sprecher et al.
2015; Arboleda et al. 2018), is built of stereotypically pat-
terned elements and provides an internal scaffold to which
other cells and organs can be related. In S. roscoffensis,
one distinguishes a dorsomedial compartment, dorsolateral
compartment and ventral compartment along the dorso-
ventral axis (Figure 12.4a, b). As described for other acoe-
lomorph taxa (Martinez et al. 2017), the brain neuropil of
S. roscoffensis encloses in its center the statocyst, which
demarcates within each of the compartments an anterior
domain (relative to the midpoint of the statocyst) and a pos-
terior domain (Figure 12.4a, b). Three commissures connect
these compartments: the ventro-anterior commissure (vac)
arises from the convergence of the anterior ventral and ante-
rior dorso-lateral compartment, the dorso-anterior commis-
sure (dac; cl in Bery et al. 2010) interconnects the anterior
dorso-medial compartments right in front of the statocyst
and the dorso-posterior commissure (dpc; c2 in Bery et al.
2010) forms a bridge between the posterior dorso-medial
compartments. The nerve cords projecting posteriorly from
the brain include the dorso-medial cord (dmc, originating
from dorsomedial compartment), dorsolateral cord (dlc) and
ventrolateral cord (vlc) (Bery et al. 2010). The cords are also
interconnected by several anastomoses and commissures.



224 Emerging Marine Model Organisms

Sensory
Dendrite

Multipolar

Lamellar—
Process

Bipolar

i <
J’riéﬁﬂir‘

Neuropil

Sensory
Dendsites \ 4

q |
_Central

el
Bodies ©processes

Neuropil

—— Central
Process

FIGURE 12.4 Anatomy of S. roscoffensis. (a, b) Central nervous system and neuropil. (a) A confocal section of adult S. roscoffensis.
Muscles are labeled by phalloidin (green), central neuropil by an antibody against synapsin (red). (b) A 3D digital model of neuropil
with different neuropil domains rendered in different colors. Neuropil domains visible in the dorsal view shown include dorso-anterior
compartment (da), dorso-intermediate compartment (di; flanking statocyst shaded gray), dorso-posterior compartment (dp), and ventro-
anterior compartment (va). The three brain commissures connecting right and left compartments are the ventro-anterior (ring) com-
missure (vac), dorso-anterior commissure (dac) and dorso-posterior commissure (dpc). Three pairs of nerve cords exit the brain: the
dorso-medial cord (dmc), dorso-lateral cord (dlc) and ventro-lateral cord (vlc). (c) Schematic section of S. roscoffensis, illustrating the
processes of neurons (red), sensory neurons (purple) and gland cells (yellow) in relationship to the body wall (bw), neuropil (np) and cell
body domain (cbd). Thick black arrows symbolize synaptic interaction between central processes of the cells shown and elements of the
neuropil. (d—g) Cytological details of central neurons. (d) Cell bodies surrounding neuropil (np; shaded blue). Three cell bodies belong to
central neurons (ne; rendered in shades of red). Central neurons emit processes into neuropil. In some cases, processes exhibit particular
sheath-like shapes (“lamellar processes”), aside from the cylindrical processes typical for neurons in general. (e) 3D digital model (lateral
view) of four representative partially reconstructed central neurons exhibiting different shapes. (f, g) Electron microscopic sections of
neuropil at high magnification. Note the high proportion of axons with dense core vesicles (dcv). Vertical muscle fibers (vim) penetrate
neuropil and could receive extra-synaptic input from these axons. (g) An example of synaptic connection between large presynaptic ele-
ment (pre) with small synaptic vesicles (ssv) and two small postsynaptic elements (post). (h—m) Cytological details of sensory neurons.
As shown in (h), cell bodies of sensory neurons (sne) frequently lie adjacent to the neuropil and emit cylindrical or lamellar processes into
the neuropil. (i) Shapes of ciliated sensory neurons (lateral view). (j) Bundle of four sensory processes linking neuropil to the body wall.
(k—m) Three different types of frequently seen sensory endings, a collared receptor (k), non-collared receptor (1) and non-ciliated recep-
tor (m). (n—p) Details of gland cell structure. In (n), cell bodies of three gland cells (rendered in shades of yellow) surround the central
neuropil (np). One gland cell emits a central process into the neuropil. Digital 3D models shown in (o) illustrate representative gland cells
(lateral view). (p) Section of body wall with endings of two different types of gland cells, a mucus gland cell with large electron-lucent
vesicles (gl,,,) and a rhabdoid gland cell (g;,,) with elongated, electron-dense inclusions. Scale bars: 40 micrometers (a); 2 micrometers
(d, h—p); 0.5 micrometers (f, g). (From Sprecher et al. 2015, with permission.)
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Neuronal cell bodies (somata) of the S. roscoffensis ner-
vous system are small and have a round heterochromatin-
rich nucleus (Figure 12.4d). Based on light-microscopic
analysis, the larval brain contains an estimated 800 somata
overall, but more precise numbers have to await serial EM
analysis, since somata of neurons located in the diffuse cell
body domain that surrounds the neuropil cannot be told
apart with certainty from cell bodies of muscle cells or gland
cells. EM reconstruction shows that many neurons are bipo-
lar, extending an anterior process that in many cases may
reach the epidermal surface to end as a sensory receptor, and
one or more posterior or central process(es) that reaches into
the neuropil, where it shows a modest amount of branching
(Figure 12.4d, e). Along with neuronal processes, central
extensions of muscle cells and gland cells also form part of
the neuropil (Figure 12.4c).

