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Abstract Nemertodermatida are microscopic marine worms
likely to be the sister group to acoels, forming with them the
earliest extant branch of bilaterian animals, although their
phylogenetic position is debated. The nervous system of
Flagellophora cf. apelti, Sterreria spp. and Nemertoderma
cf. westbladi has been investigated by immunohistochemistry
and confocal microscopy using anti-tubulin, anti-5-HT and
anti-FMRFamide antibodies. The nervous system of F. cf.
apelti is composed of a large neuropile and a loose brain at
the level of the statocysts with several nerve fibres surround-
ing them and innervating the broom organ. Sterreria spp.
shows a commissural-like brain and several neurite bundles
going frontad and caudad from this. At the level of the stato-
cysts there is also a thicker aggregation of immunoreactive
fibres. The nervous system of N. cf. westbladi consists of a
nerve ring lying outside the body wall musculature at the level

of the statocyst and a pair of ventro-lateral neurite bundles,
from which extend thinner fibres innervating the ventral side
of the animal. Numerous bottle-shaped glands were observed,
innervated by fibres starting both from the brain and the
neurite bundles. The nervous system of the nemertodermatids
studied to date displays no common pattern; instead, there is
considerable plasticity in the general morphology of the ner-
vous system. In addition, the musculature of Sterreria spp. has
been studied by phalloidin staining. It shows diagonal muscles
in the anterior quarter of the body and a simple orthogonal grid
in the posterior three quarters, being simpler than that of the
other nemertodermatids. High-resolution differential interfer-
ence contrast microscopy permitted to better visualize some
morphological characters of the species studied, such as stato-
cysts, sperm and glands and, in combination with anti-tubulin
staining, describe in detail the broom organ in F. cf. apelti.
Finally, we note an apparent absence of innervation of the gut
in Nemertodermatida similar to the condition in Xenoturbella.
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Introduction

Nemertodermatida are marine microscopic worms that have
recently attracted attention due to controversies regarding their
phylogenetic position and their ensuing importance for our
understanding of the evolution of bilaterian complexity.
Nemertodermatida are often considered the sister group of
the somewhat better known group Acoela forming with them
the taxon Acoelomorpha (Ehlers 1985), although this phylo-
genetic hypothesis has been questioned based on molecular
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phylogenetics (Wallberg et al. 2007; Paps et al. 2009).
However, the most recent phylogenomic studies do support
the Acoelomorpha (Hejnol et al. 2009; Philippe et al.
2011). The overall position of nemertodermatids (with
or without Acoela as a sister group) on the metazoan
tree of life is also disputed. Initially, they were classi-
fied within Platyhelminthes (Steinböck 1930; 1932;
Westblad 1937; Karling 1940; Ehlers 1985), but molec-
ular phylogenetics and phylogenomics have consistently
rejected this relationship, placing them as an early
bilaterian branch diverging before the evolution of
Nephrozoa, either separate from Acoela (Jondelius
et al. 2002; Wallberg et al. 2007; Paps et al. 2009) or
as part of Acoelomorpha (Hejnol et al. 2009, Srivastava
et al. 2014). A competing phylogenomic hypothesis
placed Acoelomorpha nested within Deuterostomia
(Philippe et al. 2011). In the analyses of both Hejnol
et al. (2009) and Philippe et al. (2011), Acoelomorpha
were recovered as sister group to the enigmatic
Xenoturbella and the latter coined this new clade
Xenacoelomorpha. Xenoturbella is a meiobenthic worm
with a similarly unstable phylogenetic position and a
simple intra-epidermal nerve net without brain.

Each of the two mutually incompatible hypothesized phy-
logenetic positions of Nemertodermatida (early branching
bilaterian lineage or a drastically reduced deuterostome) war-
rants thorough examination of their morphology. In the first
case, data on nemertodermatid morphology will facilitate in-
ferences about the morphology of the last common bilaterian
ancestor and the gradual evolution of morphological complex-
ity within Bilateria. The alternative deuterostome hypothesis
entails a number of losses of morphological traits, e.g. body
cavity, anus, excretory organs as well as a reorganization of
the nervous system (NS), and the first step towards under-
standing the drastic evolutionary reversal implied by this hy-
pothesis would be to acquire detailed knowledge of
nemertodermatid morphology.

The NS of Acoela , the l ikely s is ter group of
Nemertodermatida, has been investigated in several groups
and is a spectacular example of NS plasticity. Even closely
related species display noticeably different NS organization:
for instance, Faerlea glomerata Westblad, 1945 has a
superficial weak barrel-shaped 5-HT immunoreactive
(IR) brain (we follow the terminology suggested by
Richter et al. (2010)), while its close relative Avagina
incola Leiper, 1902 displays a deep concentrated bridge-
shaped brain (Reuter et al. 2001b). The acoel NS vari-
ability was further demonstrated by the examination of
seven representatives of Childiidae, a group of Acoela
for which there is strongly corroborated phylogenetic
hypothesis (Raikova et al. 2004b). The study demon-
strated that the brains in childiid species, although di-
verse in detail, still follow the same general pattern, and

the complexity of this pattern progressively increases in
accordance with the phylogenetic tree. The conclusion
from these observations was that there was a lot of
parallel evolution of NS characters in Acoela.

Of the currently known 18 nominal species (Meyer-
Wachsmuth et al. 2014), only two, Nemertoderma westbladi
Steinböck, 1938 and Meara stichopi Westblad, 1949b, are
consistently available for collection in relatively high numbers
at known localities. We have previously studied 5-HT and
RFamide immunoreactivity in these two species. In
N. westbladi, a basiepidermal symmetrical ring-shaped brain
composed of 5-HT and GYIRF IR fibres as well as two
ventro-lateral neurite bundles were revealed (Raikova et al.
2000a; 2004a). In M. stichopi, no brain was detected; only
two loose dorso-lateral longitudinal bundles of nerve fibres
and an infraepidermal nerve net were observed (Raikova
et al. 2000a). Recently, Børve and Hejnol (2014) have dem-
onstrated that the NS of M. stichopi is entirely basiepidermal
and confirmed the absence of a brain. Thus, the NS of
Nemertoderma andMeara resembles the basiepidermal nerve
net proposed to be present in the bilaterian ancestor
(Gröger and Schmid 2001; Raikova et al. 2004a;
Perea-Atienza et al. 2015).

The present study provides a further insight into the
nemertodermatid NS by increasing the taxonomic sam-
pling and the markers used. We have investigated
the NS pa t t e rn s i n l e s s common spec i e s o f
Nemertodermatida, Flagellophora cf. apelti Faubel and
Dörjes, 1978 (Ascopariidae) and Sterreria spp.
(Nemertodermatidae), using anti-FMRFamide, anti-5-HT
and anti-tubulin antibodies. The most striking feature of
F. cf. apelti is a broom organ, a set of long bristles with
adhesive tips that can be protruded through an anterior
pore and spread out as a fan. The species of Sterreria
a r e l onge r and more s l ende r t han the o the r
nemertodermatids for which the NS has been studied.
We have also obtained additional data on N. cf.
westbladi by using anti-tubulin antibodies, which stain
neurotubules and thus reveal most of the NS, while
previously, we have only visualized GYIRF-amide and
5-HT IR fibres. The new data is used to reconstruct
the evolut ion of some fea tures of the NS in
Nemertodermatida and provide a reconstruction of an-
cestral states.

