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Abstract

The Oweniidae are marine annelids with many unusual features of organ system, development, morphology, and
ultrastructure. Together with magelonids, oweniids have been placed within the Palaeoannelida, a sister group to
all remaining annelids. The study of this group may increase our understanding of the early evolution of annelids
(including their radiation and diversification). In the current research, the morphology and ulta-anatomy of the head
region of Owenia borealis is studied by scanning electron microscopy (SEM), 3D reconstructions, transmission
electron microscopy (TEM), and whole-mount immunostaining with confocal laser scanning microscopy. According
to SEM, the tentacle apparatus consists of 8-14 branched arms, which are covered by monociliary cells that form a
ciliary groove extending along the oral side of the arm base. Each tentacle contains a coelomic cavity with a
network of blood capillaries. Monociliary myoepithelial cells of the tentacle coelomic cavity form both the
longitudinal and the transverse muscles. The structure of this myoepithelium is intermediate between a simple and
pseudo-stratified myoepithelium. Overall, tentacles lack prominent zonality, i.e., co-localization of ciliary zones,
neurite bundles, and muscles. This organization, which indicates a non-specialized tentacle crown in O. borealis and
other oweniids with tentacles, may be ancestral for annelids. TEM, light, and confocal laser scanning microscopy
revealed that the head region contains the anterior nerve center comprising of outer and inner (=circumoral) nerve
rings. Both nerve rings are organized as concentrated nerve plexus, which contains perikarya and neurites extending
between basal projections of epithelial cells (radial glia). The outer nerve ring gives rise to several thick neurite bundles,
which branch and extend along aboral side of each tentacle. Accordingly to their immunoreactivity, both rings of the
anterior nerve center could be homologized with the dorsal roots of circumesophageal connectives of the typical
annelids. Accordingly to its ultrastructure, the outer nerve ring of O. borealis and so-called brain of other oweniids can
not be regarded as a typical brain, i.e. the most anterior ganglion, because it lacks ganglionic structure.
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Background

The Annelida is a speciose and morphologically diverse
evolutionary lineage belonging to the larger animal clade
Lophotrochozoa. Annelids exhibit extremely wide pat-
terns of organ system anatomy and ultrastructure [1].
According to recent data, the Annelida can be divided
into two large clades, Errantia and Sedentaria, and also
includes several groups, so-called basal branching line-
ages, including oweniids, chaetopterids, amphinomids,
sipunculids, etc. [2-7]. Members of the family Owenii-
dae have many unusual morphological, ultrastructural,
and developmental characteristics [8—16]. Oweniids to-
gether with magelonids have been recently placed
among the Palaeoannelida, a sister group to all
remaining annelids [5, 7]. The study of oweniids may in-
crease our understanding of the evolution of annelids,
especially their early radiation and diversification. New
data on oweniid morphology can help to reconstruct the
annelid common ancestor, which together with com-
parative data across bilaterians may contribute to infer-
ring character states in the last common bilaterian
ancestor (LCBA).

In particular, new data are important for resolution of
problem of ancestral organization of the nervous system
in Bilateria. At present, there are two main hypotheses
regarding the structure of the anterior nerve center of
the LCBA: it consisted of either a ganglionic accumula-
tion of neurons or a diffuse nerve plexus [17, 18]. The
first hypothesis suggests that the LCBA could have sim-
ple ganglia, or even an elaborated brain, defined as a
central collection of neuronal centers with distributed
and hierarchical functions [19, 20]. The organizations of
the ganglia and brains have been well studied [21-23].
The second hypothesis suggests that the anterior nerve
center is organized as a nerve plexus, or a non-ganglionic
intraepidermal anterior nerve center [7, 15, 23-30].

Another one interesting question concerning the
LCBA is whether it had tentacle-like appendages. In ex-
tant metazoans, tentacles are used for food collection by
cnidarians and ctenophores, as well as by many bilater-
ian groups including phoronids, brachiopods, bryozoans,
entoprocts, annelids, mollusks, hemichordates, echino-
derms, and chordates [1, 31]. The presence of tentacles
in many groups suggests that the LCBA may have also
had tentacles. If tentacles are inherited from the LCBA,
they must have evolved in different directions among
bilaterians. Although the directions of tentacle evolution
remain uncertain, we know that some organisms have
specialized tentacles [32-38]. This specialization is
expressed in the zonation and co-localization of several
organ systems: ciliary bands, nerve cords, and muscles
[39-47]. Such specialized tentacles are present in the
lophophorates [48—51]. To increase our understanding
of how tentacles have evolved among the Bilateria, we
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require detailed data on the organization and develop-
ment of tentacles from different groups of recent
bilaterians.

In the current report, we provide a detailed description
of the anatomy and ultra-anatomy of the head and ten-
tacle apparatus of Owenia borealis. Since oweniids oc-
cupy basal position within annelid phylogeny, have an
intraepidermal non-ganglionic nerve center composed of
stratified neuroephitelium [11-13, 15, 26], and might
have (Owenia and Myriowenia) or not have tentacles
(Galathowenia and Myriochele) [52] they remain a cru-
cial taxon in understanding evolution of nervous system
and tentacles evolution in annelids. Considering that the
morphology of oweniids is highly relevant to discussions
of the last common ancestor of Annelida, we discuss our
data in the broader context of annelid evolution.

Materials and Methods

About 20 adults of Owenia borealis Koh, Bhaud & Jir-
kov, 2003 [53] were collected in September 2018 near
the Espegrend Marine Biological Station, University of
Bergen, Norway. Live adults were extracted from their
tubes and were used for the research.

Scanning electron microscopy (SEM)

The structure of the head was studied by scanning elec-
tron microscopy (SEM). The heads of three specimens
were postfixed in 1% OsO4 and dehydrated in an as-
cending ethanol and acetone series, critical point dried,
and then sputter coated with platinum-palladium. Speci-
mens were examined with a JEOL JSM-6380LA (JEOL
Ltd., Tokyo, Japan) microscope at operating voltages of
15-20 kV at Lomonosov Moscow State University.

Transmission electron microscopy (TEM)

The head regions with tentacles were fixed overnight at
4°C in a 2.5% solution of glutaraldehyde in 0.2 M phos-
phate buffer (PBS). The heads were then washed in 0.2
M PBS for 4h with three changes and postfixed in 1%
OsOy4 in 0.2M PBS for 3h at room temperature (RT)
with gentle rotation. The specimens were then dehy-
drated in an increasing series of ethanol concentrations
(from 15 to 96%) and isopropanol. They were subse-
quently infiltrated in a mixture of isopropanol and Spurr
resin for 3 days and then embedded in pure Spurr resin
at 60 °C for 24 h.

