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Abstract

Background

The structure and development of the nervous system in Lophotrochozoa species is of the most
important questions for comparative neurobiology. During the last decade the number of comprehensive
studies on the development of serotonergic and FMRFamidergic systems has been skyrocketing.
However, the detailed research of the earliest events of Polychaeta neurogenesis is still sparce.
Polychaeta is a huge taxon within Lophotrochozoa. Its representatives are widely used as model systems
in developmental and physiological investigations. Dinophilidae is a unique Polychaeta group. Its
representatives combine morphological traits of different lophotrochozoan taxa. Moreover, adult
dinophilids demonstrate morphological similarity to a trochophore larva. This similarity may be
associated with either archaic origin of this group or neoteny. The main goal of our study is to provide a
detailed description of the earliest events in Dinophilus neurogenesis. These data might improve our
understanding of Polychaeta development and evolution.

Results

We have studied the earliest events in nervous system development in two relative species D. gyrociliatus
and D. taeniatus using immunochemical labelling of serotonin, FMRF-amide related peptides, and
acetylated tubulin. We used external ciliation as marker for staging. Both species go through the same
developmental stages: prototroch, ventral ciliary field and ciliary bands. In both species the first neurons
differenciate revealed by anti alpha-acetylated tubulin antibodies only and show no reaction with 5-HT or
FMRFa antibodies. These neurons located at the anterior and posterior parts of the embryo in both
species. In D. taeniatus embryons the anterior cell is transient and disappear just after head neuropil is
constructed. On the contrary, in D. gyrociliatus embryos the anterior cell is not transient and remains at
the same position during the whole life span of the specimen. Caudal cell is present during the whole
embryogenesis in both species. Neurites of these early neurons surround the stomadeum and constitute
anlagen of paired ventro-lateral longitudinal bundles. During the development the number of neurites
increases and they form compact head neuropil, paired ventro-lateral and lateral longitudinal bundles,
unpaired medial longitudinal bundle and transverse commissures in ventral hyposphere. Serotonin- and
FMRFamide-immunoreactive neurons differentiate adjacent to ventro-lateral bundles and head neuropil,
respectively, after the establishment of main structures of the nervous system at the ventral ciliary field
and ciliary bands stages. Processes of serotonin-, FMRFamide- immunopositive neurons constitute the
small portion of tubulin immunopositive neuropil at all described stages.

Conclusions

We announce a detailed data on the earliest events in D. gyrociliatus and D. taeniatus neurodevelopment
based on anti-acetylated tubulin, serotonin, and FMRFamide-like immuno labeling. The first nerve
elements demonstrate no 5-HT-IR and no FMRFa-IR, which differs from the most Polychaetes and even
Lophotrochozoans, investigated so far. Moreover, these animals do not have a typical apical organ (or
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perhaps do not have it at all) and the pioneer neurons of D.gyrociliatus are also peculiar in that they join
the definitive nervous system unlike other lophotrochozoans where pioneer nerons are transient. Thus,
Dinophilus neurogenesis demonstrates a variation of common scheme. The reported study was funded
by RFBR, project number 19-3460040.

Introduction

Over the past decades the research of lophotrochozoan neurogenesis and functions of early larval
neurons has made considerable progress [72-74, 69-71, 23, 67, 68, 2, 10, 26, 52, 76, 83, 92-96, 101, 15,
16,18, 23, 85-90, 80, 21, 104]. The emergence of the first neurons and subsequent establishment of the
nervous system was described in details for the main lophotrochozoan groups such as Polychaeta and
Mollusca [15, 16, 18-20, 61, 84-91, 10, 25, 62, 22, 80].

The first neurons appear extremely early in embryogenesis [56, 57, 33, 34, 13, 84, 88, 89, 10, 22]. They are
often located at the periphery and their emanating processes establish a layout for the developing adult
(definitive) nervous system. Therefore, these early neurons may be considered as so called pioneer
neurons [58, 4, 47, 76, 86, 39]. In polychaetes and nemerteans pioneer neurons were shown to be
serotonin (5-HT) IR [84, 88, 90, 22, 12], while in mollusks they often express positive reaction with anti-
FMRFamide antibodies [15, 16, 18—20, 25, 91, 84, 85].