Based on the types of vesicles they contain, neuronal
processes of acoelomorphs were divided into four classes
(Bedini and Lanfranchi 1991; Bery et al. 2010), including
fibers with small clear vesicles (20—40 nm), which are asso-
ciated with the “classical” transmitters acetylcholine, GABA
or glutamate, and dense vesicles (70-90 nm), which resemble
the dense core vesicles that, in vertebrates and many inver-
tebrates alike, have been described to contain neuropeptides
(Figure 12.4f, g). As in these other species, many neurons of
S. roscoffensis have both types of vesicles. What stands out,
however, is the large proportion of neuronal processes with
dense vesicles, a finding that matches descriptions of light
microscopic studies detecting peptide transmitters in large
neuron populations in acoelomorphs (Reuter et al. 2001).
Aside from small clear vesicles and dense vesicles, two other
types with so far unknown significance and neurotransmit-
ter content were described for acoelomorphs: another type of
“dense core vesicles” (60—120 nm), containing small, dense
centers surrounded by a light halo (not to be confused with
the peptide-containing dense core vesicles in vertebrates or
insects) and large irregularly shaped clear vesicles (20—400
nm; Bedini and Lanfranchi 1991).

Neuronal processes containing small clear vesicles in con-
junction with membrane densities can be recognized as syn-
apses (Bedini and Lanfranchi 1991; Bery et al. 2010; Figure
12.4g). However, thus defined synapses are relatively few in
number, at least in the larval brain, and it is very possible that
neural transmission relies heavily on extra-synaptic transmit-
ter release. This is made all the more likely looking at the
processes with dense vesicles, which fill the entire length of
neurons, including the cell body, and peripheral processes.
Peptide release from dense core vesicles in vertebrates has
been definitively shown to occur extrasynaptically (“volume
release”) in many instances (Fuxe et al. 2007).

12.4.5 PerRIPHERAL NERVOUS SYSTEM
AND SENSORY RECEPTORS
The peripheral nervous system consists of sensory recep-

tors integrated in the body wall and an anastomosing mesh-
work of thin “nerves” that contain fibers formed by sensory
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receptors, muscle cells and gland cells, as well as cells effec-
tor cells (“motor neurons”) that, aside from processes in the
neuropil, project processes through the peripheral nerves
into the periphery. Sensory neurons form part of the cell
body domain surrounding the neuropil (Figure 12.4c, h, 1).
Their peripheral dendrites project into the body wall (Figure
12.4j), where they terminate as conspicuous elements that
have been described for many flatworms, including acoels
(Rieger et al. 1991). Unlike epidermal cells, sensory recep-
tors typically contain a single cilium, aside from other apical
membrane specializations. Based on these specializations,
one distinguishes collared receptors from non-collared
receptors (Bedini et al. 1973; Todt and Tyler 2006). In the
former, a central cilium is surrounded by a ring (collar) of
long, stout microvilli; this collar is lacking in the latter class.
Both classes are further subdivided into several types (Todt
and Tyler 2006). In S. roscoffensis, three types of sensory
receptors have described, including non-collared receptors
with a hollow ciliary rootlet containing a granulated core
(Type 3 of Todt and Tyler 2006; Figure 12.41), collared
receptors with rootlets (Type 4) and collared receptors with
granular body (Type 5; Figure 12.4k). Another frequently
encountered type of presumed receptors are non-ciliated
endings (Figure 12.4m). Receptors are distributed in charac-
teristic patterns all at different positions (Bery et al. 2010).
Nothing is known about the specific modalities and func-
tions of sensory receptors.

Two other sensory elements, the statocyst and eyes, are
surrounded by neuropil and thereby form part of the CNS
(Figure 12.1c). The statocyst, thought to sense gravity, is
formed by a capsule of two parietal cells enclosing a cav-
ity that houses a specialized statolith cell (lithocyte; Ferrero
1973; Ehlers 1991). A small group of specialized muscle
cells inserts at the capsule. No recognizable sensory neu-
ronal structures are associated with the statocyst, and it has
been proposed that gravity-induced displacements of the
statolith could inform the CNS by affecting the muscles by
which the statocyst is suspended.