The anterior part of the body of two adults embedded
in resin were used to prepare a complete series of 1-um
(semi-thin) and 70-nm (thin) resin sections with a Leica
UC 7 ultramicrotome (Leica Microsystems, Wetzlar,
Germany). The semi-thin sections were stained with
methylene blue and examined with a Zeiss Axioplan2
light microscope equipped with an AxioCam HRm cam-
era (Carl Zeiss Microscopy, LLC, USA). Semi-thin
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sections were used for description of gross anatomy and
for 3D reconstructions. The thin sections were stained
with uranyl acetate and lead citrate and were examined
with a JEM-1011 JEOL or a JEM-100 B-1 JEOL trans-
mission electron microscope (JEOL, Akishima, Japan).

Whole-mount immunostaining and confocal laser
scanning microscopy (CLSM)

Adults were fixed in a 4% paraformaldehyde solution in
PBS (pH7.4) (ThermoFisher Scientific, Pittsburgh, PA,
USA) for 8 h at 4°C and then were washed three times
(30 min each time) in PBS with 1% Triton X-100 (PBT)
(ThermoFisher Scientific). The specimens were then
placed in a mixture of normal goat serum and PBT
(NGS 15%) for 2 h to block the sites of unspecific stain-
ing. For immunostaining, solution of primary antibodies
(Abs) rabbit anti 5-HT (Immunostar, 20,080, 1:1000)
alone or in combination with mouse anti acetylated-
alpha-tubulin (Santa Cruz, sc-23,950, 1:1000) in PBT
were used. The animals were incubated in primary Abs
for 24 h at 4°C with rotation, followed by triple rinses
with PBT. The secondary antibody mixtures consisted of
donkey anti-rabbit 488 (Life Technologies, A21206, 1:
1000) with donkey anti-mouse 555 (Life Technologies,
A31572, 1:1000) in PBT, for 24h at 4°C. After anti-
bodies labeling, specimens were placed in 1:100 dilution
of 4’, 6-diamidino-2-phenylindole (DAPI, Molecular
Probes, USA,) in PBT for 4h at RT. As a control for
non-specific immunorecognition, we performed immu-
nohistochemical staining without the primary antibodies,
adding only the secondary antibodies or normal (non-
immunized) immunoglobulin G (1:500-1:1000; Sigma-
Aldrich; 15006, 15381). The specimens were then washed
three times in PBS, washed for several minutes in in-
creasing concentrations of isopropanol, and embedded
in Murray Clear (a 50/50 mixture of benzyl benzoate
and benzyl alcohol) at RT. Specimens were observed
with a Zeiss LSM 780 confocal microscope (Far Eastern
Center of Electron Microscopy, A.V. Zhirmunsky Na-
tional Scientific Center of Marine Biology, Far Eastern
Branch of the Russian Academy of Sciences, Vladivostok,
Russia) and with with a Nikon Eclipse Ti confocal
microscope (Nikon Corporation, Tokyo, Japan) at Lomo-
nosov Moscow State University, Moscow, Russia.

Image processing

Z-projections were prepared using Image] software [54].
Volume renderings were prepared with Amira version
5.2.2 software (ThermoFisher Scientificc MA, USA). Im-
ages were processed in Adobe Photoshop CS3 (Adobe
Systems, San Jose, CA, USA). Three-demensional recon-
structions were prepared with Imaris 7.2.1 software
(ThermoFisher Scientific, MA, USA).
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Results

Morphology of the head and tentacles

The tentacle crown of O. borealis bears two lateral
groups of arms, which are separated on the dorsal and
ventral sides (Fig. 1A). The number of arms can vary in
different specimens: therefore each lateral group consists
of four, five or seven arms. Each arm branches on two
tentacles, which then bifurcate and form two short bulbs
with small Y-shaped tips on each (Figs. 1B, D; 2A).
Tentacles and arms are covered by cilia, which are abun-
dant on the oral side and are almost absent on the ab-
oral side (Fig. 1D-F, 2A). The base of the tentacles has a
deep groove extending along the oral side (Fig. 2B, C).
This groove is prominent at the base of the tentacle
arm (Fig. 2C). The base of the tentacle crown forms
a collar that extends along the external side of the
head (Fig. 1C). The ventral pharyngeal organ, consist-
ing of the dorsal and ventral lips, is very large and is
located at the ventral side of the tentacle crown. Two
ventrolateral lips are adjacent to the ventral
pharyngeal organ and are covered by cilia (Fig. 1C).
The mouth resembles a crescent slit (Fig. 1A). The
base of the tentacle apparatus is surrounded by a thin
collar fold from the outside of the tentacle crown
(Fig. 1A).

Histology and ultrastructure of the tentacles and head
Epithelium
Each tentacle is covered by ciliated epithelial cells and
contains a coelomic cavity that contains muscles and
blood vessels (Figs. 2C, 3A, B). The aboral epithelium
is formed by large monociliated cells, which are filled
with many vesicles of different diameter (Fig. 4A).
These cells form the basal thin projections that con-
tain electron-dense filaments, surround the neurite
bundles, and attach to the basal lamina (Fig. 4A).
Large gland cells of different types are scattered in the
epithelium of the aboral side (Fig. 2A, C). Some of
these cells have large vacuoles and electron-lucent
content (Fig. 2A, C), and others have many small and
dense granules in the cytoplasm (Fig. 2). Longitudinal
neurite bundles extend along the base of the aboral
epithelium, which also contains cells with different
organization (Fig. 4A, B). Between epithelial cells small
roundish perikarya are scattered (Fig. 4A). Some basal
cells contain ovoid electron-dense granules, therefore
their projections with the same granules can be easily
recognized between neurite bundles (Fig. 4B). Other
cells form large thin and thick projections, which con-
tain electron-dense intermediate filaments and synap-
tic vesicles (Fig. 4B).