Here, we also provide a description of the body wall mus-
culature in Sterreria sp., in addition to our previous
thorough investigation of M. stichopi and N. westbladi
(Meyer-Wachsmuth et al. 2013). Finally, the high-resolution
differential interference contrast microscopy permitted us to
better visualize some morphological characters of the species
studied, such as statocysts, sperm and glands and, in combi-
nation with anti-tubulin staining, describe in detail the broom
organ in F. cf. apelti.
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Material and methods

Sampling and identification

Specimens of the interstitial genera Flagellophora and
Sterreria were extracted from sandy sediments collect-
ed between 1.5 to 32 m depths us ing MgCl2
anaesthetization. Nemertoderma lives on muddy bot-
toms, and specimens were isolated by siphoning off
the uppermost layer of sediment through a 125-μm
sieve, in which the worms are caught. Species identifi-
cation based on light microscopy is difficult due the
scarci ty of available morphological characters.
Sterreria psammicola (Sterrer, 1970), for example, has
recently been discovered to be a complex of cryptic
species with mostly restricted but sometimes overlap-
ping ranges (Meyer-Wachsmuth et al. 2014). A recent
molecular phylogenetic study of Nemertodermatida
showed that the genus Nemertoderma may also consist
of more than two species and that the nominal species
N. bathycola and N. westbladi have been confounded
in the past (Wachsmuth and Jondelius 2015). Even
though only one species of Flagellophora has been
described so far, its cosmopolitan distribution and the
cryptic diversity found in Nemertinoides and Sterreria
(Meyer-Wachsmuth et al. 2014) give reason to believe
that this species may also be a complex of cryptic
species. Given these recent findings, we refrain from
making definitive statements about species identities
for the specimens used in this study. Given the sym-
patry observed in Nemertinoides and Sterreria, species
identity can also not be inferred by geographic locality
or habitat. Additionally, due to the fragility of the
specimens, documentation of those intended for later
morphological study is limited. The exact species iden-
tity of the specimens used in this study will possibly
never be known. However, comparisons of the structure
of the NS within Nemertodermatida are of interest even
on the genus level, where we will show significant
plasticity with this study.

For F. cf. apelti, 11 specimens were collected in 2010 from
the La Maddalena archipelago, Italy and Waimanalo Beach,
O’ahu, Hawai’i (Table 1).

Overall, 26 specimens of different species of Sterreriawere
collected at different localities in the La Maddalena archipel-
ago, Italy (2010), around Helgoland, Germany (2011), the
Madang lagoon, Papua New Guinea (2012) and off Faro,
Portugal (2013) (Table 1).

About 40 specimens of N. cf. westbladi were collected
from muddy bottoms at depths of 30–50 m in the vicinity of
the Tjärnö and Kristineberg marine stations of the Sven Lovén
Centre for Marine Sciences on the Swedish West coast from
2007 to 2012 (Table 1).

Light microscopy in vivo

Collected specimens intended for morphological studies are
identified under the dissecting microscope in order to avoid
damage by the application and subsequent removal of the
coverslip necessary for microscope study; the animals are very
small and fragile. Microphotographs of the squeezed and
sometimes anaesthetized animals were taken of the whole
animal and of potentially informative characters.

Fixation, storage and pre-staining treatment

(Electron Microscopy Sciences Cat. 64115) or in Stefanini’s
fixative (2 % paraformaldehyde and 15 % picric acid in 0.1 M
Na-phosphate buffer at pH 7.6, Stefanini et al. 1967). The
worms were stored for several weeks in the fixative then
rinsed for 24–48 h in 0.1 M Na-phosphate buffer (pH 7.6)
containing 20 % sucrose and processed as whole-mounts in
Eppendorf tubes. Prior to staining, the animals were immersed
in phosphate-buffer saline containing 0.4 % Triton X-100
(PBS-T).

Immunostainings

Double stainings were carried out according to the indirect
immunofluorescence method of Coons et al. (1955). The fol-
lowing antibodies and stains were used:

1. Primary antibodies

(a) Mouse anti-alpha tubulin conjugated with FITC
(Sigma-Aldrich F-2168) dilution 1:100 in PBS-T

(b) Mouse anti-tyrosinated tubulin (Sigma-Aldrich
T-9028) dilution 1:800 in PBS-T

(c) Rabbit anti-FMRFamide (Immunostar 20091) dilu-
tion 1:400 in PBS-T

(d) Goat anti-5HT (Immunostar 20079) dilution 1:400
in PBS-T

2. Secondary antibodies

(a) Sheep-anti-mouse FITC (Sigma-Aldrich F6257) di-
lution 1:40 in PBS-T

(b) Swine-anti-rabbit TRITC (DACO R0156) dilution
1:40 in PBS-T

3. F-actin histological staining

(a) Phalloidin-TRITC (Sigma-Aldrich P1951) dilution
1:100 in PBS

(b) Phalloidin-FITC (Sigma-Aldrich P5282) dilution
1:100 in PBS
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(c) Donkey-anti-goat Alexa Fluor® 488 (Abcam
ab150129) dilution at 1:400 in PBS-T

Collected worms were fixed in HistoChoice® Tissue Fixative



Incubations were performed with a cocktail of two different
primary antibodies not produced in the same animal, for 24–
72 h at +11 °C. Most often, the worms were stained with a
combination of mouse anti-alpha tubulin and rabbit anti-
FMRFamide, less frequently combinations of mouse anti-
tyrosinated tubulin and rabbit anti-FMRFamide, or goat anti-
5HT and rabbit anti-FMRFamide were used. After a thorough
rinse in PBS-T, the corresponding secondary antibodies were
applied one after another for 1 h each on a shaker at room
temperature. Sometimes, worms were single-stained in one of
the primary antibodies or single- or double-stained with
phalloidin. After rinsing 3×5 min in PBS, the animals were
mounted in Vectashield mounting medium and stored in the
dark at −20 °C.

As a control for specificity, some animals were incu-
bated for a week in PBS-T solution alone without the
primary antibodies, before the secondary antibodies
were applied in the usual way. No staining of the NS
was obtained in controls.

Confocal microscopy

The animals were examined in a confocal laser scanning
microscope (CLSM) LEICA TCS SP5 of the Research
Resource Center for molecular and cell technologies of
St.-Petersburg State University. Some specimens were
viewed from the dorsal side, some from the ventral side.
Usually, 25–60 optical sections were obtained while
scanning through the specimen. The maximum projec-
tion option was used to make reconstructions from sev-
eral adjacent optical sections in a series or from a whole
series (thus resulting in a thicker optical section). The
files obtained were processed with the Leica LAS AF
lite software, as well as Graphic Converter v. 7.6. and
Adobe Photoshop v. 7.0.

Results

Flagellophora cf. apelti

General morphology

F. cf. apelti is a small interstitial worm, up to 1mm long, living
in the sub- and lower littoral in coarse to fine sand. Most of the
investigated specimens were sexually mature, possessing eggs
and sperm packages, as well as a dorsal bursa (Fig. 1a–
d). The most striking feature of this species is the pro-
boscis, or broom organ, in the anterior, about one third
of the body length (Fig. 1a). It passes ventrally very
close to the statocyst, in squeeze preparation often
bending around it (Fig. 1a, b). When the broom organ
is retracted, its distal end lies at a distance of 150 μm
(Fig. 1b) from the frontal pore, through which it can be
protruded, while the statocyst lies at a distance of
200 μm from the frontal pore.