The eye of convolutid acoels, including S. roscoffensis, is
embedded into the brain on either side of the statocyst. The
eye consists of a pigment cell with electron-dense granules
and crystalline inclusions (“platelets”) that may act as reflec-
tors; enclosed by the pigment cell are two to three receptor
cells with axons connecting to the neuropil (Yamasu 1991).
Unlike most photoreceptors described for other taxa, acoel
photoreceptors cells lack conspicuous microvilli or cilia.

12.4.6 GLANDULAR SYSTEM

Glands are unicellular, consisting of individual gland cells
that constitute a major part of the acoelomorph body in terms
of number and function. As stated for epidermal and muscle
cells, gland cells consist of a cell body that forms part of
the internal cell body domain and one or more elongated
processes (“gland necks”) that project peripherally and open
to the outside (Figure 12.4¢, n, o). Certain clusters of gland
cells, located posteriorly of the brain, project their long
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necks forward through the neuropil and open at the anterior
tip of the body, some of them in an acoelomorph-charac-
teristic pore, the “frontal pore” (Pedersen 1965; Smith and
Tyler 1986; Klauser et al. 1986; Ehlers 1992; Figure 12.3a).
Cell bodies and gland necks contain secretory vesicles of
different shape and texture by which gland cells have been
divided into different classes, as summarized in the follow-
ing. Gland necks carry a characteristic array of microtubules
around their periphery. In addition to secretory gland necks,
many gland cells appear to have central processes that invade
peripheral nerves or the neuropil. These processes, like the
ones formed by myofibers (see previously), may mediate the
connection between nerve impulses and secretory function
(Figure 12.4c, n).

Functionally and biochemically, acoelomorph gland
secretions include mucus (mucopolysaccharides) that serves
for locomotion, attachment and protection, as well as protein-
aceous enzymes for digestion and degradation of macromol-
ecules. Mucus-producing glands, called cyanophilic glands
in the classical light microscopy literature, are structurally
associated with densely packed, electron-lucent vesicles with
a rounded or oval shape (Pedersen 1965; Rieger et al. 1991).
Gland cells of this type open in the frontal pore but also occur
all over the body surface of S. roscoffensis. Aside from gland
cells with electron-lucent inclusions, a variety of cells with
electron-dense vesicles of different sizes and shapes have
been described for the acoelomorphs (Smith and Tyler 1986;
Klauser et al. 1986; Todt 2009). These have been given dif-
ferent names (e.g. “ellipsoid” glands, “target glands”, “alcian
blue-positive rhabdoid glands™) but cannot be assigned to
specific functions. In the larva of S. roscoffensis, we detect
glands with large, electron-lucent inclusions (mucus glands;
Figure 12.4p) all over the body but preferentially anteriorly
and ventrally; in addition, there are three clearly distinguish-
able types of gland cells with electron-dense inclusions
(Gavilan et al. in prep):

1. A rare type we call a rhabdoid gland cell, with elon-
gated inclusions of approximately 500 nm length
and 100 nm diameter (Figure 12.4p).

2. Glands with pleomorphic vesicles: Inclusions are
more rounded than those of rhabdoid glands and
possess different diameters and electron densities
(Figure 12.4n, bottom). Rhabdoid glands and pleo-
morphic glands are located ventro-anteriorly.

3. Glands with mixed electron-dense and electron-
lucent vesicles: These are more numerous and ven-
tro-laterally overlie the ventral nerve cord.

12.4.7 PARENCHYMA AND DIGESTIVE SYNCYTIUM

The name-giving feature of acoels is their lack of a gut cavity.
The interior of the animal is filled with a solid parenchyma
that is divided into a central and peripheral domain (Smith
and Tyler 1985; Gavilan et al. 2019). The central parenchyma
is typically a syncytium (“digestive syncytium”) formed by
the merger of multiple endodermal cells; in the larva of S.
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roscoffensis, the digestive syncytium contains an estimated
6—10 nuclei (Gavilan et al. in prep.). At a mid-ventral position,
the digestive syncytium is in contact with the interior through
a pore (“mouth”) in the epidermal covering. A pharynx, in
the shape of an invagination of the ventral epidermis sur-
rounded by specialized muscle and neural elements, is absent
(Todt 2009; Semmler et al. 2010). Only a slender muscle ring
from which a few fibers radiate outward marks the mouth.
In addition, several ventral longitudinal muscle fibers cross
over the midline right behind the mouth, giving rise to the
U-shaped muscles that are the characteristic of the derived
acoel clade of “Crucimusculata” to which S. roscoffensis
belongs. It is thought that contraction of these fibers tilts the
mouth forward, facilitating the uptake of food stuff.