The epithelium of the oral side consists of slender high
cells, which bear a cilium and do not form prominent
basal projections (Fig. 4C). The cytoplasm of these cells
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Fig. 1 Morphology of the head and tentacles of Owenia borealis (SEM). A The head viewed from the top. B Tentacle. C Ventral pharyngeal organ.
D Forked tip of tentacle. E Ciliated oral and non-ciliated aboral sides of tentacle. F A portion of the oral side of tentacle. Abbreviations: as —
aboral side; cf. — collar fold; ci - cilia; dp — dorsal part of pharyngeal organ; m — mouth; mi — microvilli; og — oral groove; os — oral side; sb — setae
bundle; t - tentacle; vil — ventrolateral lip; vp — ventral part of pharyngeal organ; vpo - ventral pharyngeal organ

contains prominent, apical transverse and longitudinal
electron-dense fibers. The epithelium of the oral side
contains many glandular cells, whose cytoplasm is filled
with roundish vesicles with flocculent content (Fig. 3A).
The secretory apparatus and nucleus are located in the
basal part of the glandular cells. Neurite bundles, which
extend between the basal parts of the epithelial cells, are
less numerous than in the aboral epithelium (Fig. 4C).
Perikarya and cells with ovoid electron-dense granules
are scattered in the basal portion of the epithelium of
the oral side (Fig. 4C).

The epithelium lies on the extracellular matrix layer
(ECM) (Fig. 3A, B). The aboral ECM is up to 2 pm thick
(Fig. 3B). The ECM is 2-3 times thinner on the oral side
than on the aboral side of the tentacle (Fig. 3A).

Coelomic cavity and musculature

The coelomic cavity of the tentacles is connected to the
voluminous cavity of first body segment (i.e., the head
cavity), which is formed by the prostomium and peristo-
mium (Figs. 5A, 6A). The lower border of the head cav-
ity forms ventral and dorsal projections (Fig. 5A). On
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muscle; tlm - tentacle longitudinal muscles

Fig. 2 Organization of tentacles of Owenia borealis. Transverse semi-thin sections at different levels of tentacles. A Forked tip of tentacle. B Middle
portion of tentacle. C Base of tentacle. Abbreviations: bv — blood vessel; eas — epithelium of aboral side; eos — epithelium of oral side; gcl — gland
cell of first type; gcll — gland cell of second type; oam - oral-aboral muscles; og — oral groove; tc — tentacle coelom; tcm - tentacle transverse

the ventral side, the head cavity is occupied by a large
ventral pharyngeal organ that extends to the lower
border of the head cavity (Fig. 5B). On the dorsal side,
the head cavity is occupied by voluminous folds of the
pharynx (Fig. 5C).

Each tentacle contains a coelomic cavity, which is
usually represented by narrow spaces between cells
of a coelomic epithelium. The epithelial cells form
outgrowths that extend into the cavity and that con-
nect the lining of the coelom of the aboral and oral
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longitudinal muscle is shown in pink. B Different tentacle muscles: oral-aboral muscle is shown in violet, tentacle cross muscles are shown in
orange. Peritoneal cells, which cover longitudinal muscles, are shown in dark green. A cell of the wall of blood vessel is shown in light green.
Hemidesmosomes are indicated by double arrowheads. Abbreviations: aj — adherence junction; bb — basal body; bv — blood vessel; ci — cilium;
ecm - extracellular matrix; gc — gland cell; mi — microvilli; n — nucleus; nb — neurite bundle; oam - oral-aboral muscle; pc - peritoneal cells; sa -
secretory area of the gland cell; tcm - tentacle transverse muscles; tIm — tentacle longitudinal muscles

sides of the tentacles (Figs. 2, 3B). The coelomic lin-
ing is composed of myoepithelial cells that form the
musculature of the tentacles and the wall of the
blood vessel (Figs. 3A, B; 4D). The musculature of
each tentacle includes longitudinal, transverse, and
oral-aboral muscles (Figs. 2, 3). Transverse muscles
form a thin layer that is only present on the oral side

of the tentacles (Figs. 2B, 3B). The strands of the
longitudinal muscles are much thicker (due to an in-
creased number of cells) on the aboral than on the
oral side of the tentacle (Fig. 2B; 3B). Cells of all
types of muscles are attached to the extracellular
matrix via hemidesmosomes (Fig. 3B). The head cav-
ity is lined by the coelomic epithelium, which is
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Fig. 4 Ultrastructure of tentacle nerves and blood vessel of Owenia borealis (TEM). A Epithelium of aboral side: different types of cells. Two
supportive cells are shown by different colors; perikaryon is shown in yellow. B The base of epithelium of aboral side: two types of glial cells are
shown by red and blue. Vesicles in glial cell are indicated by concaved arrowheads. C Epithelium of oral side with perikaryon (yellow) and glial
cell (red). Vesicles in perikaryon are indicated by concaved arrowheads. D Myoepithelial cells (green) of coelomic lining, which form the wall of
blood vessel. Adherence junctions between cells are indicated by straight arrowheads. Abbreviations: bb — basal body; bv - blood vessel; ci -
cilium; ecm — extracellular matrix; eas — epithelium of aboral side; eos — epithelium of oral side; if — intermediate filaments; mf — myofilaments; n
- nucleus; nb — neurite bundle; pc — peritoneal cells; tcm — tentacle transverse muscles; tim — tentacle longitudinal muscles

formed by different types of cells (Fig. 6B, C). Most
of these cells are myoepithelial monociliated cells
that form the longitudinal musculature of the head
(Fig. 6A, C). Each myoepithelial monociliated cell
bears one long cilium, at the base of which the basal
body and accessory centriole are located (Fig. 6C).

These cells contact each other via apical adhering
junctions, which are usually located on the thin ap-
ical projections (Fig. 6C). A large nucleus occupies
the apical portion of the cell, whereas myofilaments
extend into the basal portion of the cell. Myofila-
ments extend in basal part of the cells. The cells are
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Fig. 5 Organization of the coelom of the head of Owenia borealis. A Three-dimensional reconstruction of head (green) and trunk (yellow)
coeloms. B Z-projection of head after staining with DAPI: dissepiment between head and trunk coeloms is indicated by arrowheads. C Z-
projection of head and trunk cavity at sagittal optical section after staining with DAPI: dissepiment between head and trunk coeloms is indicated
by arrowheads. D Three-dimensional reconstruction of blood vessels in head and part of trunk. Trunk and head coeloms are partly transparent. E
Three-dimensional reconstruction of blood capillaries in tentacles. Abbreviations: bc — blood capillary; bw — body wall; dpr — dorsal protrusion; dt
- digestive tube; dv — dorsal blood vessel; hc — head coelom; lbd - lateral branch of dorsal blood vessel; Ibv — lateral branch of ventral blood
vessel; Ibp — lateral blood plexus; m — mouth; pgo — parapodial glandular organ; ph — parynx; t — tentacle; sb — setae bundle; trc — trunk coelom;
vpo - ventral pharyngeal organ; vpr — ventral protrusion of the head coelom; v — ventral blood vessel