The space between the frontal pore and the statocyst is
occupied by frontal glands. The statocyst is oval, 22.5×
20.5μm. Two smooth statoliths 9 μm in diameter lie close to

Table 1 Locality information for specimens included in this study with geographic coordinates and notes about habitat

Country Locality Latitude Longitude Species Species

Germany Helgoland; Nordostmauer 54.1887 7.8852 Fine clean sand Sterreria sp.

Helgoland; Tonne 2 54.1802 7.9321 Fine clean sand Sterreria sp.

Italy Budelli Island 41.2934 9.3610 Medium fine sand Flagellophora cf. apelti, Sterreria sp.

La Maddalena 41.2808 9.3207 Medium fine sand Sterreria sp.

La Maddalena cave 41.2252 9.3765 Coarse sand Flagellophora cf. apelti, Sterreria sp.

Papua New Guinea Panab Island −5.1717 145.8081 Medium fine sand Sterreria sp.

Wanad Island −5.1353 145.8211 Fine sand some organic content Sterreria sp.

Portugal Faro 36.9589 −7.9511 Coarse sand with shell debris Sterreria sp.

Sweden Lilleskär-slätten 58.8821 11.1096 Fine mud Nemertoderma sp.

Syd Hällsö 58.9449 11.0825 Fine mud Nemertoderma sp.

Essvik 58.2843 11.5223 Fine mud Nemertoderma sp.

Telekabeln 58.2585 11.4401 Fine mud Nemertoderma sp.

USA Waimanalo 21.3266 −157.6828 Fine clean sand Flagellophora cf. apelti

Fig. 1 Light microscopic differential interference contrast pictures of
Flagellophora cf. apelti. aOverview of the living animal, showing broom
organ, frontal pore, statocyst, parenchyma, dorsal bursa, eggs and sperm
packages. b Retracted broom organ (asterisk marks its distal end) and
statocyst. c Bilithophorous statocyst with smooth-looking stones. One of
the muscles attaching the statocyst to the body wall is visible on the right
side. d Bursa with mouthpiece (see insert for details), two eggs, some
sperm packages and male opening in subterminal position. eAnterior end
of the body, broom organ opening. f Epidermis of the dorsal posterior end
of the body. Note polygonal shapes of the epidermal cells and granular
aggregation within each cell (arrows). bo broom organ, bs bursa, eg egg,
fgn frontal gland necks, fp frontal pore, lmf lateral muscle fibres,momale
opening, sp sperms, st statocyst

�
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each other (Fig. 1c). The frontal pore lies about 20 μm from
the anterior body tip (Fig. 1e).

The female bursa, which is present in all species of the
family Ascopariidae, opens dorsally approximately in the
third quarter of the body length, anterior to both the eggs
and the sperm packages (Figs. 1a, d). The bursa is retort-
shaped and has a distinct mouthpiece about 30 μm long, not
observed previously (Fig. 1d, insert).

In the posterior region of the body, epidermal cell borders
are clearly visible (Fig. 1f). The cells have polygonal, often

hexagonal, shapes and each has an aggregation of granular
material in the middle, which looks like a luminous spot under
a light microscope.

Broom organ structure and other peculiar features

The broom organ has been visualized by anti-alpha-tubulin im-
munostaining (Figs. 2a, b, d, e and 3d–f) and by phalloidin stain-
ing of muscles (Figs. 3i, j). It always shows a quite strong tubulin
immunoreactivity, especially in the proximal part (Figs. 2d, e),

Fig. 2 Confocal laser scanning microscope images of double-stained
specimens of Flagellophora cf. apelti. Double staining of alpha-tubulin
IR (green) and FMRFamide IR (red) elements. a–c Sagittal optical
sections through the anterior end of the body of the same specimen.
Dorsal side is on the right. Note the median broom organ, passing
ventrally of the statocyst, the unstained area on the right that
presumably contains the brain neuropile and an aggregation of
FMRFamide IR brain cells around it, mostly anterior to it. The apparent
FMRF-amide staining of the epidermis is an artefact resulting from the
high-intensity scans necessary due to the comparative weakness of the red
fluorescence to that of alpha-tubulin; it is missing in Fig. 2d. d Anterior

end of the body, tubulin IR broom organ is surrounded by a compact
aggregation of FMRFamide IR nerve cells at the level of the statocyst.
Note the tubulin IR nerve net in the epidermis (arrow). eAnterior end, the
broom organ is composed of coiled tubulin IR strands. f Unspecific
staining of the epidermis at mid-body revealing the mouth opening.
Borders of polygonal epidermal cells are readily visible; note gland cell
openings between the cells. Also note red-stained epidermal bacteria. g
Posterior end, dorsal retort-shaped bursa and sperm aggregations. Note
epidermal bacteria. Scale bars 25 μm. bc brain cells, bo broom organ, bs
bursa, ep epidermis, epb epidermal bacteria, m mouth, nc nerve cells, nn
nerve net, np neuropile, sp sperms, st statocyst
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Fig. 3 Confocal laser scanning microscope images of Flagellophora cf.
apelti. a–c FMRFamide IR pattern in the anterior end of the body and
broom canal innervation. Note rather large unstained cells lining the canal
and FMRFamide IR local nerve nets around the canal in b. d–gApha-tubulin
IR pattern. d Overview of the dorsal side of a specimen with broom organ,
bursa, sperm packages. e Overview of the ventral side showing the mouth
opening and subterminal male copulatory organ. f Broom organ, note the
parallel tubulin IR strands in its proximal part and the coiled strands in the
distal part. gAnother optical section of the same animal, showing awide brain
neuropile enveloping the proximal part of the broom. Note the presence of
numerous neurons with long processes surrounding the brain on the outside.
Also note a group of IR neurons near the distal end of the broom. h 5-HT IR
elements of the anterior part of the body, dorsal side on the right. Note

immunoreactivity in the neuropile, along the borders of the broom organ
canal, and in the anterior region of the body. i Phalloidin staining of the
anterior part of the body. Note F-actin fibres forming a sheath around the
broom (arrows) and parenchymal longitudinal muscles retractors of the
anterior end. j Another optical section of the same phalloidin-stained
specimen, showing more of the muscular broom sheath (arrows) as well as
the strong specialized muscle retractor of the broom, connecting its proximal
end to the body wall. Scale bars 25 μm. bn brain neuropile, bo broom organ,
boc broom organ canal, brm broom retractor muscle, bs bursa, g granules, ic
innervation of the broom canal, m mouth, mco male copulatory organ, nc
nerve cells, nf nerve fibres, nn nerve net, prm parenchymal retractor muscle, s
sensory cells, sp sperms, st statocyst
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and about ten individual IR strands are clearly distinguishable
inside of it (Figs. 2b, d, e and 3d, f). Each one seems to run along
the whole length of the broom organ. The broom can be more or
less extended or compactly coiled. In the latter case, it is interest-
ing to note that the proximal part of the broom remains rather
straight, while the coils appear in the distal part, anterior to the
level of the statocyst (Figs. 2e and 3f). The most tightly coiled
broom organ in our material (Fig. 2e) had only one fourth of its
length, the most proximal part, straight, before it bent in on itself
and in themost distal part the individual strandswithin the broom
became coiled (Fig. 2e). At the proximal end, the individual
strands of the broom seem to break apart into numerous
thinner fibres (Fig. 2e). When the broom organ is not
stained by anti-tubulin antibody, obscuring the view, nu-
merous very small granules (1 μm) can be observed
along the broom strands (Fig. 3h). The broom lies and
moves within a canal—a tube starting at the frontal pore
and ending in the vicinity of the gut. The canal lumen is
lined by relatively large (up to 25 μm long), likely glan-
dular cells and their processes, unstained by the antibod-
ies used (Fig. 3b).