The digestive syncytium is filled with a great diversity
of organelles related to phagocytosis and digestion. In S.
roscoffensis, symbiotic algae of the genus Tetraselmys are
taken into the syncytium, where they lose part of their cell
wall. The digestive syncytium emits processes that reach
throughout the entire body, ensheathing (parts of) many
cell bodies in the cell body domain and wrapping around
peripheral nerves, muscle fibers and epidermal processes
(Smith and Tyler 1985; Gavilan et al. in prep). One has to
assume that this architecture enables the syncytium not only
to digest but also distribute nutrients throughout the body. In
the case of S. roscoffensis, algae ingested at the early larval
stage multiply within vacuoles of the digestive syncytium
(Oshman 1966; Douglas 1983b). In the adult, algae form a
dense layer underneath the body wall, interspersed with epi-
dermal and muscle processes (Figure 12.1d). EM analysis
indicates that algae remain enclosed within the processes of
the digestive syncytium (Douglas 1983b).

The peripheral parenchyma is formed by cells called
“wrapping cells” (Smith and Tyler 1985) which are similar
in ultrastructure to the digestive syncytium. They also form
elaborate sheaths around other cells, interdigitating with pro-
cesses of the digestive syncytium. It has been proposed that
wrapping cells merge with the digestive syncytium, mani-
festing part of a dynamic process whereby newly generated
cells proliferated from neoblasts (see section 12.4.8) mature,
have a transient life as wrapping cells and end up as part of
the central syncytium (reviewed in Gavilan et al. 2019).

12.4.8 NeosLASTS (STEM CELLS)

Regeneration of acoel tissues is a well-known phenomenon.
This process depends on the deployment of a pool of stem-
like cells called neoblasts that are present within parenchy-
mal tissues (De Mulder et al. 2009; Srivastava et al. 2014). In
all species in which neoblasts have been mapped, these cells
are distributed in two lateral bands and mostly excluded
from the head region. Neoblasts are easily identifiable by
their intensive basophilic cytoplasm and relative scarcity
of cytoplasmic organelles (Brgndsted 1955). Neoblasts are
the only dividing cells in adult organisms, and they have the
potential to differentiate into all, or most, cell types during
regeneration (Gschwentner et al. 2001). In Symsagittifera
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roscoffensis, neoblasts have been detected using EdU label-
ing, and their global distribution is similar to what has been
reported for other acoels (Arboleda et al. 2018). Using more
detailed TEM images, these cells can be seen characteris-
tically embedded in the parenchyma, showing the typical
high nuclear/cytoplasmic ratio—a characteristic shared by
all known neoblasts, including those of the distantly related
Platyhelminthes phylum. After amputation of anterior
structures (unpublished data), neoblasts start to proliferate
immediately, in the next few hours, and are subsequently
mobilized to the wound area. After this initial burst period,
the number of neoblasts seems to decrease, likely due to their
differentiation into newly formed tissues. Interestingly, the
analysis of TEM data has shown that at least some neoblast
groups (composed of three to four cells each) seem to be
associated with the nerve cord and muscle fibers. This could
reflect a close interaction of neoblasts with these tissues,
both in regular homeostasis and in regeneration. A fraction
of the cells with neoblast characteristics seem to be under-
going differentiation. The cytoplasm of these differentiating
cells extends processes filled with microtubules and vesicles
in between the surrounding neuronal somata or epidermal
cells (Bery et al. 2010). Regeneration in Platyhelminthes and
Acoela has been shown to be regulated by neural trophic fac-
tors with positional cues from musculature (Hori 1997; Hori
1999; Raz et al. 2017). This suggests that S. roscoffensis
neoblasts may be actively receiving signals from their close
environment (the niche?). A recent study from the Sprecher
laboratory using single-cell technology (data not shown
here) elucidates the molecular signatures characteristic of
neoblasts in Isodiametra pulchra. These findings should
enable a more detailed characterization of the regulatory
factors that control the stemness state of neoblasts in acoel
species and also how they make decisions to differentiate.

12.5 EMBRYOGENESIS

The embryonic development of acoels is poorly understood.
Various problems, mostly practical in nature, have impaired
the study of early acoel embryos. In fact, the lineage of
early blastomeres has been described in detail for only one
acoel species, Neochildia fusca (Henry et al. 2000). Later
stages of development in this species have also been studied,
in combination with molecular markers, by Ramachandra
et al. (2002).

All acoel embryos studied thus far—including our
species, Symsagittifera roscoffensis (Georgévitch 1899;
Bresslau 1909)—appear to share the same pattern of early
divisions (Georgévitch 1899; Bresslau 1909; Apelt 1969;
Boyer 1971; Henry et al. 2000). Acoels’ unique pattern of
cleavage is termed “duet spiral” cleavage in order to differ-
entiate it from the more common “quartet spiral” cleavage.
It is important to note that although the acoel’s unique form
of cleavage was recognized early on by researchers such as
Ernst Bresslau, it was still considered a modified version of
the typical “spiral cleavage”. Barbara Boyer and colleagues
introduced the term “duet spiral” in 1996, after it became

227

clear that the pattern is in fact very specific to acoels (Boyer
et al. 1996).