anchored to the basal lamina by hemidesmosomes
(Fig. 6C). The myoepithelial monociliated cells of the
coelomic lining form the walls of blood vessels of the
head (Fig. 6D). These cells contain a few basal myo-
filaments that extend longitudinally (Fig. 6D). The
second type of cells of coelomic lining is a typical

peritoneal cells, which lack myofilaments and are
scattered randomly throughout the epithelium (Fig.
6B). The peritoneal cells are attached to the basal
lamina between muscle cells. Peritoneal cells are con-
nected to each other and to the muscle cells by ad-
hering junctions (Fig. 6B).
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Fig. 6 Histology and ultrastructure of the coelom of the head of Owenia borealis. A Semi-thin transverse section of the head: the spacious head
coelom is visible. B Ultrastructure of a part of coelomic lining, which is formed by alternating peritoneal and myoepithelial cells. Adherence
junctions between cells are indicated by arrowheads. Hemidesmosomes are indicated by double arrowheads. C Coelomic lining, which is formed
by monociliated myoepithelial cells. Adherence junctions between cells are indicated by arrowheads. Hemidesmosomes are indicated by double
arrowheads. D A part of wall of blood vessel, which consists of monociliated myoepithelial cells. Abbreviations: ac — accessory centriole; af - actin
filaments; anc — outer ring of the anterior nerve center; apj — apical projections of myoepithelial cells; bb — basal body; bv — blood vessel; ci —
cilium; cf. = collar fold; cm — circular muscles; cor — circumoral nerve ring of the anterior nerve center; ecm — extracellular matrix; G — Golgi
apparatus; hc — head coelom; Im — longitudinal muscle; m — moth; mf — myofilaments; my — myosin filament; n — nucleus; pc — peritoneal cell; sr
- striated rootlet; vIl - ventrolateral lip; vpo — ventral pharyngeal organ

Blood vessels ventral blood vessel splits into two lateral efferent
Three-dimensional modelling revealed that the ventral branches, which give rise to two prominent lateral blood
and dorsal blood vessels give rise to numerous blood plexuses (Fig. 5D). The dorsal blood vessel splits into
vessels in the head and tentacles (Fig. 5D). At the border  two lateral afferent vessels at the middle of the head
between the first trunk segment and the head, the (Fig. 5D). In each tentacle, there are three longitudinal
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blood vessels that are connected to each other (Fig. 5E).
Together, they form the tentacular blood plexus.
Myoepithelial cells form the wall of blood vessels
(Figs. 3B; 4D). The basal parts of these cells bear myo-
filaments and form numerous plasmatic projections,
which extend into the lumen of the vessel (Fig. 4D).

Neural elements of the head

Anatomy

The head contains the main elements of the nervous sys-
tem: the anterior nerve center represented by an outer
nerve ring (= medullary dorsal commissure), and an
inner (=circumoral) nerve ring, and some nerves, which
connect outer and inner nerve rings (Figs. 7A, B; 8A, B).
All other nerve elements, such as the ventral medullary
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nerve cord and the dorsal and lateral neurite bundles,
are located in the first and other chaetigers (Fig. 8A, B).

Immunocytochemistry

Many of the neurite bundles exhibit acetylated alpha-
tubulin-like immunoreactivity (-lir) (Fig. 9A, C, F) and
serotonin-lir (Figs. 7B, 9B, D, E). Interestingly, labelling
with both serotonin and acetylated alpha-tubulin
antibodies revealed that the outer ring of the anterior
nerve center has two parts: an anterior and posterior
part (Fig. 9E). The intensity of anti-serotonin antibody
staining is similar in the anterior and posterior parts of
the nerve center, but an area between the anterior and
posterior parts is formed by neurites that do not exhibit
serotonin-lir (Fig. 9E).

Fig. 7 Organization of the nervous system of the head of Owenia borealis. A General anatomy of the nervous system viewed from the ventral
side: Z-projection after double immunostaining against acetylated alpha-tubulin (red) and serotonin (green) and staining with DAPI (blue). B
Serotonin-lir nerve elements of the head viewed from the ventral side; Z-projection after immunostaining against serotonin (green). Some
serotonin-lir cells in the epithelium of tentacles are indicated by arrowheads. C Semi-thin transverse section of the outer ring of the anterior
nerve center. D Semi-thin transverse section of the inner (=circumoral) nerve ring of the anterior nerve center. Abbreviations: anc — outer ring of
the anterior nerve center; cf. — collar fold; ecm — extracellular matrix; gcl - gland cell of first type; gcll — gland cell of second type; if —
intermediated filaments; Im — longitudinal muscles; Imc — lateral medullary cord; mi — microvilli; np — neuropil; pk — perikarya; sb - setae bundle;
scdt — serotonin-lir cells of the digestive tract; t — tentacle; vmc — ventral medullary cord
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Fig. 8 Schemes of the nervous system organization of the anterior body part of Owenia borealis. All nerve elements are shown in black. A Ventral
view. B Lateral view. Abbreviations: anc — outer ring of the anterior nerve center; atn — aboral tentacle nerves; avc — peripheral zone of the
ventral medullary cord; cf. — collar fold; cfp — collar fold dorsal nerve plexus; cn — cross nerve; com — ventral commissure; cor — inner (=
circumoral) nerve ring of the anterior nerve center; dcn — dorsal cross nerve; dl — dorsal lip of the ventral pharyngeal organ; dn — dorsal neurites;
In — lateral nerve; Imc - lateral medullary cord; m — mouth; nep — neuropodia; nop — notopodia; otn — oral tentacle nerves; pbr — posterior
portion of the brain; ph — pharynx; rcor — root of circumoral nerve ring; slp — serotonin-like immunoreactive perikarya; t - tentacle; tbn — tentacle
neurite bundle; tc — tentacle coelomic cavity; vl — ventral lip of the ventral pharyngeal organ; vmc - ventral medullary cord

The outer ring of the anterior nerve center gives rise
to the aboral tentacular neurite bundles (Fig. 9A).
Four or five thick neurite bundles extend into each
arm, where they spilt into many thin neurites that run
along the aboral side of the tentacles. Some of these
neurites exhibit serotonin-lir and are associated with
epidermal sensory cells (Figs. 7A, B; 9B).

The outer nerve ring of the anterior nerve center
continues into two lateral medullary nerve cords that
fuse together on the ventral side at the border between
the head and the first chaetiger (Figs. 8A, 10A). Each
lateral medullary cord gives rise to a root that skirts a
tentacle crown on the oral side and connect the outer
and inner (=circumoral) nerve rings of the anterior
nerve center (Fig. 9C-F). The circumoral nerve ring
gives rise to a few thin neurites that extend along the
oral side of the tentacles (Fig. 9A).