Apart from the pioneer neurons, early nervous elements are often associated with sensory apical or
aboral organs [29, 56, 57, 72-74, 67, 68, 69—71]. The apical organ consists of a group of flask-shaped
cells reaching the surface of a larva and bearing cilia on their apices. The processes running from the
basal parts of these cells form a plexus under the apical organ [56, 57, 72—74, 95, 96]. Summarizing the
data from different lophotrochozoan taxa the evidence comes that the cells of the apical organ almost
always have either 5-HT or FMRFamide IR [43, 72-74, 67, 68, 93-95, 51, 55, 97]. Pharmacological
treatments and other approaches demonstrate that these neurons play critical role in reception of external
cues [30, 53, 13, 44], regulation of developmental rates [87, 29], and morphogenetic patterning [56, 57,
72-74,104].

Typically, the other elements of the larval nervous system (prototroch nerve, hyposphere nerve ring, and
etc.) and anlage of the difinitive nervous system (cerebral ganglia, ventral nerve cords, oesophageal nerve
network, and etc.) emerge soon after the establishment of the first neurons [48, 49, 53, 56, 57, 67, 84, 88,
90, 96, 22].

Although many lophotrochozoans exhibit general bauplan of the nervous system, some animals have
peculiar characteristics in the larval nervous system; for example, some structures might be completely
lost or highly elaborated. The data obtained on the previously neglected taxa (Phoronida, Sipuncula,
Acoela, Entoprocta, etc.) not only show intriguing neuromorphological patterns, but help to elucidate the
origin and phylogenetic position of some questionable groups. For example, the neural systems of
phoronids and brachiopods are shown to have a number of similarities with deuterostomian neural

systems [69-71, 83], challenging molecular phylogeny view considering phoronids and brachiopods as
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Protostomia [69]. Likewise, similarities between the neurogenesis of creeping entoproct larvae and
molluscs propose a monophyletic assemblage of Mollusca and Entoprocta [92, 95, 96]. The data on
Acoela neural organization support separation of this group from Platyhelminthes and allow to consider
Acoela as the most primitive living Bilateria [50]. Segmental organization of the central nervous system at
the larval stages of Sipuncula and Echiura (worms lacking any trace of metamerism) demonstrates the
segmental origin of Sipuncula [51, 52] and Echiura [36—38].

One of the previously neglected taxa with uncertain position is Dinophilidae family (Archiannelida,
Polychaeta) first described in the last half of XIX century [78, 31]. The first works depict dinophilid
anatomy, histology, and embryogenesis as early as at the end of XIX — beginning of XX centuries [30, 31,
27,40, 48,76,77, 31, 64, 65]. Further investigations confirm an extraordinary morphology of dinophilids,
which combines characteristics of different lophotrochozoan animals such as Polychaeta (segmentation
of epithelial structures, though no chaeta), Platyhelminthes (parenchymatous organization,
protonephridia), Mollusca (gliding ciliary locomotion), and even trochophore larva (prototroch, ciliary
bands, ventral ciliary field, and protonephridia) [4, 5, 6, 8, 35, 1, 58, 8, 78, 81, 82, 44-46]. That adult worms
have larval elements suggests progenetic origin of dinophilids [98, 100, 63, 36, 103, 97, 60, 97-99, 101].
The nervous system of Dinophilus attracted particular attention of researches in recent times [100, 7, 63,
64, 23, 24, 44-46). Nevertheless, the early events of neurogenesis (first differentiating neurons, pioneer
neurons, the structure of the apical organ) have never been described in details.

Genus Dinophilus includes only two species: Dinophilus gyrociliatus [77] and Dinophilus taeniatus [31].
Our work analyzes the earliest events in neurogenesis of both species by immunochemical staining with
pan-neural marker (anti-acetylated a-tubulin antibodies) as well as with antibodies to specific neuronal
molecules (5-HT, and FMRFamide). Our results demonstrate that the early neurogenesis is rather similar
in two Dinophilus species, but has significant difference from what was revealed in other
Lophotrochozoa.

Materials And Methods

Culture maintaining. The culture of Dinophilus gyrociliatus was established from the Mediterranean Sea,
Napoli Zoological station (Italy). In laboratory the animals were reared in small plastic aquaria with
artificial seawater (33%eo salinity) at 21° C without aeration. Worms were fed with homogenized frozen
Urtica leaves once a week. Water was changed every day in order to collect all developmental stages of
embryos. D. gyrociliatus cocoons contained 1-9 large (female) embryos and several small (dwarf males)
embryos. In our work we studied only female (large) embryos of D. gyrociliatus, so we use the term
“embryo” here in relation to female embryos only.