The phalloidin-TRITC staining revealed a sheath of
phalloidin-stained F-actin fibres enveloping the broom; thus,
the broom itself becomes contractible (Figs. 3i, j). A strong
specialized muscle retractor connects the proximal end of the
broom to the body wall (Fig. 3j). In addition, there are some
parenchymal longitudinal muscles—retractors of the anterior
end of the body (Fig. 3i).

Anti-tubulin immunostainings also permitted to visual-
ize the general layout of the body from the dorsal side
(Fig. 3d) with the anterior broom organ, dorsal bursa
and caudal sperm packages and from the ventral side
(Fig. 3e) with a male pore in the posterior and a mouth
opening. The mouth opening lies ventrally, not far from
the proximal end of the broom organ, and could be de-
tected for the first time in this species (Fig. 3e). Epidermal
cells around the mouth display peculiar polygonal shapes
but the very rim of the mouth is smooth (Fig. 2f).

Surprisingly, in the Hawaiian specimens, the anti-
FMRFamide antibody also stained epidermal bacteria, tiny
rod-shaped organisms, 2–5μm long, abundant in the epider-
mis (Figs. 2f, g).

Nervous system of F. cf. apelti

The NS patterns have been visualized by double anti-
FMRFamide/anti-alpha-tubulin immunostaining (Fig. 2), by
single anti-FMRFamide staining (Figs. 3a–c), single anti-
alpha-tubulin staining (Figs. 3d–g) and single anti-5HT stain-
ing (Fig. 3h).

Anti-alpha-tubulin immunostaining always reveals the
broom organ, which is so bright, that it dominates the
weaker reaction stainings and makes them indiscernible.

We were able to sufficiently counter this effect only in
single anti-alpha-tubulin immunostainings, which show
more details than anti-tubulin in double stainings.
Thus, a single anti-alpha-tubulin immunostaining re-
vealed an anterior centralisation of the NS in form of
a large neuropile (Fig. 3g), which lies dorsal to the
broom organ, slightly posterior to the statocyst. The
lateral borders of the neuropile are wrapped around the
broom organ; thus, they are visible on the optical sec-
tions through the broom, on the sides of it (Fig. 3f).
The statocyst seems to be embedded into the neuropile
on the dorsal and posterior sides (Fig. 2b). Surrounding
the neuropile is a large number of unipolar and bipolar
neurons, 3–5 μm in size, connected to the neuropile and
interconnected between each other by nerve fibres
(Fig. 3g). Numerous fibres with cell bodies along their
course go to the anterior end of the body, most likely sensory
cells.

Anti-FMRFamide immunostaining reveals numerous IR
cells around the area of the neuropile (Figs. 2a–c) forming a
loose brain. On serial sagittal sections, it is visible that the
FMRFamide IR cells are scattered on the periphery of the
neuropile (Fig. 2a), dorsally from it (Fig. 2b), but mostly an-
terior to it, surrounding the broom organ canal (Figs. 2a–c).
Sometimes, FMRFamide IR cells can be seen forming a sep-
arate aggregation around the broom canal (Fig. 2d). The
FMRFamide IR brain cells are mostly bipolar or multipolar
neurons, about 5×3μm in size; thus, they are likely present
among the numerous tubulin IR cells visualized around the
neuropile in Fig. 3g.

Double stainings of nerves and muscles were unfortunately
not successful. The neuropile and most of surrounding cells
appear to be submuscular, while the dorsal nerve cells and the
cells posterior to the brain may lie within the epidermal layer.

Single anti-FMRFamide staining of Stefanini-fixed speci-
mens of F. cf. apelti visualized the innervation of the anterior
end of the body and the broom organ canal (Figs. 3a–c). Five
longitudinal chains of FMRFamide IR neurons have been de-
tected on one side of the body, about four on the other side, a
distinction between ventral and dorsal was not possible. They
run alongside the central canal of the broom organ on all sides.
Some of the nerve cells send projections to the cells lining the
canal (Fig. 3b). Sometimes, small local nerve nets appear by
the canal walls (Fig. 3b). FMRFamide IR cells of the anterior
fibres are about 5.5×2.5μm in size. What appear to be smaller
cells are most likely varicosities.

Anti-5-HT immunostaining reveals IR elements in the
neuropile, and a few IR neurons 4 μm in diameter on the
borders of the neuropile, mostly in front of it (Fig. 3h).
Some 5-HT IR fibres were detected in front of the neuropile,
innervating the anterior end of the body. The most noticeable
feature of the 5-HT pattern is the innervation of the broom
canal, which is lined on all sides by 5-HT IR fibres (Fig. 3h).
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Sterreria spp.

General morphology

Species of the genus Sterreria spp. are small interstitial worms
usually up to 5 mm in length, with a length to width ratio of
approximately 15:1 (Fig. 4a). At the anterior end, there is a
bilithophorous statocyst with a lithocyte capping the statolith
appearing in blisters (Fig. 4b), one of characteristics of the family
Nemertodermatidae (Sterrer 1998). Usually, the “blister cap”
stays on top of the statoliths evenwhen the animal is turned; only
when the animal is squeezed hard, as in Fig. 4c, it becomes
visible that the blistered structure is a feature of the cytoplasm
of the lithocyte, not of the statolith itself, which is smooth. The
statocyst measures 23×16μm,with the stones 8 μm in diameter.
The stones lie well apart from each other and there is a hint of
partition between them (Fig. 4c). Frontal glands described by
Faubel (1976), Sterrer (1998) and Lundin (2000) for
S. psammicola and S. rubra (Faubel, 1976) can be observed in
the species studied (Fig. 4b).

The male copulatory organ lies in supraterminal position,
just anterior to the caudal adhesive plate (Fig. 4a). The male

opening is lined by numerous rhabdoids (Fig. 4d). The copu-
latory organ consists of a false seminal vesicle, as it lacks its
own walls, but is composed of tightly packed autosperm with
a small penis cone distally (Fig. 4d). Autosperm and allosperm
are quite different morphologically, as is the case in most
nemertodermatids (Sterrer 1998). Cells of autosperm can be
observed both in the false seminal vesicle and outside the
body, by the male opening (Fig. 4d). They are longer, have a
smooth surface and look rigid as opposed to allosperm cells,
which are much shorter, less rigid and display a helical struc-
ture on the surface (Fig. 4c). As seen in Fig. 4c, allosperm cells
can be observed in rather incongruous areas, supporting the
view that insemination occurs via epidermal injection.