On the ventral side of the body, two lateral medullary
cords are connected via a single, thin commissure (Figs.
9E, F; 10C). Each lateral medullary cord forms several
dorsal neurite bundles that fuse together on the dorsal
side to form a dorsal nerve plexus (Fig. 10B, C). Several
thin neurites extend along the dorsal side of the body (Fig.
10B). Thin lateral nerve tracts extend from the head re-
gion along both lateral sides of the body (Fig. 10D). Above
the neuropodium of each segment, these nerve tracts form
prominent varicoses (Fig. 10D). The medullary ventral
nerve cord consists of two pairs of nerve tracts: left and
right (Fig. 10C). In each pair, prominent thick central and
thin peripheral zones can be distinguished.

Histology and ultastructure
In the head, all nerve elements are located basiepider-
mally: perikarya and neurite bundles are located between
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Fig. 9 Details of innervation of tentacle crown and oral area in Owenia borealis. CLSM data: Z-projections after immunostaining against acetylated
alpha-tubulin (grey) and serotonin (green). A The aboral side of tentacle base: several short thick nerves (arrowheads) extend from the anterior
nerve center and give rise to the oral neurite bundles of tentacles. B Serotonin-lir perikarya and neurites in the epithelium of tentacle. C Central
portion of the head: circumoral nerve ring is visible. D Central portion the head: serotonin-lir neurites are visible in the circumoral nerve ring. The
epithelium of pharynx contains numerous serotonin-lir cells. E A portion of the head viewed from the ventral side. There are anterior and
posterior portions of the anterior nerve center. Right ventrolateral root of the circumoral nerve ring and ventral commissure are visible. F Right
portion of the head viewed from the ventral side. Abbreviations: aac — anterior portion of the outer ring of the anterior nerve center; anc — outer
ring of the anterior nerve center; atn — aboral tentacle nerves; com - ventral commissure; cor — inner (=circumoral) ring of the anterior nerve
center; es — esophagus; Imc — lateral medullary cord; og — oral groove; otn — oral tentacle nerves; pac — posterior portion of the outer ring of the
anterior nerve center; ph — pharynx; rcor — root of circumoral nerve ring; sp. — serotonin-lir perikarya; stn — serotonin-lir neurites of tentacles; t —
tentacle; vmc — ventral medullary cord

the somata of the epidermal cells and the layer of the the cellular components form three layers, ie., the
extracellular matrix (Figs. 7C, D; 11). As a consequence, upper, middle, and lower layers (Fig. 11). The upper
each nerve element has a stratified structure, in which layer is formed by the somata of the epithelial cells. The
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150 ym

Fig. 10 Details of the nerve element location in the head and adjacent segments of Owenia borealis. CLSM data: Z-projections (A-C) after
immunostaining against acetylated alpha-tubulin (grey) and volume rendering (D) after immunostaining against serotonin (orange). A A head

with tentacle crown viewed from the ventral side. B A head with some tentacles viewed from the dorsal side. C Left portion of the head viewed
from the ventral side. D A portion of the body near the head viewed from the left. Abbreviations: anc — outer ring of the anterior nerve center;
atn — aboral tentacle nerves; avc — peripheral zones of the ventral medullary cord; com - ventral commissure; cfp — collar fold dorsal nerve
plexus; cn — cross nerve; dcn — dorsal cross nerve; dn — dorsal neurites; Imc — lateral medullary cord; In — lateral nerve; nep — neuropodia; nop —

notopodia; slp — serotonin-like immunoreactive lateral perikarya; t — tentacle; vmc — ventral medullary cord

middle layer is formed by the perikarya of the neurons.
The lower layer is formed by nerve projections and pro-
jections of epithelial cells (Figs. 7C, D; 11).

The ultrastructure of all elements of outer and inner
(=circumoral) nerve rings of the anterior nerve center
are similar. The outer ring of the anterior nerve center

lies at the tentacle base, in the outer epidermis of the
head (Figs. 7C, 11A). The epithelium, which includes the
anterior nerve center, is up to 45 um in height (Figs. 7C,
11A). The neurite bundles, which make up the largest
portion of the nerve center, form a layer that is up to
30 um thick (Fig. 7C). The epithelium, which includes
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neuropil; pk - perikaryon; rm. — radial muscles; v —vesicle.

Fig. 11 Ultrastructure of head nerve elements in Owenia borealis. Ultra-thin transverse sections. A A portion of the outer ring of the anterior
nerve center. B A portion of the circumoral nerve ring. Supportive cells (= radial glial cells) are shown in blue; perikarya are shown in yellow.
Hemidesmosome is indicated by double arrowhead. Dense tips of microvilli are indicated by arrowheads. Abbreviations: ac — accessory centriole;
aj — adherence junction; bb - basal body; ci - cilium; cm - circular muscles; cn — cross extended neurites; cu — cuticle; ecm — extracellular matrix;
edg - electron dense granules; gc — gland cell; if — intermediate filaments; In — longitudinally extended neurites; mi — microvilli; n — nucleus; np -

the circumoral nerve ring of the anterior nerve center is
up to 43 um in height; and the neurite bundles form a
layer that is about 5 pm thick (Fig. 7D).

According to TEM, the epithelium, which contains the
outer ring of the anterior nerve center, is formed by
monociliated cells (Fig. 11A), whereas epithelium of cir-
cumoral nerve ring is bi- or polyciliated (Fig. 11B). Epi-
thelial cell of both nerve rings have a wide apical part
and a narrow basal part that is transformed into a long
thin process, in which electron-dense bundles of inter-
mediate filaments extend. The apical surface of the
monociliated cells bears thin long microvilli, whose tips

are electron dense, and a thick layer of cuticle is located
between the microvilli and cilia (Fig. 11A). Epithelial
cells of the inner circumoral nerve ring lack thin micro-
villi and thick layer of cuticle (Fig. 11B).