The work on Dinophilus taeniatus was conducted during summer seasons at the White Sea, Pertsov
White Sea biological station (Russia; 66°34'N, 33°08'E). The worms were collected in a subtidal during a
low tide and were then kept in small tanks without aeration and in six-well plates at 10 °C in filtered
seawater. The worms were fed with diatomic Phaeodactilum sp. and Pseudinicshea delicatissima every
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other day. Water was changed every time before feeding. The cocoons of D. taeniatus contained up to 30
embryos the same size of both sexes.

Both Dinophilus species laid cocoons regularly on a regular base. The cocoons were gently removed from
the aquaria using glass Pasteur pipette and placed into 30 mm Petri dishes with filtered sea water. The
embryos were mechanically extracted from the cocoon and fertilization envelope with tiny needles. Then
they were tested under a microscope in order to select the only embryos without any visible damages for
further immunocytochemical procedures.

Immunocytochemistry. D. gyrociliatus and D. taeniatus embryos at various developmental stages were
subjected to whole-mount immunocytochemical staining. The embryos were fixed with 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS, 0,01 mM, pH =7.4) at 4 °C overnight. The
immunostaining was then conducted according to a protocol established for juveniles and adults of D.
gyrociliatus [23, 24]. We used anti-acetylated a-tubulin antibodies diluted 1:5000-1:10000 in PBS
containing 0,1% Triton X-100 (PBS-TX) to label ciliary bands and neural fibers. Specific neural cells were
marked with anti-5HT, anti-FMRFamide (polyclonal, 1:2500, Immunostar), and anti-tyrosine hydroxylase
(TH) antibodies (polyclonal, 1:2500, Sigma, USA). The primary antibodies were visualized with respective
secondary goat-anti-rabbit and goat-anti-mouse antibodies conjugated with Alexa-488 and Alexa-633 (
1:1000, Molecular Probes).

Cell nuclei were stained with DAPI (0,25 pg/ml). After 3 x 10 min washing in PBS, the specimens were
mounted on glass slides in 70% glycerol for microscopic analysis and image acquisition.

Confocal scanning microscopes TCS-SPE, TCS-SP5 (Leica Microsystems, Germany) and Nikon A1
(Nikon, Japan) equipped with the appropriate set of lasers, filters, and detectors were used for the detailed
study of the specimens. Stacks of optical sections taken with 0.3—-0.5 ym intervals were processed with
Leica LAS AF (Leica Microsystems, Germany) and Image J (NIH, USA) to obtain two-dimensional images.
For each certain preparation the optimal number of stacks was selected in order to demonstrate the
structures of interest. To compose a picture, optical sections were projected into one image and then
imported into the Adobe Photoshop CC; the only parameters to be changed were brightness and contrast.

Results

Relative staging

Duration of embryonic development in Dinophilus gyrociliatus differs from that of Dinophilus taeniatus
significantly. D. gyrociliatus embryos hatch after 5 days after oviposition whereas D. taeniatus embryos
hatch approximately two weeks after oviposition. External ciliary structures appear sequentially in
anterior-to-posterior direction both species. Each stage has specific ciliary pattern. We used external
ciliation as marker for staging of D. taeniatus and D. gyrociliatus embryos.
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It's noticeable that during the course of development Dinophilus embryos curve with it's ventral ciliary
field outside (Fig. 1). Thus in our Figures we have photos of curved embryos, not round or oval-shaped,
especially at late stages.

In both studied species the first cilia are visualized after stomadeum emergence when embryos are at a
gastrula stage. These cilia appear in the epishere above the stomadeum and form a prototroch (Fig.1 a).
Then prototroch develops a circular band in ventro-dorsal direction. Prototroch extends to the dorsal side
without forming a complete ring.

After the prototroch is developed, ventral ciliary field appeares at the midline of the ventral hyposphere
beneath the mouse opening. This ventral ciliary field elongates in rostro-caudal direction (Fig.1 b). During
the further embryogenesis the ventral ciliary field becomes wider and bushier, and its cilia become longer.

After that, another ciliary band (acrotroch) appears in an episphere above the prototroch. Acrotroch also
extends to the dorsal side and forms an incomplete ring. In hyposphere ciliated transversal stripes
emerge under the prototroch on both sides of ventral ciliary field. In the course of development these
ciliary stripes fuse at the dorsal side forming ciliary bands ot the hypospere (Fig.1 ¢). The number of
these ciliary bands increases in rostro-caudal direction, reaching five by the moment of hatching (Fig.1 c).