Nervous system

The NS of Sterreria spp. has been visualized by anti-alpha-
tubulin (Figs. 5a–c), anti-5-HT (Figs. 5g–i) and by anti-
tyrosinated-tubulin (Figs. 5j, k) immunostainings as well as
by double immunostaining of alpha-tubulin IR and
FMRFamide IR elements (Figs. 5d–f). The NS consists of a
basiepidermal nerve net and a rather complex brain, which, as

Fig. 4 Light microscopic differential interference contrast micrographs
of Sterreria sp. a Overview of the living animal, showing its elongated
body shape. The animal is slightly twisted and the posterior end viewed
from the left lateral side. Note dorsal supraterminal male copulatory organ
and adhesive plate. bAnterior end of the body showing frontal glands and
brain cells. c Statocyst of a hard squeezed specimen with two statoliths

and lithocytes with blistered-looking cytoplasm. Note allosperm lying
close to statocyst. d Male opening, lined by rhabdoids, penis cone and
false seminal vesicle composed of closely packed autosperm. Note sperm
outside the body as well. ap adhesive plate, fgn frontal gland necks, fsv
false seminal vesicle, lcy lithocyte, mco male copulatory organ, mo male
opening, pc penis cone, rh rhabdoids, sp sperms, st statocyst, stl statolith
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far as we can tell without a double tubulin-phalloidin staining,
lies entirely below the level of the body wall musculature
(Fig. 5e).

Alpha-tubulin immunoreactivity was observed around and
anterior to the level of the statocyst. The statocyst in fixed ani-
mals lies at the distance of 80–100μm from the anterior tip of the
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body (Fig. 5b), while the brain structure occupies the anterior
170–190μmof the body (Fig. 5a). The brain resembles a loosely
woven basket, stronger dorsally, with the opening directed pos-
teriorly (Figs. 5a–f). In the brain, the most prominent fibres are
two dorsal longitudinal neurite bundles (Fig. 5a). At about the
level of the statocyst, each of those forks into a dorsal and a
dorso-lateral neurite bundle (Fig. 5a). A pair of lateral longitudi-
nal neurite bundles can be observed running parallel to the dorsal
bundles (Fig. 5a, b). Close to the anterior tip of the body, these
lateral bundles appear thicker than the dorsal ones, though the
fibres composing them are more loosely packed (Fig. 5b); more
posteriorly, the lateral bundles become weaker than the dorsal
ones (Fig. 5a). The dorsal and lateral longitudinal neurite bundles
are interconnected by seven to eight thin irregular commissures,
composed of one to four nerve fibres each (Fig. 5a). Towards the
posterior opening of the basket, the structure becomes more and
more irregular, resembling at this level a dense nerve net
(Fig. 5a). On the ventral side, two adjacent longitudinal neurite
bundles run from the anterior tip of the animal to the anterior end
of the basket-like structure (Fig. 5c). The transverse fibres
connecting them with the lateral bundles are weak and lie very
close to the surface (Fig. 5f). The statocyst is hard to detect
because the nerve fibres around it are usually weakly stained
(Fig. 5b). It lies at the same level as the branching of the dorsal
neurite bundles and seems to be connected both with the dorsal
bundles (Fig. 5d, e) and the transverse commissure, which are
connecting just posterior to the statocyst. By analogy with the
acoel brains, we call this commissure dorsal posterior commis-
sure (Fig. 5d).

FMRFamide immunoreactivity has been detected in the
dorsal neurite bundles of the brain structure (Fig. 5d). Only a

few of the numerous anti-tubulin IR fibres are FMRFamide
IR. These dorsal fibres run from the anterior end of the body to
the statocyst, but no further. A few FMRFamide IR fibres are
also found in the lateral neurite bundles (Fig. 5e), while on the
ventral side of the animal, the FMRFamide IR fibres are more
numerous (Fig. 5f). The FMRFamide immunoreactivity is al-
so detected in the nerve aggregation surrounding the statocyst
(Fig. 5d, e) and in some commissures, including the dorsal
posterior one (Fig. 5d).

5-HT immunostaining proved to be rather weak, but 5-HT
IR clusters of nerve cells were detected in the dorsal and lateral
neurite bundles of the brain as well as in some commissures
(Fig. 5g–i). The neurons, 5–8 μm in diameter, lie along the
dorsal and lateral neurite bundles, anterior to the statocyst
(Fig. 5g, h). The neurons in the ventral commissure are about
4–5 μm in diameter (Fig. 5i). 5-HT immunoreactivity was not
detected in nerve fibres surrounding the statocyst (Fig. 5g).

Tyrosinated-tubulin immunostaining permitted us to
better visualize the IR elements closer to the surface
(Fig. 5j, k). Both on the dorsal (Fig. 5j) and the ventral
(Fig. 5k) sides of the body, irregular chains of small
bipolar neurons were detected. The neurons are about
3 μm long and 1.5–2 μm wide and do not show either
5-HT or FMRFamide immunoreactivity. They were,
however, also detected by anti-alpha-tubulin immuno-
staining (Fig. 5f).

Muscular pattern

Phalloidin staining of the musculature of Sterreria spp.
(Fig. 6a–g) revealed body wall musculature composed of an
orthogonal grid of circular and longitudinal muscles (Fig. 6a–
c). In the anterior quarter of the body length, there is an addi-
tional layer of diagonal muscles (Fig. 6a). Those are
intermingled with the circular ones and clearly originate from
them. It is easy to follow how one transverse muscle fibre
continues as circular, while the adjacent one takes a diagonal
course (Fig. 6a). Diagonal muscles criss-cross each other at an
angle of about 120°. The inner longitudinal muscles near the
midline of the body form a hiatus at the anterior end, with
about 4–5 longitudinal muscles from the right and the left side
crisscrossing each other (Fig. 6a). Towards the middle of the
body, diagonal muscles disappear and only a regular orthog-
onal grid remains (Fig. 6b). Individual fibres of the circular
musculature are much weaker than fibres of the longitudinal
and diagonal musculature.

At the posterior end of the body, Sterreria species have a
subterminal adhesive plate formed by a line of closely packed
gland necks opening to the surface (Figs. 6c, f, g). The ventral
and dorsal longitudinal muscles form anastomoses and attach to
each other near the borders of this glandular stripe (Fig. 6f, g).

In none of the studied specimens, a mouth could be ob-
served. Most of the specimens were male mature and it has

Fig. 5 Confocal laser scanning microscope images of Sterreria sp. a-c
Alpha-tubulin IR elements of dorsal side (a), midline region (b) and
ventral side (c) of the same specimen. The brain is basket-shaped with
dorsal, dorso-lateral and lateral neurite bundles in a, lateral neurite
bundles in b and ventral neurite bundles in c. Asterisk marks the fork in
dorsal neurite bundles, where dorso-lateral neurite bundles originate.
Note the nerve elements around the statocyst in b as well as sections of
frontal gland necks brightly stained because of microtubule lining. d–f
Double staining of alpha-tubulin IR (green) and FMRFamide IR (red)
elements. Optical sections of the dorsal side (d), the midline (e) and the
ventral side (f) of the same specimen. Note FMRFamide IR nerve fibres
around the statocyst and their connection with dorsal neurite bundles,
which also contain some FMRFamide IR nerve fibres. The ventral
neurite bundles (in f) and some transversal commissures show
FMRFamide IR fibres. Note also FMRFamide-negative basiepidermal
nerve net and unstained layers of body wall muscles in e. In f arrows
mark irregular transverse fibres, like those in j and k. g 5-HT IR neurons
in the dorsal neurite bundles by the statocyst. h 5-HT IR cells in lateral
neurite bundles of the same specimen. i 5-HT IR nerve fibre on the ventral
side of the same specimen, marked by arrows. j, k Tyrosinated-tubulin IR
on the dorsal side (j), on the ventral side (k) indicated by arrows. Scale
bars 25 μm. bwm body-wall muscles, dln dorso-lateral neurite bundles,
dn dorsal neurite bundles, dpc dorsal posterior commissure, ep epidermis,
fgn frontal gland necks, ln lateral neurite bundles, nc nerve cells, nn nerve
net, st statocyst, stf statocyst nerve fibres, tc transversal commissure, vn
ventral neurite bundles

�
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been shown that the mouth in N. westbladi completely
reduces in older animals (Westblad 1937, Meyer-
Wachsmuth et al. 2013) and it is thought to do be the
case in Sterreria as well (Hooge 2001). Instead, we
were able to visualize the muscle arrangement around
the male opening (Fig. 6d). It is located dorsally, close
to the posterior end of the body. There are one to two
sphincter fibres encircling the opening. The most medi-
an longitudinal body wall muscles bend around the male
opening and continue caudally while two to three more
lateral ones bend around the male opening in U-shaped
fashion. Circular muscles simply bend out of the way.