As explained by Henry et al. (2000), the “duet” form of
cleavage is characterized by the presence of a second cleav-
age plane oblique to the animal-vegetal axis. At the four-
cell stage, the first cleavage plane corresponds to the plane
of bilateral symmetry. The first two divisions give rise to
four equal blastomeres, while the third division generates
the first set of four micromeres in the animal half. The first
division plane corresponds to the plane of bilateral symme-
try, and the second cleavage always occurs in a leiotropically
oblique plane relative to the animal—vegetal axis. After this
second division, all remaining cleavages are symmetrical
across the sagittal plane. The second sets of micromeres
are given off of the macromeres. These micromeres will all
give rise to the ectoderm. A fourth quartet of micromeres,
plus the macromeres, will give rise to the endoderm. Finally,
derivatives of some of these micromeres will give rise to the
mesoderm.

The early embryos of Symsagittifera roscoffensis were
described for the first time by Jivoin Georgévitch in 1899,
using histological sections in paraffin. He observed that the
embryos are enveloped in a thick, cocoon-like membrane
where they develop more or less synchronously for one
week outside the animal, until hatching. The first embry-
onic division begins after the fertilized egg is enveloped in
the cocoon membrane and outside the animal. Cleavage fol-
lows, and the embryo reaches the blastula state at the eight-
blastomere stage. Here, the ectodermal cells occupy the
dorsal part of the embryo, and the endodermal cells occupy
the ventral part of the embryo. After a few more divisions,
the embryo reaches the gastrula stage. This is achieved
through the process of epiboly, in which the ectodermal
cells—originally in the dorsal part—migrate downward
to cover the whole embryo. No gastric cavity is observed
in the gastrula, similar to Gardiner’s (1895) observations
in Polychaerus. At later stages—but before hatching—the
primordia of the different tissues can be observed. Outside
the embryo, the ciliary cover of the epithelial cells is clearly
visible. These organ systems further mature after hatch-
ing, reaching adult-level complexity a few weeks later. The
previous descriptions, while correct overall, were immedi-
ately criticized by Ernst Bresslau for inaccuracies in many
details. In 1909, Bresslau published a more accurate account
of each cleavage stage, from the 2-cell stage to the 32-cell
stage (Figure 12.5a), Using live embryos, he was able to
describe the different divisions (and their relative orienta-
tions) in great detail. Initial unequal cleavages led to a blas-
tula at the eight-cell stage. He insisted that the changes in
the configuration of the blastomeres between the 8-cell and
16-cell stages could be understood as a gastrulation process,
whereby the 14 micromeres produced thus far undergo a
process of epiboly that internalizes the 3A/B macromeres,
the founder cells of the endo-mesoderm (Figure 12.5a). All
in all, Bresslau provided the first accurate description of
the first stages of development, consistent in many details
with Henry et al.’s (2000) report on Neochilida fusca using
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FIGURE 12.5 Embryonic development of S. roscoffensis. (a) Cleavage stages 4 cells to 32 cells, lateral view. Numbering of blastomeres
by the author. (b—d) Horizontal confocal sections of S. roscoffensis at 10% development (b), 66% development (c) and 80% develop-
ment (d). Nuclei are labeled with Topro (green). Phalloidin (red) labels cell membrane associated actin filaments as well as myofila-
ments. Arrow in (c) points at basal membranes of ectoderm cells and emerging myofilaments; note that ectodermal (epidermal) nuclei
still form a layer peripherally of this boundary. Arrowhead indicates membrane around internal endodermal cells. At later stages (d),
most epidermal nuclei have sunk below the level of body wall muscle fibers (arrow); endoderm cells have fused into digestive syncy-
tium. (e—g) Emergence of muscle fibers, labeled with phalloidin (orange) between embryonic stages 40% and 54%. Z-projection, dorsal
view. Abbreviations: cm: circular muscles; dm: diagonal muscles; Im: longitudinal muscles. Scale bar: 50 micrometers (b—g). ([a] From
Bresslau 1909; [e-g] from Semmler et al. 2008, with permission.)
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lineage tracing. Moreover, Bresslau is the first to present a
lineage map of the Convoluta (Symsagitifera) embryo, an
impressive feat of detailed observation at the beginning of
the 20th century. Notably, the duet spiral cleavage charac-
teristic of acoels is not present in members of the closely
related Nemertodermatida order (Bgrve and Hejnol 2014),
which exhibit a slightly different pattern of blastomere divi-
sions during early embryonic development.

The embryological origin of tissues hasn’t been thor-
oughly studied in S. roscoffensis. Following cleavage and
gastrulation, the embryo forms a solid mass of cells, with
an outer epithelial layer giving rise to the epidermis and an
inner mass of cells to digestive cells (Figure 12.5b), paren-
chyma and musculature. It is not known whether, at this
stage, progenitors of neurons or gland cells are already part
of the inner mass or are still integrated in the epithelial outer
layer. Until about 60% of development, a regular surface
epithelium remains visible; subsequently, cell bodies of epi-
dermal cells, as well as all other cells which potentially are
initially at the surface, like glands or sensory neurons, sink
inward (Figure 12.5c, d).