Thus, we suggest the following postgastrulation embryonic developmental stages in Dinophilus:
prototroch, ventral ciliary field, and ciliary bands stages (Fig. 1 a - ¢). The name of the stage refers to the
moment of a certain structure formation (i.e. the stage of prototroch means that the prototroch begins to
develop, but no other ciliary structures have yet been formed, etc.) (Table 1). We described below the
general structure of a nervous system as well as the distribution of specific neurons at these stages
during early embryogenesis of D. taeniatus and D. gyrociliatus.

Table 1. The moment (hours pot overposition and days post overposition) of establishment of the main
external ciliary structures and hatching during embryogenesis of D. taeniatus and D. gyrociliatus.

Prototroch  Ventral ciliary field  Ciliary bands  Hatching

Dinophilus gyrociliatus 20 hpo 48 hpo 72 hpo 120 hpo

Dinophilus taeniatus 6 dpo 9 dpo 11 dpo 14 dpo

Neurogenesis during the prototroch stage

In both D. gyrociliatus and D. taeniatus the earliest neurons develop during the prototroch stage. These
earliest nerve elements construct the scaffold for nervous system. In both species first neurons
demonstrate no 5-HT-LIR and no FMRFa-LIR (Fig. 2).

In D. gyrociliatus the first neuron appears at the periphery of anterior part of the embryo, above the mouth
(Fig. 2 a, d, Fig. 8 a-a"). This cell has two lateral processes, growing on the ventral side along the
prototroch (Fig. 2 a, Fig. 8 a-a"). A bit later, the projects of the first cell develop the basic structures of the
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nervous system: neuropil in the episphere, two ventrolateral bundles, two commissures and two lateral
bundles (Fig. 2. b, €). At the level of the first commissure another pair of neurons differenciates (Fig. 2 b).
Their projects extend along the scaffold formed by the first cell (Fig. 2 b, e). Thus, the scaffold of the
nervous system is build by projects of the only one cell (Fig 2. b, e, d).

In D. taeniatus one of the first neurons appears at the apical of anterior part of the embryo (Fig. 2 f), the
other neuron is at the caudal part on the dorsal side (Fig. 2 f, g, I). Anterior cell develops lots of processes
towards the head neuropile. This cell is transitory and disappears a bit later at the prototroch stage (Fig 2
g, h). The projects of the anterior cell form the basic structures of the nervous system: thin neuropil in the
episphere, two ventro-lateral bundles, first commissure and two lateral bundles (Fig. 2. g, j, k). At the level
of first commissure additional neurons appear (Fig. 2 g, j, k). Thus, the scaffold of the nervous system is
build by projects of the only one cell (Fig 2. g-k). Caudal cell develops two lateral processes, but they are
short and still on the dorsal side (Fig 2 f, I).

Neurogenesis during the ventral ciliary field stage

During ventral ciliary field stage first 5-HT-LIR and FMRFa-LIR elements differentiate, but they form only
minor part of the whole nervous system in both species D. gyrociliatus and D. taeniatus.

D. gyrociliatus embryos demonstrate quite developed nervous system at the ventral ciliary field stage. The
first nerve cell is still above the mouth opening, it becomes bigger (Fig. 3 a, Fig. 4 a, Fig. 5). Neuropile in
the episphere contains more processes, become more dense and prominent (Fig. 3 a, Fig. 4 a, Fig. 5). No
neurons are detectable in neuropil region (Fig. 3 a, Fig. 4 a, ¢, &, Fig. 5 b- d). The main parts of nervous
system are detectable: neuropil, ventro-lateral, medial and lateral bundles, commissures (Fig. 3 a, Fig. 4 a,
Fig. 5). On the ventral side two ventrolateral and lateral bundles are detectable, they contain more
processes (Fig. 3 a, Fig. 4 a, Fig. 5). Additional ventral medial bundle extends in rostro-caudal direction
(Fig. 3 a, Fig. 4 a, Fig. 5). At the caudal region ventral and medial bundles extend to the dorsal side of an
embryo (Fig. 3 ¢, g, f). The caudal cell appears on the dorsal side of an embryo (Fig. 3 f, Fig. 4 ), its'
processes grow towards ventro-lateral bundles and join them.