The epithelium of the outer ring of the anterior nerve
center contains many gland cells of two types, which are
similar to the gland cells in the tentacle epithelium: cells
of the first type contain large vesicles with mucous con-
tent and cells of the send type are filled with small dense
granules (Fig. 7C). In both rings of the anterior nerve
center, perikarya are scattered between the somata of
the epithelial cells, above the neuropil (Fig. 11A, B).
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These perikarya are small (diameter ~ 5 um) (Fig. 12A,
C). The nucleus in these cells has an irregular shape,
lacks a nucleolus, has electron-lucent karyoplasm, and
contains large aggregations of heterochromatin in the
center (Fig. 12A, C). The cytoplasm of the perikarya
contains many synaptic vesicles that differ in diameter
and content. The cytoplasm also contains mitochondria
that are small, not abundant, and have an electron-dense
matrix (Fig. 12A, C). The neuropil, which is formed by
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numerous neurites, is located between the perikarya and
the extracellular matrix (Fig. 12B, D). In the outer ring
of the anterior nerve center, two components of the
neuropil can be distinguished at the ultrastructural level.
The first component is the upper portion of the neuro-
pil, which is mostly formed by circular neurites that are
cut longitudinally in transverse sections of the nerve
center (Fig. 11A). The second component is the lower
layer, which is mostly formed by longitudinal neurites

Fig. 12 Ultrastructural details of the outer (A, B) and circumoral nerve rings (C, D) of the anterior nerve center of Owenia borealis. A, C Perikarya,

which are surrounded by supportive cells and their projections. B, D The basal portions of neuropil. Varicose of neurite of second type is shown
by double arrowheads. Synaptic-like structures, which are characterized by cell membrane density and by synaptic vesicle concentration, are
indicated by arrowheads. Abbreviations: dcv — dense-core synaptic vesicle; dsv — dense synaptic vesicles; ecm — extracellular matrix; edg —
electron dense granules; if — intermediate filaments; Isv — light synaptic vesicle; mch — mitochondrion; msv — synaptic vesicle with content of
middle electron density; nld — neurite of large diameter; nsd — neurite of small diameter; pkn — nucleus of perikaryon; scp — supportive cell; sv —
synaptic vesicle
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that are cut transversally in transverse sections of the
nerve center (Fig. 11A). In the nerve rings, the neuropil
consists of neurites that differ in structure. Some of
these neurites have small diameters and electron-dense
cytoplasm, which regularly form wide varicoses with
electron-lucent cytoplasm (Fig. 12A). The cytoplasm of
these small neurites contains synaptic vesicles with
electron-dense content and with content of intermediate
electron density (Fig. 12A, B). Other neurites of the
neuropil usually have large diameters and electron-
lucent cytoplasm, and contain dense-core synaptic vesi-
cles and vesicles with electron-lucent content (Fig. 12B).
In addition to these two types of neurites, the neuropil
contains projections of cells that contain ovoid electron-
dense granules (Fig. 12B, D).

Discussion

In the current research, we used TEM and immunocyto-
chemistry coupled with CLSM to study the anatomy and
ultra-anatomy of the anterior nerve center of Owenia
borealis. We also used histology, TEM, SEM, and 3D
modelling to examine the organization of the organ sys-
tem of the tentacle crown with the goal of gaining
insight into the evolution of Annelid nervous system and
feeding apparatuses.

The stratified neuroepithelium as a trait of the bilaterian
anterior nerve center

The typical brain is regarded as the most anterior
ganglion, which comprises a compact central mass of
neuropil surrounded by a cell cortex [22]. Previous
data [13, 15] and our study revealed the absence of
typical ganglionic organization of the anterior nerve
center in oweniids: their nerve center does not have a
cell cortex and is organized as concentrated intraepi-
dermal nerve plexus.

In general, such organization can be regarded as a
stratified neuroepithelium, in which there are three
layers: somata of glial cells (epithelial cells), perykaria of
neurons, and the neuropil. In glial cells, basal projections
are very long and contain intermediate filaments: such a
structure is typical for radial glial cells [29]. Interestingly,
such a three-layered structure of the stratified neuroepi-
thelium is described in the structure of the intraepider-
mal brain of magelonids (Fig. 8a in [55]).

Moreover, in many bilaterians, the nerve centers are
organized as stratified neuroepithelium. Thus, such
organization is described in protostomes (such as bra-
chiopods [56], phoronids [38, 57], oweniid annelids (this
study [15];), and in priapulids [29]) and in deuterostomes
(such as enteropneust hemichordates [29] and echino-
derms [58]), as well as in nemertodermatid acoelomorph
belonging to the likely sister group to all remaining bila-
teria (see Fig. 5F in [59]). Such a wide distribution of
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the stratified neuroepithelium in the nervous system of
different bilaterians may indicate that this was the ances-
tral trait of the anterior nerve center in all bilaterians.
That possibility is consistent with earlier suggestions re-
garding the ancestral state of the intraepidermal and
non-ganglionic anterior nerve center of bilaterians [7,
15, 23-29].

Is the anterior nerve center in oweniids homologous to
the dorsal root of the annelid circumesophageal
connective?

In the adult oweniids, among two roots of the circume-
sophageal connectives that are described in the brains of
other annelids [23, 60], at least the dorsal root is present.
There are two nerve rings in the anterior nerve center in
O. borealis (here) and in Galathowenia oculata [13]. We
found the same nerve rings of the anterior nerve center
in O. fusiformis and in basally branching oweniid taxon
Myriowenia sp. at histological sections made by Beckers
et al. [15] (O. fusiformis: sections 15—115: morphdbase.
de/?P_Beckers_20170310-M-94.1 and, Mpyriowenia sp.:
sections 69-78: morphdbase.de/?P_Beckers_20170310-
M-96.1). According to some data [12, 16], in the post-
metamorphic stage of O. fusiformis, the dorsal root of
the circumesophageal connectives contains 5HT-lir and
FMRFamide-lir neurites, whereas the ventral root has
only 5HT-lir neurites. In the adult oweniids, both the
5HT-lir and FMRFamide-lir nerves are also found in the
rings of the anterior nerve center of G. oculata [13] and
O. fusiformis [15]. Thus, based on the immunoreactivity,
we suggest the homology of the oweniid anterior nerve
center to the dorsal root of the circumesophageal con-
nective of other annelids. Moreover, the outer ring of
the anterior nerve center in O.borealis has two parts, an
anterior and posterior, which could be the ventral and
dorsal commissures of the dorsal root of the
connectives.

The non-specialized tentacle crown in oweniids

Oweniids primarily feed on the surfaces of substrates,
and those species with a tentacle crown also use it in
suspension feeding [61]. The degree of specialization in
feeding probably determines the architecture of the ten-
tacle crown, which may differ in number of tentacles,
crown length, ramification from the base, rate of branch-
ing, and the shape of grooves that conduct particles from
the tentacle tips to the mouth [62-66]. As it was shown
in our study, the tentacle crown of O. borealis also varies
in number of arms and tentacles.