The genesis of the musculature has been observed in
detail using F-actin labeling (Semmler et al. 2008). The
process of myogenesis is very similar to that observed in
another acoels (i.e. Isodiametra pulchra: Ladurner et al.
2000 or Neochildia fusca: Ramachandra et al. 2002). The
latter study shows the initial stages of muscle formation,
probably common to many acoels, with the first signs of
musculature being myoblasts forming a thin layer under-
neath the epidermis, laterally and posteriorly to the brain.
Some early muscular fibers penetrate the brain. During the
very first days of Symsagittifera embryo development, a grid
of circular and longitudinal muscles appears, with circular
muscles preceding longitudinal ones. Myogenesis in the
anterior part of the animal occurs first and then proceeds in
an anterior—posterior progression (Figure 12.5¢). Muscular
circular fibers are added by a process involving the branch-
ing of previous ones (Figure 12.5f). The grid of muscles is
more regular in the dorsal part of the embryo than in the
ventral, probably due to the need to accommodate addi-
tional muscles in ventral structures such as the mouth and
the copulatory organs (Figure 12.5g). The embryos hatch
with a basic grid composed of about 30 longitudinal and
60 circular muscles (Semmler et al. 2008). During the later
development, additional muscles are incorporated, includ-
ing specialized muscles around the mouth and the copula-
tory system, plus a whole array of transversal (dorso-ventral)
fibers. The adults have a total of about 300 circular muscles
and 140 longitudinal ones.

The embryonic origin of the brain and the neural chords
hasn’t been studied in detail, but it is assumed to occur
in early embryogenesis, based on early embryonic expres-
sion (bilateral lobes) of some bHLH “neurogenic” genes
(Perea-Atienza et al. 2018). A better understanding of the
genesis of the nervous system is derived from the study
of Neochildia fusca embryos (Ramachandra et al. 2002).
These authors documented the presence in late embryos
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of the brain primordia, which can be clearly distinguished
at the anterior pole of the embryo and consists of an exter-
nal cortex of neuronal bodies around an internal neuropil.
Given the consistency of these observations with those of
Perea-Atienza, and with both acoels being members of the
same class, Crucimusculata, we can hypothesize that the
neurogenesis is following identical, or very similar, paths.
A more comprehensive analysis of gene expression patterns
during S. roscoffensis embryogenesis is urgently needed in
order to understand the mechanisms regulating embryonic
development and patterning.

12.6 REGENERATION

Acoel flatworms show an enormous capacity for regenera-
tion. The extent of this regeneration varies from species to
species, with some even relying on regeneration for repro-
duction (Sikes and Bely 2010). Investigation of the regen-
erative capacity of acoels dates back to the beginning of
the 20th century, when Elsa Keil (1929) described some
histological aspects of regeneration in the acoel flatworm
Polychaerus caudatus. Keil’s work was a revision of even
earlier data provided by Stevens and Boring (1905) and
Child (1907). In the 1950s and 1960s, researchers includ-
ing Steinbock (1954) and Hanson (1960, 1967) undertook
a more systematic analysis of the regeneration process in
some acoel “turbellarians”, resulting in the creation of some
now-classical monographs.

One interesting aspect of acoel regeneration is that dif-
ferent species have the capacity to regenerate different
bodily areas. For example, Symsagittifera roscoffensis and
Hofstenia miamia can regenerate the anterior area (Bailly et
al. 2014; Hulett et al. 2020), while Isodiametra pulchra can
regenerate the posterior area (De Mulder et al. 2009; Perea-
Atienza et al. 2013). Many other varieties of regeneration
have been described for other species (Bely and Sikes 2010).
The reasons underlying these different capacities remain
unknown.