First 5-HT-LIR neurons develop at the level of the first commissure (Fig. 3 b). These neurons do not have
any cilia (Fig. 3 b, ¢, €). The processes of these neurons extend to the main nervous structures: ventro-
lateral, medial bundles and head neuropil (Fig. 3 b, ¢, €).

First FMRFa-LIR detectable in the anterior cell above the mouth opening (Fig. 4 b- ¢, Fig. 5 a-c, Fig. 8 b-b").
Moreover, the processes of the cell also FMRFa-LIR (Fig. 4 b- ). Thus, FMRFa-LIR bundles detectable in
the ventro-lateral, medial and lateral nerve bundles (Fig. 4b, c, Fig. 5 d, ). It's noticeable that, the first cell
has an FMRFa-LIR extension towards the surface and sensory cilia (Fig. 4 b, ¢, f, Fig. 5a, b. The
processes of this cell follow the main nervous structures neuropil, ventro-lateral, medial and lateral
bundles. The other processes of this cell form an incomplete ring under the prototroch.
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D. taeniatus embryos also demonstrate quite developed nervous system at the ventral ciliary field stage
(Fig. 3g). The first cell is not detectable, thus we propose it's transient. Neuropile in the episphere contains
more processes, become more dense and prominent (Fig. 3 g, i, j). No neurons are detectable in its region
(Fig. 3 g,i,j). The main parts of nervous system are detectable: neuropil, ventro-lateral, medial and lateral
bundles, commissures (Fig. 3 g, h). Multiple projects extend to the surface from neuropile (Fig. i, j, k). On
the ventral side two ventro-lateral and lateral bundles are detectable, they contain more processes (Fig. 3
g, h, ik, I). At the caudal region ventral and medial bundles extend to the dorsal side and meet the caudal
cell projects (Fig. 3 i, I). No prototroch circular nerve is visible (Fig. 3).

First 5-HT-LIR neurons in D. taeniatus embryo also develop at the level of the first commissure (Fig. 3 h, i,
k). These neurons do not have any cilia (Fig. 3 k). They send processes to the main nervous structures:
ventro-lateral bundles and commissure (Fig. 3 i, k, I).

No FMRFa-LIR is detectable in D. taeniatus at this stage.
Neurogenesis during ciliary bands stage

During ciliary bands stage first 5-HT-LIR neurons become detectable in the epishere of an embryo in both
D. gyrociliatus and D. taeniatus (Fig. 6). First FMRFa-LIR elements differentiate in D. taeniatus embryos
(Fig. 7 h-k). 5-HT-LIR and FMRFa-LIR still form only minor part of the whole nervous system in both
species D. gyrociliatus and D. taeniatus.

In D. gyrociliatus embryos nervous system revealed by tubulin immunostaining becomes more obvious
and prominent. The main structures: neuropil, ventro-lateral, medial and lateral bundles contain more
nerve fibers (Fig 6 a, Fig. 7 a). Additional commissures develop in rostro-caudal direction (Fig 6 a, Fig. 7
a). Additional circular bundles develop (ciliary bands innervation) (Fig 6 a, Fig. 7 a).

First 5-HT-LIR neurons appear in the head region of an embryo (Fig. 6 c, d). These four cells are located on
the dorsal side of the head region just under the head neuropil (Fig. 6 ¢, d ). Their processes intersect and
go through the head neuropil (Fig. 6 ¢, d ). Additional 5-HT-LIR neurons appear on the ventral side of the
embryo (Fig. 6 e).

FMRfa-LIR elements in D. gyrociliatus become more prominent and easier to detect. The first cell (is still
herel) and its multiple processes in the neuropil, ventro-lateral, medial and lateral bundles (Fig. 7 b- e).
Also some thin projects are detectable in the neuropil, but they form only small part of the neuropil (Fig.7
b-e).

D. taeniatus embryos nervous system revealed by tubulin immunostaining also becomes more complex.
The main structures: neuropil, ventro-lateral, medial and lateral bundles contain more nerve fibers (Fig 6 f,
Fig. 7 g ). Additional ventral medial bundle extends in rostro-caudal direction (Fig. 6 f) Additional
commissures develop in rostro-caudal direction (Fig 6 f, Fig. 7 g). Additional circular bundles (ciliary
bands innervation) and media-ventral bundles develop (Fig 6 f, Fig. 7 g).
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First 5-HT-LIR neurons in D. taeniatus embryos in the head region appear (Fig. 6 g, h, i). These four cells
are located on the dorsal side of the head region just under the head neuropil, which is similar to D.
gyrociliatus (Fig. 6 ¢, d ). Their processes intersect and go through the head neuropil (Fig. 6 c, h).
Additional 5-HT-LIR neurons appear on the ventral side of the embryo (Fig. 6 ¢, j). Also 5-HT-LIR reveals
media-ventral bundles on the ventral side (Fig. 6 b, e ).