Ciliation of tentacles

In O. borealis, all epithelial cells of tentacles are monoci-
liated. These data are consistent with previous results
about O. fusiformis [67]. Distal parts of tentacles of O.
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borealis are evenly ciliated and do not bear any ciliated
grooves. Oral ciliated groove extend along each arm at
its proximal part. This groove is formed due to increase
of density of epithelial cells, but not due to appearance
of polyciliated cells. In animals with tentacles, usually,
the diameter of ciliated grooves defines the size of food
particles [63]. O. borealis are able to collect particles,
which size is up to 20-25 um, because the ciliated oral
groove has the same diameter. The secretion of numer-
ous epithelial gland cells is probably used for agglutin-
ation of food particles.

Innervation of the tentacle crown

The basally branching oweniid taxon Myriowenia sp. has
palps as the head appendages that are homologous to
palps of the adult Magelonidae [15, 55]. It was suggested
earlier [15] that the tentacle crown of Owenia species is
homologous to palps. On the other hand, the tentacles
of O. borealis and other Owenia species might be com-
parable with the antennae of other annelids: the anten-
nae (median and lateral) are innervated from the middle
and lateral parts of the dorsal roots of the circumesopha-
geal connectives [23, 60]. If we assume that the oweniid
anterior nerve center is homologous to the dorsal roots
of the circumesophageal connectives of other annelids
(see above), then the tentacles of Owenia species are
likely homologous to the antennae of other annelids.

Accordingly to previous results [15], head appendages
of different oweniid species are innervated from the
outer nerve ring (ring-shaped brain). Tentacle nerves
emanate directly from the anterior nerve center and ex-
tend along the aboral side of tentacles [15]. Accordingly
to our new data, in O. borealis, aboral tentacle neurites
originate from thick short neurite bundles, but not directly
from the anterior nerve center as do in O. fusiformis [15].
Moreover, O. borealis has not only outer, but also circu-
moral nerve ring, which gives rise to the oral tentacle
neurite bundles. Thus, tentacles of O. borealis are evenly
innervated by numerous thin neurite bundles, which are
not grouped into prominent nerves. Earlier, the inner
nerve ring was shown only in Galathowenia oculata [13]
and has never been described before in other.

At the same time, two nerve rings are described in
different lophophorates, which are highly specialized
filter feeders [42, 46, 47, 56]. These nerve rings give
rise to the tentacle nerves, which extend along certain
zone of each tentacle. In all lophophorates, there are
intertentacular nerves, which innervate adjacent tenta-
cles [46]. Among annelids, the highly specialized filter
feeders, the sabellids, have intertentacular nerves [61].
These nerves, apparently, allow to coordinated the
work of adjacent tentacles and are important for filter
feeders, whereas these nerves are not necessary for
deposit feeders as oweniids.
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Musculature of the tentacle crown

The muscles of the tentacle crown in O. borealis are
mainly represented by longitudinal bundles, most of
which are located on the crown’s aboral side. Contrac-
tion of the longitudinal muscles pulls the tentacles out-
ward and opens the tentacle crown. The longitudinal
musculature in O. borealis thereby helps the tentacle
crown to collect particles that are suspended in the
water column or that have settled on the substrate [61,
63, 68—70]. The reverse folding of the tentacles likely oc-
curs due to the deformed layer of the ECM, which is
much thicker on the aboral side than on the oral side of
the tentacles. In those annelids that are specialized filter
feeders, the outward expansion of the fan of tentacles
also occurs due to the contraction of the aboral longitu-
dinal muscles. Those filter feeders, however, also have a
cartilaginous skeleton as well as muscles at the base of
the tentacular crown that serve as antagonists of the ab-
oral longitudinal muscles, i.e., that enable the organism
to withdraw the tentacles and move the captured parti-
cles to the mouth [71].

In the tentacles of O. borealis, the transverse muscle
layer is very thin. Although this muscle layer may repre-
sent only short fragments of individual muscle filaments,
we suspect that it represents a complete muscle ring. In
the tentacles of the specialized filter feeders such as the
lophophorates and annelids Sabellidae and Serpulidae, a
complete reduction of the transverse muscles occurs
[71-74]. That O. borealis apparently retains the trans-
verse muscles in the tentacles is consistent with the in-
ference of a non-specialized mode of feeding.

Coelomic lining of the tentacle crown

Four types of coelomic myoepithelium have been de-
scribed in echinoderms, various annelids, and lophopho-
rates: simple, pseudostratified, bipartite pseudostratified,
and stratified [75-78]. The coelomic epithelium in O.
borealis is intermediate between the simple and the
pseudostratified myoepithelium. The pseudostratified
myoepithelium is known for echinoderms [75, 79], bra-
chiopods [78, 80], phoronids [57, 73], and sedenterian
and errantian annelids [76, 77]. The cells of a pseudos-
tratified myoepithelium are arranged in two rows: in-
ternal myoepithelial cells and external non-muscular
epithelial cells (ie., cells without myofilaments). In O.
borealis, both rows of cells have myofilaments. The in-
ternal myoepithelial cells are mainly used for contrac-
tion, and their wide basal parts contain longitudinal or
rarely circular myofilaments (Figs. 3, 6C). Because both
types of cells in O. borealis are myoepithelial, the pseu-
dostratified myoepithelium of O. borealis differs from
the pseudostratified myoepithelium described by Rieger
and Lombardi [75]. We propose that the coelomic lining
of the head and tentacles of O. borealis is intermediate
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between the simple and pseudostratified evolutionary
stages of the coelomic epithelium of Bilateria.

The pseudostratified myoepithelium is considered to
be associated with the basiepidermal nervous system:
each myoepithelial cell receives a signal from neuro-
transmitters in the immediate vicinity of the neurons
[76]. Together, the pseudostratified myoepithelium and
the basiepidermal nervous system in O. borealis have
been recognized as plesiomorphic traits of the epithelia
of the body wall in annelids [15, 26, 27] and possibly in
Spiralia [7]. It follows that, on the one hand, the myoe-
pithelium of the coelomic lining and the basi-epidermal
nervous system co-evolved in Owenia. On the other
hand, the myoepithelial cells of the coelom do not
specialize in performing various functions, all cells carry
myofilaments, and there is no typical pseudo-stratified
myoepithelium.