Symsagittifera roscoffensis is a particularly interesting
system in which to study regeneration, since this species
has the capacity to regenerate the whole brain anew. This
has interesting implications for understanding the mecha-
nisms involved in the regeneration of the nervous tissue. In
Symsagittifera roscoffensis, the regeneration of the brain
anatomy after amputation takes between one week and
ten days, similar to the time taken by Hofstenia miamia.
However, some additional structures, such as the statocyst,
require a few weeks for complete regeneration. The regen-
erative process involves the mobilization of stem cells
(neoblasts) that begin actively proliferating in response
to amputation and subsequently concentrate in the wound
area (BG and PM, unpublished data). The active prolifera-
tion of neoblasts is followed by a differentiation of mature
tissues. A clear blastemal area is missing in this process.
Regeneration follows three broad and distinct steps: (1) a
contraction of the anterior musculature immediately fol-
lowing amputation; (2) a subsequent closure of the wound
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area; (3) an extension of the three pairs of nerve cords into
the anterior domain of the animal’s body; and (4) the final
connection of these nerves to form two ring-shaped, sym-
metrical neuronal structures with increasing numbers of
mature neurons (i.e. the brain). Based on indirect observa-
tions (see Bery et al. 2010), it has been proposed that nerve
chords and muscular fibers at the amputation site could
somehow guide the process of tissue repair. This would be
in line with indications in Hofstenia miamia that muscles
provide positional information to regenerating tissue in
acoels (Raz et al. 2017), as is also the case in platyhelminth
species. The process of regeneration in Symsagittifera
roscoffensis has not been well characterized due to a
lack of studies using molecular markers. Studies of this
nature have been undertaken recently in Hofstenia miamia
(Hulett et al. 2020). However, it is important to note that in
Symsagittifera, it has been possible to test the functional
reconstruction of the brain area using various behavioral
tests assessing functions such as phototaxis and geotaxis
(Sprecher et al. 2015). These behaviors, though recognized
for decades (Keeble 1910), are only now being studied
quantitatively (Nissen et al. 2015). Sprecher and colleagues
(2015) have used different paradigms to assess the behav-
ior of amputated worms at different stages of recovery,
evaluating their responses to light, vibration and settling
in columns. The researchers also followed the motility of
the animals over the recovery period (Sprecher et al. 2015).
The functional assessment of brain activity was done in
parallel with a careful analysis of nervous system anatomy
by immunostaining, allowing the correlation of functional
and structural aspects of the regeneration process. This
study represents the first time that tests of this nature have
been used to understand the physiological consequences
of acoel regenerative processes (beyond the obvious char-
acteristics like recovery of body movement). A striking
finding of this study is that different sensory modalities
are restored at different times. For instance, phototaxis is
restored at about 20 days post-decapitation, while geotaxis
takes approximately 50 days to be restored. The growing
recognition that Symsagittifera roscoffensis is able to fol-
low more complex behaviors (Franks et al. 2016) and even
social behaviors offers further opportunities to study func-
tional recovery in the nervous systems of these animals,
once considered “simple”. The use of automated tracking
systems and computer simulation of individual and collec-
tive behaviors—as Franks and collaborators (2016) have
done—will provide us with the necessary tools to ana-
lyze different aspects of the brain’s functional recovery in
detail.

12.7 PRELIMINARY GENOMIC DATA

The so-called post-genomic era has produced a flurry of papers
addressing the characterization of many animal genomes and
transcriptomes, information that allows us to trace the evolu-
tionary history of animals with unprecedented detail. Among
those animals for which new information has been gathered
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are several members of the phylum Xenacoelomorpha (an
updated list appears in: Jondelius et al. 2019).

Three acoel genomes with different degrees of com-
pleteness have been produced in the last few years—
those of species Hofstenia miamia (Gehrke et al. 2019),
Praesagittifera naikaiensis (Arimoto et al. 2019) and
Symsagittifera roscoffensis (Philippe et al. 2019). While
the first is quite complete, that of our species is only a
preliminary draft. Despite the relatively low quality
of the Symsagittifera genome (a high-quality version
is currently being generated), some basic facts can be
extracted. The first is that the genome of Symsagittifera
is quite big, around 1.4 Gb, approximately half the size of
the human genome. This is supported by an independent
analysis of the genome size carried out by flow cytom-
etry. This genome is much bigger than that of Hofstenia
miamia, which has been reported to be 950 Mb long,
and Praesagittifera naikaiensis, which is estimated at
654 Mb. The genome of Symsagittifera is packed into
20 chromosomes of seemingly equal size (2n = 20), as
determined cytochemically using chromosomal spreads
(Moreno et al. 2009).

Briefly, in the case of Symsagittifera roscoffensis, a stan-
dard fragment Illumina library was made from a pool of
symbiont-free hatchlings, which were raised in artificial sea-
water in the presence of antibiotics. The genome fragments
were assembled with a mix of SOAPdenovo2 (-M3, —R,—
dl, —K31) and the Celera assemblers, resulting in an N50 of
2,905 bp. The introduction of PacBio sequencing method-
ologies has recently allowed us to increase the N50 to above
100 kb (PM, unpublished data). Genome and transcriptome
assemblies, including the genome of Symsagittifera, have
been deposited in https:/figshare.com/search, project num-
ber PRINAS517079. In parallel, a transcriptome was also
sequenced from mixed-stage S. roscoffensis embryos using
standard methods.