The inner musculature is mostly comprised of the fibres
around the statocyst (Fig. 6e), which is shifted dorsally and
suspended by strong muscles originating from the lateral sides
of the body wall from both sides (Fig. 6e). Seemingly, the
dorsal posterior commissure of the brain described above runs
along these muscles. Several muscle fibres reach the statocyst
from the anterior end of the body (Fig. 6e).

Nemertoderma cf. westbladi

Nervous system and gland innervation

The NS of N. cf. westbladi is entirely basiepidermal. It was
studied by anti-alpha-tubulin immunostaining (Figs. 7a, c, d
and 8a, b, e) and anti-tyrosinated-tubulin immunostaining
(Figs. 7b and 8c, d).

Anti-alpha-tubulin immunostaining readily reveals
general morphology as it not only stains nerve cells
but also cilia, sperm (Fig. 7a), the male copulatory or-
gan (Fig. 7a) and all glands with gland necks lined by
microtubules (Fig. 8).

At the anterior end of the animal, there is a nerve ring
surrounding a bilithophorous statocyst. From this ring, several
caudal neurite bundles originate (Fig. 7a, b) but only the two
ventral ones reach the posterior end of the animal (Fig. 7c, d).
At the site of origin of the ventral neurite bundles, the brain
ring is noticeably thickened, forming a local neuropile

Fig. 6 Confocal laser scanning microscope images of Sterreria sp.
stained with phalloidin-TRITC. a Anterior end with diagonal, circular
and longitudinal muscles of the body wall. Note the anterior hiatus of
longitudinal muscles (arrows). bMid-body, the bodywall comprises only
weak circular and strong longitudinal muscles. Arrowheads point to
anastomoses between longitudinal muscles. c Posterior end of the body
with longitudinal and circular musculature at the level of the adhesive
plate. dMale opening on the dorsal side near the posterior end of the body

with muscular sphincter and U-shaped muscles from the anterior. e Inner
muscles of the anterior end of the body supporting the statocyst. fMuscles
at the posterior end of the body. Ventral side up. gAnother optical section
of the same series showing a stripe of gland openings at the posterior end.
Scale bars 25 μm. amf anterior muscle fibres, cm circular muscles, dm
diagonal musculature, gs glandular stripe, lm longitudinal muscles, lmf
lateral muscle fibres, sph sphincter, st statocyst, U U-shaped muscles
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(Fig. 7c). Anterior to the ring, there is an aggregation of sen-
sillae innervated from the brain ring (Fig. 7b). Numerous sen-
sory fibres start from the ventral neurite bundles outwardly,
innervating the thick epidermis. Other fibres innervate the
ventral side of the body (Fig. 7d).

One of the specimens stained by anti-tyrosinated-
tubulin displayed a mouth opening (Fig. 7b). It serves
as a focal point for numerous nerve fibres coming from
all directions but mainly from the ventral neurite bun-
dles (Fig. 7b).

In some specimens stained for longer time (about
72 h), epidermal glands are revealed and it is possible
to follow their innervation (Fig. 8a). Most of them are
innervated by nerve fibres coming from the ventral
neurite bundles (Fig. 8a). Glands of the anterior end
of the body are innervated directly from the brain ring
(Fig. 8d). It is possible to follow the nerve fibre making
contact with the membrane of the gland cell (Fig. 8b).

The most peculiar glands observed in Nemertoderma cf. are
undoubtedly the bottle-shaped ones (Fig. 8c), which are

Fig. 7 Confocal laser scanning microscope images of Nemertoderma cf.
westbladi. a Alpha-tubulin immunoreactivity. Overview of a roundish
male mature animal with ring-shaped brain, paired lateral testes with
developing sperms, seminal vesicle filled with sperm and male antrum
at posterior terminal position. Note also unstained eggs between the
testes. b Tyrosinated-tubulin immunoreactivity. Note numerous
sensillae of the anterior end, a ring-shaped brain and innervation around
the mouth. c Alpha-tubulin immunoreactivity. Prominent ventral neurite

bundle starting from the ring-shaped brain. Note numerous nerve fibres,
going outwards into the epidermal layer. d Alpha-tubulin-
immunoreactivity in the posterior end of the animal, showing joining
together of the two ventral neurite bundles and the extensive
innervation of the ventral side of the animal. Scale bars 50 μm. br
brain ring, eg egg, m mouth, ma male antrum, nf nerve fibres, s sensory
cells, sp sperms, sv seminal vesicle, vn ventral neurite bundles
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strongly tubulin IR probably due to the lining of microtubules.
A row of such glands can be observed along the ventral neurite
bundles (Fig. 8c). The presence of bottle glands is characteristic
for the family Nemertodermatidae (Sterrer 1998). In small male
mature specimens, a distinct stripe of tightly packed gland
openings was observed running across the anterior end of the
animal (Fig. 8e–g).

Discussion

Nervous system of nemertodermatids

Faubel and Dörjes (1978) described the NS of F. cf. apelti by
traditional histological methods and we can fully confirm the
accuracy of this description. Our immunostainings have

Fig. 8 Confocal laser scanning microscope images of Nemertoderma cf.
westbladi. a Alpha-tubulin IR pattern. Overview of an animal at the level
of epidermis showing innervation of numerous tubulin IR glands and the
seminal vesicle. bAlpha-tubulin IR pattern. Innervation of the gland cells
from the brain. c Tyrosinated-tubulin IR pattern. Innervation of the bottle
glands from the ventral longitudinal neurite bundles. d Tyrosinated-
tubulin IR pattern. Glands in the anterior part of the body innervated

directly from the brain. Note tubulin IR gland openings at the body
surface. e Alpha-tubulin IR pattern. Note a stripe of unstained gland
neck openings across the anterior end of the body. f Differential
contrast image of the stripe of gland neck openings. g Confocal image
of the same stripe. Note gland necks passing between epidermal cells.
Scale bars 25 μm. br brain ring, gl gland, gs glandular stripe, ma male
antrum, nf nerve fibres, sp sperms, vn ventral neurite bundles
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demonstrated that a large number of the neurons are
FMRFamide IR, which is true also for the anterior nerve tracts.
The 5HT IR cells are fewer, but there are some fibres in the
anterior nerve tracts and in the innervation of the broom canal.
It is interesting to note that RFamide immunoreactivity seems to
dominate in the NS of both F. cf. apelti and N. cf. westbladi. In
the former, the mass of cells anterior to the neuropile are
RFamide IR, as are the prominent ventral neurite bundles and
the ventral part of the brain ring in the latter (Raikova et al.
2004a).