To summarize this part of the Discussion, we observed
the presence of a non-specialized tentacle crown in O.
borealis and note that such crowns have also been ob-
served in other oweniids with tentacles. The lack of a
specialized tentacle crown corresponds with the struc-
tural elements of the nervous, muscular, coelomic, and
circulatory systems. O. borealis lacks a dorsal brain but
instead has an anterior nerve center which might repre-
sent the dorsal root of the circumesophageal connec-
tives. There are no intertentacular nerves. Myoepithelial
cells of the coelomic cavity are not specialized and rep-
resent an intermediate stage between simple and pseu-
dostratified myoepithelium. The blood vessels form a
complex network of capillaries in which the afferent and
efferent vessels cannot be traced. The transverse muscles
remain, and there are no muscles that are antagonistic
to the longitudinal muscles that open the tentacle
crown.

Evolution of the tentacle apparatuses
It is assumed that various bilaterians, including anne-
lids, cephalopods, onychophorans, echinoderms, and
ascidians, have the same genetic program defining the
coordinate grid of the various appendages or out-
growths of the body [81-83]. At the same time, these
appendages of the body have different morphologies
and perform completely different functions, for ex-
ample, sensitive perception, nutrition, movement, etc.
Interestingly, in different groups of the bilaterians, in-
cluding annelids, the anterior outgrowths of the body
are specialized in capture of the food particles and
formed so-called tentacle apparatuses. Here, we con-
sider the evolutionary trends of the organization of
tentacular apparatus that are used for suspension and
filter feeding.

O. borealis is one of the various annelids that has a
tentacle apparatus or anterior appendages. A comparative
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analysis of the organization of tentacles in different groups
of Bilateria reveals three main patterns of the tentacle
specialization (Fig. 13). The first pattern is repre-
sented by highly specialized tentacles with a zonality
of the epithelium that is co-localized with nerve tracts
and muscle bundles. Specialized tentacles are found
in some filter feeders including annelids in the fam-
ilies Serpullidae and Sabellidae [84], all lophophorates
(Phoronida, Brachiopoda, and Bryozoa) [32, 48, 51],
and Kamptozoans (=Entoprocta) [34, 85]. Specialized
tentacles always have at least four zones: one oral,
one aboral, and two lateral (Fig. 13A, B). Oral and lat-
eral zones are heavily ciliated, whereas cilia are rare
or even absent in the aboral zone. The aboral zone
can undergo specialization involving the presence of
additional skeletal structures and gland cells. These
four zones are innervated by different nerve tracts.
The epidermal zones and nerve tracts are co-
localized. The muscle bundles are also co-localized
with certain zones of tentacle. There are usually two
muscular bundles, oral and aboral, which allow each
tentacle to bend in two directions. Among all filter
feeders, lophophorates have the most specialized ten-
tacles, each of which bears eight zones: one frontal
(oral), one abfrontal (aboral), two lateral, two latero-
frontal, and two lateroabfrontal. Each of these zones
is innervated by a specific nerve tract and has a
specific function [51].

The second pattern of tentacle organization is less
specialized tentacles, which have at least two zones:
heavy ciliated oral and less ciliated aboral. In the second
pattern, the innervation of each zone is provided by a
specific nerve tract. Less specialized tentacles occur in
some annelids that are not specialized filter-feeders, i.e.,
the Fabriciidae and some Serpulidae [72, 84] (Fig. 13C).
Although the information is scarce, fabriciids could be
deposit and/ or suspension feeders [61, 84, 86].

The third pattern of the tentacle organization is the
non-specialized tentacles. Such tentacles lack zonality of
the epidermis and co-localization of ciliary cells, nerve
tracts, and muscular tracts (Fig. 13D, E). In these non-
specialized tentacles, all sides are evenly ciliated. If
present, ciliary zones are not co-localized with the nerve
tracts or neurite bundles, which are evenly scattered in the
tentacle. In the tentacles of the third type, muscle cells do
not form bundles, and they are evenly distributed in the
tentacle. The non-specialized tentacles can be found in
oweniids (this study) and in some holothurians [87]. Holo-
thurians are deposit or suspension feeders and are able to
attach deposited particles to tentacles due to the secretion
of a glue by gland cells [88-90]. The presence of many
gland cells can be regarded as a kind of specialization but
cannot be compared with the zonality of the highly
specialized tentacles for filter-feeding.
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Fig. 13 Schemes of transverse section of tentacles of different types. Blood vessel is not shown. Oral side is to the down; aboral side is at the
top. A, B highly specialized tentacles; C - less specialized tentacle; D, E non-specialized tentacles. A Generalized tentacle of lophophorates (based
on 32,48,51). B Generalized tentacle of Serpullidae and Sabellidae (based on 85). C Generalized tentacle of Fabriciidae (based on 85) and serpullid
Pomatoceros triqueter (based on 73). D Tentacle of Owenia borealis (this study). E Tentacle of holothuria Holothuria forskali (based on 88). Color
code: yellow — nerve elemants; blue — coelomic cavity; light brown - myoepithelial cells; dark brown — mucle cells and myoepithelial cells with
numerous myofilaments; dark grey — extracellulart matrix; light grey — epithelial cells

Conclusions

In this report, we described the anatomy and ultra-
anatomy of the tentacular crown of Owenia borealis.
Because they belong to the clade of palaeoannelids [3, 5],
the Oweniidae are important for studies of the morpho-
logical traits of annelid ancestors or even of bilaterian
metazoan ancestors. In O. borealis, the anterior nerve
center is represented by stratified neuroepithelium and
consists of three layers: apical somata of the glial cells,
perikarya of neurons, and the basal neuropil between the
thin projections of the glial cells. Based on the available
data on the structure of the sister annelid clade Mageloni-
dae and the various bilaterian lineages [15, 29, 38, 55-59],
we suggest that the anterior nerve center of the last com-
mon ancestor of annelids and possibly of all bilaterian
metazoans was composed of a basiepidermal stratified
neuroepithelium. Based on the immunoreactivity, we as-
sume that the anterior nerve center of all oweniids is
homologous to the dorsal root of the circumesophageal
connectives of other annelids [12, 13, 15], as well as the
tentacle crown of Owenia species are likely homologous
to the antennae of other annelids [23, 60]. After describing
the architecture of the tentacle crown of O. borealis, and
its innervation, musculature, blood system, and coelomic
myoepithelial lining, we compared the tentacle crown of
O. borealis with the tentacular apparatuses of the other

bilaterian metazoans. These groups have three patterns of
tentacle organization: highly specialized tentacles, less spe-
cialized tentacles, and non-specialized tentacles. Our ana-
tomical and ultra-anatomical data suggest that O. borealis
has the least specialized tentacle apparatus, whose type of
organization may reflect the ancestral pattern of tentacles
in bilaterians.
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