This is an A+T-rich genome with a 36% content of G+C
and a high representation of repetitive elements and trans-
posons (data not shown). Some of the transposon sequences
have been mapped to specific locations in the genome,
such as the neighborhood of the Hox genes (Moreno et
al. 2011), a particularity that would explain their disper-
sion in different chromosomes by rearrangements. The
draft genome and the transcriptomes have allowed for
the exploration of gene families and their compositions.
Families such as those containing bHLH, GPCRs, Wats or
homeobox have been explored extensively in recent years
(Perea-Atienza et al. 2015; Gavildn et al. 2016; Brauchle
et al. 2018). Strikingly, many of these sequences show spe-
cific patterns of divergence with respect to the putative
orthologs in other bilaterian clades (i.e. Wnts), corroborat-
ing the well-known fast rate of evolution of acoels, and in
particular Symsagittifera, genomes (Philippe et al. 2019).
Moreover, these gene family characterizations provide a
source of sequences necessary for the design of probes
used in downstream experiments by situ hybridization
(Perea-Atienza et al. 2018) or in the identification of BAC
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clones used in studies of chromosomal mapping (Moreno
et al. 2009).

12.8 CHALLENGING QUESTIONS
FOR THE FUTURE

Some challenging questions need to be addressed in this
model. The lack of functional tools has been a hindrance
in the analysis of Symsagittifera biology from both a devel-
opmental and physiological perspective. Until now, we have
relied on several molecular, anatomical and biochemical
techniques to analyze aspects of the anatomy, embryol-
ogy and metabolic activity of these animals under differ-
ent conditions. This has provided us with an enormous body
of knowledge, though mostly descriptive. The development
of tools for knockdown and biochemical intervention (i.e.
pharmacological agents) should be a priority in the field, so
that phenomena discovered observationally can be tested
directly through experimental intervention. Specifically, the
following are needed:

1. A deeper understanding of the embryology of S.
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can also aid our understanding of the morphologi-
cal changes that take place in both partners during
the symbiogenic process.

. S. roscoffensis exhibits complex behavior at both

the individual and collective levels. Factors such
light, gravity or animal crowds elicit a clear behav-
ioral response in S. roscoffensis. These diverse and
rich behaviors observed in a relatively “simple”
animal merit a deeper investigation. Genetic
intervention—and, perhaps, neuronal ablations—
could provide insight into the regulation of the S.
roscoffensis behavioral repertoire.

. Acoels show a remarkable capacity for regenera-

tion of body parts. S. roscoffensis has been identi-
fied as an ideal system to study the regeneration of
the head (and brain) from scratch. Understanding
how this process occurs could be of great impor-
tance beyond the domain of fundamental biology.
A combination of tools including gene mapping,
gene editing or gene knockout approaches (such as
CRISPR/CAS9) and single-cell sequencing could
give us unprecedented access to the mechanisms

roscoffensis, including lineage maps and a dissec-
tion of blastomere contributions (through ablation
methodologies). Furthermore, molecular markers
should be incorporated into our understanding of
embryonic regulation in S. roscoffensis.

. We need a better understanding of how the S.
roscoffensis genome is organized. This is necessary
not only for the identification of key features of the
genome (including intron/exon boundaries, synteny
conservation, non-coding RNAs, indels, etc.) but
also as an alternative tool for tackling the difficult
problem of phylogenetic affinities. We believe that
genomic characteristics can be of critical impor-
tance for phylogenomic reconstruction, beyond the
“classical” use of primary sequence data.

. A detailed characterization of cell types and their
architectural organization in tissues is still missing in
S. roscoffensis. High-throughput TEM reconstruc-
tions aided by single-cell transcriptomics would
provide ample opportunities to understand how cell
types are organized in S. roscoffensis and their puta-
tive enrichment in different subtypes. Combinations
of single-cell data plus in situ hybridization will be
necessary to reach this goal (spatial transcriptomics).

. S. roscoffensis is a unique system for the study of
symbiotic relationships. The host—algae interac-
tion provides a rich metabolic partnership and is
critical to the survival of animals in their environ-
ment. It is unknown how this symbiosis is achieved
and controlled at the genetic level. The fact that
both the host and the algae can be independently
cultivated and mixed provides us with a unique
opportunity to follow, in real time, the molecular
activities involved in the symbiogenic process. The
use of complementary techniques, such as TEM,

that regulate nervous system reconstruction.

The implications of this work for biomedicine cannot be
overstated.

The availability of some of the required technologies in
related acoel species should prove especially relevant. Over
the last years, we have seen the incorporation of RNAi meth-
odologies in the study of the development of Isodiametra
pulchra (De Mulder et al. 2009; Moreno et al. 2010) and
Hofstenia miamia (Srivastava et al. 2014). Moreover, con-
ventional techniques such as colorimetric and fluorescent
multiplex in situ hybridizations plus immunochemical tools
are now regular tools used in the analysis of the species of
this chapter, S. roscoffensis, and have been described at
extenso in the chapter published by Perea-Atienza and col-
laborators (Perea-Atienza et al. 2018; Perea-Atienza et al.
2020). To end this short overview, note that S. roscoffensis
is the first acoel species in which behavioral tests have been
devised (Nissen et al. 2015; Sprecher et al. 2015), opening
the possibility of carrying out detailed analysis of the physi-
ological role that tissues, cells and genes have in the Acoela.
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