The brain of Sterreria rubra was described by Faubel
(1976) as r ing-shaped with dorsal and ventral
thickenings in submuscular position and the statocyst
embedded in the dorsal part of the brain. Our
observations mostly correspond with that of Faubel
(1976) and we could also show a subepidermal nerve
net composed of mostly FMRFamide and tyrosinated
tubulin IR elements. The brain itself is basket-shaped
with strong longitudinal neurite bundles and a number
of commissures starting right at the anterior end of the
body, hence the extensive innervation of this region
noted by Faubel (1976). The dorsal thickening of the
nerve ring observed by Faubel (1976) contains dorsal,
dorso-lateral and lateral neurite bundles, and the stato-
cyst is connected to the dorsal part of the brain. The
ventral thickening of the ring, observed by Faubel
(1976), contains ventral neurite bundles. The part of
the brain encapsulating the statocyst is highly RFamide
IR while no 5-HT and little alpha-tubulin immunoreac-
tivity could be detected.

In general, the brain structure of Sterreria spp. resembles a
commissural brain as observed in some acoel species, e.g.
Childia spp. (Raikova et al. 2004b). The main difference is
that in the acoel brain, the commissures are normally of equal
thickness or thicker than the longitudinal connectives whereas
in Sterreria spp., the connectives are much thicker.

Another description that seems to partly match our observa-
tions on Sterreria spp. is Riser’s (1987) account of the NS of
Nemertinoides elongatus Riser, 1987. Common features are the
strong dorso-lateral neurite bundles connected by weaker com-
missures. However, the large ventral neural mass reported by
Riser seems to be a specific feature of N. elongatus as we could
not detect this in our preparations. Alternatively, the two ventral
neurite bundles seen branching into an epidermal nerve net
in Fig. 5c may correspond to the “neural mass” de-
scribed by Riser (1987) from histological sections.

Nervous system anatomy is often regarded as slow-
evolving or “conserved” and thus particularly useful for
reconstructing deep divergences, such as those in early
bilaterian evolution (Loesel 2011), a notion that led
Harzsch (2002) to coin the term neurophylogeny. In
the light of the position of Nemertodermatida as an
early branching bilaterian lineage (e.g. Jondelius et al.

2002; Hejnol et al. 2009 and others) or, alternatively as
a drastically reduced deuterostome group (Philippe et al.
2011), it is of interest to reconstruct nemertodermatid
neuroanatomy in detail as it may help reconstruct the
NS of the last common bilaterian ancestor or reveal
the features unique to deuterostomes predicted by
Philippe et al. (2011).

Brain anatomy appears highly variable within
Nemertodermatida. In F. cf. apelti, we observed a neuropile,
a structure, which was absent from all species of
Nemertodermatida previously studied (Raikova et al. 2000a;
2004a). N. westbladi possesses a ring-shaped brain whereas
Sterreria spp. have a commissural brain similar to that ob-
served in some species of Acoela (Raikova et al. 2004b). In
M. stichopi, there is no anterior centralization, only two thick
fibre bundles interconnected in the anterior by weak commis-
sures. The extensive development of what was called the
endonal brain by Reisinger (1925) in F. cf. apelti can probably
be explained by the presence of the broom organ and the
necessity to innervate it.

The position of the NS is also variable: in N. westbladi and
M. stichopi, it is basiepidermal while it is submuscular in
Sterreria spp. and in F. cf. apelti. The earliest bilaterian NS
is thought to consist of a diffuse subepidermal nerve net sim-
ilar to that of cnidarians (Gröger and Schmid 2001). Reisinger
(1925) proposed that in the course of evolution nerve elements
becomemore concentrated and the NS sinks below the muscle
layers. According to this hypothesis the subepidermal brains
of Sterreria spp. and F. cf. apelti would be apomorphic and
the basiepidermal brain rings of N. westbladi would represent
the ancestral state. However, plotting the NS characters on a
phylogenetic tree based on ribosomal genes and Histone 3
retrieved in a recent molecular phylogenetic study of a
taxonomically comprehensive nemertodermatid dataset
(Meyer-Wachsmuth and Jondelius 2015) reveals homoplasy
in this character (Fig. 9). It is not clear directly from the
nemertodermatid phylogeny in Fig. 9 which state is ancestral
for Nemertodermatida. Neither is it clear for acoels, as the
earliest branching clade, Diopisthoporidae (Jondelius et al.
2011), has a submuscular NS (Westblad 1940; Smith and
Tyler 1985; Raikova 2004c), while other basal lineages, such
as Hofsteniidae (Steinböck 1966), Solenofilomorphidae
(Crezée 1975) and Proporidae (Westblad 1946; Ax, 1963;
Faubel 1976), have representatives with a basiepidermal NS,
which is suggested to be the ancestral state in Acoela
(Westblad 1948, Steinböck 1966, Achatz and Martinez
2012). If indeed the ancestral acoel had a basiepidermal ner-
vous system, this character state can be inferred as the ances-
tral feature also in Nemertodermatida given monophyly of
Acoelomorpha. Under this hypothesis, a submuscular nervous
system evolved multiples times independently in Acoela and
twice within Nemertodermatida, namely in Flagellophora lin-
eage and Sterreria spp.
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The ring-like shape of the brain in Nemertoderma and
Sterreria is similar to the condition in the two earliest branching
acoel clades Diopisthoporus (Westblad, 1940) and Paratomella
(Crezée, 1978) indicating that it is most parsimoniously
interpreted as the ancestral state for Acoela and under the phylo-
genetic hypothesis in Fig. 9 ancestral also for Nemertodermatida,
i.e. for Acoelomorpha. This condition changed twice within
Nemertodermatida: in Flagellophora and in Meara. In the for-
mer, the existence of the broom organ may have necessitated
changes in brain morphology and the latter is a commensal,
which may have led to morphological reductions.

The repeated changes in NS position and morphology within
Nemertodermatida demonstrate a large degree of plasticity. The
general morphology of the nemertodermatid NS is not at all
“conserved”; in comparison with characters such as statocyst
morphology and ciliary rootlets, it is evolving rapidly.

Nemertodermatida have been described as having a devel-
oped gut with a constantly present lumen at least during some
stages of their life (Westblad 1937; Ax 1963; Faubel and Dörjes
1978; Riser 1987). The same is true for the worm Xenoturbella
(Westblad 1949a), which is hypothesized to be the sister taxon of
Nemertodermatida+Acoela (Hejnol et al. 2009). However, no
specific innervation of the gut has been visualized (Raikova
et al. 2000a, b). immunoreactivity is known to be widespread
in protostome stomatogastric NS, e.g. in Gnathostomulida
(Müller and Sterrer 2004), Annelida (Müller and Westheide
2000; 2002) and catenulid and rhabditophoran flatworms
(Reuter and Halton 2001; Reuter et al. 2001a; Kotikova et al.
2002), and it is present also in post-metamorphic cnidarians
(Grimmelikhuijzen 1983a, 1938b). Both 5-HT- and

FMRFamide immunoreactivity was detected in the gut of
tornaria larvae of enteropneusts (Nezlin and Yushin 2004), while
it is absent in cnidarian, polyclad and lophotrochozoan larvae
(Ruppert 1978; Hay-Schmidt 1995; Dickinson et al. 1999;
Hessling 2002; Voronezhskaya et al. 2002; 2003; Wanninger
and Haszprunar 2003). The absence of this immunoreactivity
in the gut of adult nemertodermatids and Xenoturbella is in
accordance with an early bilaterian origin of the lineage rather
than a phylogenetic position within Deuterostomia, a group in
which a stomatogastric NS is usually present. Secondary loss of
gut innervation without loss of the gut itself appears unlikely.

Musculature of nemertodermatids

Hooge (2001) described the pattern of musculature in
S. psammicola specimens from North Carolina as an orthogonal
grid with a layer of diagonal musculature lying between the two
in the anterior quarter of the body length. He also states that the
“two opposing strands of muscles […] cross each other at right
angles”, which, however, is not visible in the illustrations (Hooge
2001 Figs. 1a and 2a). Our observations confirm that diagonal
fibres are present only in the anterior quarter of the animal. We
have been able to visualize for the first time the muscular pattern
around the male opening (Fig. 6d). It is curious to note, that the
pattern around the male opening is quite similar to that described
for the mouth by Hooge (2001) and Todt (2009 figure 9g), with
the exception of additional and accessory muscles around the
mouth, which we could not see around the male pore.

A simple orthogonal grid of circular and longitudinal muscles
without extra muscle layers is believed to be the ancestral pattern
of body wall musculature in Bilateria (Schmidt-Rhaesa 2007).
Such a pattern has indeed been found in early branching Acoela
(Hooge 2001), but not yet in Nemertodermatida. Changes in this
pattern have been shown to be phylogenetically informative in
Acoela (Hooge 2001; Tyler and Hooge 2004; Jondelius et al.
2011) and may be so also in Nemertodermatida. N. westbladi
andM. stichopi both show complete diagonal musculature while
Sterreria spp. has an incomplete layer of diagonal muscles.
Given the phylogenetic relationships within Nemertodermatida
(Meyer-Wachsmuth and Jondelius 2015), the incompleteness of
the diagonal muscle layer in Sterreria spp. can therefore be
interpreted as a secondary reduction of the body wall
musculature.

Broom organ and other morphological features

The broom organ had been described at the ultrastructural level
only in an abstract without illustrations as a complex of about 30
gland cells with very long necks stiffened by filiform secretion
bodies (Tyler 1986). Our immunohistochemical observations
seem to be in accordance with this description. The tubulin im-
munoreactivity observed is likely due to the staining of microtu-
bules that usually line the gland ducts in nemertodermatids

�Fig. 9 Schematic drawings of the organization of the nervous system
(NS) and its position with respect to the body wall musculature (M) of
several branches of Xenacoelomorpha; nemertodermatid phylogeny is
based on Meyer-Wachsmuth and Jondelius (this issue), that of Acoela
on Jondelius et al. (2011). For all species only the anterior part is shown,
statocysts and broom organ (Flagellophora) are shown for morphological
context. Xenoturbella possesses the hypothesized ancestral basiepidermal
nerve net without anterior centralization while in Acoela the nervous
system has sunken under the body wall musculature and formed anterior
centralisations of different degrees. In Nemertodermatida, the nervous
system lies outside the body wall musculature in N. westbladi and
M. stichopi, two species that are not closely related, and inside the mus-
culature in F. cf. apelti and Sterreria sp. The structure of the nervous
system in Nemertodermatida is diverse and does not show a trend from
an epidermal nerve net towards an insunk centralized lobed brain. The
“primitive” organization of the nervous system in M. stichopi could be
interpreted as a secondary reduction due to the symbiotic lifestyle of the
species. The nervous system is shown in red, the layers of body wall
musculature in blue. Figure adapted from Achatz and Martinez (2012).
Morphological information based on the following: Xenoturbella
westbladi, Raikova et al. 2000b (NS, M); Diopisthoporus longitubus,
Raikova 2004c (NS, M); Paratomella rubra, Crezée 1978 (NS, M);
Actinoposthia beklemischevi, Raikova et al. 2004c, Raikova et al. 1998
(NS, M); Childia crassum, Reuter et al. 2001a (NS), Raikova et al. 2004b
(NS,M);Nemertodermawestbladi, Raikova et al. 2004a (NS,M) and this
study (NS);Meara stichopi, Raikova et al. 2000a (NS,M);Flagellophora
cf. apelti (NS, M) and Sterreria spp. (NS, M) this study
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(Ehlers 1992). The fact that the individual strands of the broom
seem to break apart into numerous thinner fibres at the proximal
end is also compatible with the idea of microtubules lining the
duct. Within the proximal gland cell, where the microtubules
originate, they are more serrated than along the gland neck.
The observation of granules along the unstained broom strands
(Fig. 3h) also speaks in favour of the glandular nature of the
broom; these granules probably lie within the gland ducts.

The fact that along the broom, some fibres were stained by
phalloidin proves that they contain filamentous actin, thus
supporting Faubel and Dörjes’ (1978) observation that the
“flagellae”, the individual strands of the broom, are contractile.

Two functions of the broom organ have been discussed,
either as an organ for gathering food in the apparent absence
of a mouth (Faubel and Dörjes 1978; Tyler 1986) or as a
sensory organ. Since the broom is not flagellar but glandular
in nature, the sensory function seems less likely. It is, however,
not clear how feeding by the broom organ would work with
the now detected mouth.

Epidermal bacteria as observed here in F. cf. apelti have
also been described ultrastructurally fromM. stichopi (Lundin
and Hendelberg 1995) and N. westbladi (Lundin 1998) in
which they were considered to be symbiotic. The bacteria
described in Lundin (1998) are branching and their thickness
varies along their length, while those described here appear
straight and even. Furthermore, these bacteria were not detect-
ed in all specimens. In F. cf. apelti, the observed epidermal
bacteria could be explained as infections or parasites but they
could also be symbiotic and associated with certain popula-
tions only. We are unable to explain the staining of epidermal
bacteria by anti-FMRFamide antibodies and their function
also remains enigmatic.

Conclusions

The NS of Nemertodermatida is very variable in terms of
position and general morphology. A ring-shaped brain is re-
constructed as an ancestral feature of Nemertodermatida,
Acoela and Acoelomorpha. The musculature pattern in
Sterreria spp. with incomplete diagonal musculature covering
only the anterior quarter of the body was reconstructed as
secondarily reduced. The complete absence of gut innervation
in nemertodermatids is in conflict with the deuterostome hy-
pothesis, but compatible with a position outside Nephrozoa.

amf, anterior muscle fibres; ap, adhesive plate; bc, brain
cells; bo, broom organ; boc, broom organ canal; brm, broom
retractor muscle; br, brain ring; bs, bursa; bwm, body-wall
muscles; cm, circular muscles; dln, dorso-lateral neurite bun-
dles; dm, diagonal musculature; dn, dorsal neurite bundles;
dpc, dorsal posterior commissure; eg, egg; ep, epidermis;
epb, epidermal bacteria; fgn, frontal gland necks; fp, frontal
pore; fsv, false seminal vesicle; g, granules; gl, gland; gs,

glandular stripe; ic, innervation of the broom canal; lcy,
lithocyte; lm, longitudinal muscles; lmf, lateral muscle fibres;
ln, lateral neurite bundles; m, mouth; ma, male antrum; mco,
male copulatory organ; mo, male opening; n, neuropile; nc,
nerve cells; nf, nerve fibres; nn, nerve net; np, neuropile; pc,
penis cone; prm, parenchymal retractor muscle; rh, rhabdoids;
s, sensory cells; sp, sperms; sph, sphincter; st, statocyst; stf,
statocyst nerve fibres; stl, statolith; sv, seminal vesicle; tc,
transversal commissure; U, U-shaped muscles; vn, ventral
neurite bundles
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