First FMRFa-LIR neurons in D. taeniatus embryos develop at apical top of the head region and send their
processes tho the neuropil (Fig. 7 h- k). At the caudal part of the embryo a single FMRFa-LIR cell with a
short process differentiates in close proximity to the gut (Fig. h- k).

Discussion

We described the development of the nerve elements at the early embryogenesis of two dinophilid
species: Dinophilus taeniatus and Dinophilus gyrociliatus. Neurogenesis in both species begins with the
differentiation of the peripheral pioneering neurons. The scaffold of the central nervous system at first is
visualized with only a pan-neural marker (anti-alpha-tubulin antibody); the immunoreaction to specific
neuronal markers (anti-5-HT, and FMRFa-antibodies) develops later when the pattern of the central
nervous system has already been established. We further discuss and compare early neurogenesis of
dinophilids with that of other known lophotrochozoans. Data on the earlierst events in neurodevelopment
are thus on high demand from both, a developmental and an evolutionary point of view.

External ciliation - a key structure to define a stage.

External ciliation pattern is a reliable key to distinguish developmental stages during embryogenesis in
polychaetas [8]. Despite the fact that duration of embryogenesis is different in D. taeniatus and D.
gyrociliatus (14 and 5 days, respectively), the mode of differentiation of external ciliary structures is the
same in both species: prototroch appears the first followed by ventral ciliary field and then by ciliary
bands. Thus, these ciliary structures (along with absolute time scale) can be used as temporal landmarks
to allow comparison of developmental stages in two Dinophilus species with different duration of
embryogenesis.

Though dinophilids have direct development, their embryonic stages are somewhat similar to free
swimming trochophores. The prototroch stage matches well with the early trochophore stage since the
last is characterized by the presence of the prototroch, the first ciliary structure to develop in Spiralia [27,
28,10, 60, 48, 53, 21]. Moreover, recent analysis of gene expression confirmed the homology of the
indirect-developing annelid larval prototroch and the ciliary band of adult D. gyrociliatus [ 43, 45]
developing from the prototroch [44]. The ventral ciliary field stage matches middle trochophore stage (or
just trochophore) [60]. The stage of ciliary bands corresponds to late trochophore stage if to draw a
parallel between a ciliary band and metatroch [39, 21].

Neurogenesis inDinophilus— a variation of general template.
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Early neurogenesis in vast number of lophotrochozoans often begins with the differentiation of pioneer
neurons. These are transient 5-HT or FMRFamide IR cells located peripherally, the processes of which
guide the differentiation of the central nervous system [14, 15, 17-19, 83-90, 11, 79]. Dinophilids
demonstrate peripheral pioneering neurons at the anterior and posterior pole of the embryo at the early
trochophore stage like other lophotrochozoans (Fig. 9—-12). However, the perikarya of the first
differentiated neurons are detected with anti-alpha tubulin antibodies only (Fig. 9). Their processes
constitute the anlagen of the central nervous system: a head neuropil and the ventral neural cords. Later
on, these first processes will be joined by numerous newly differentiated nervous elements (Fig. 9-12);
the number of neural fibers increases drastically during the development so the central nervous system at
the late trochophore stage is very similar to that of juveniles [62, 63, 75, 23, 43-45]. Therefore, the first
detected neurons in dinophilids are the first elements of the central nervous system and certainly are not
the typical pioneer neurons. This assumes that the pathways orchestrating differentiation of the central
nervous system might be different in dinophilids and other lophotrochozoans. Moreover, the anterior
pioneer neuron in D. gyrociliatus is not transient and seems to be present through all life long (Fig. 8).
This may be regarded as paedomorphic feature in D. gyrociliatus.

Development of specific neural elements.
The earliest pioneer neurons develop at the stage of early trochophorein both Dinophilus species.

In both Dinophilus species the first neural cells with specific IR differentiate at middle or late trochophore
stages. The first 5-HT immunopositive cells are found close to the first commissure at the middle
trochophore stage (Fig. 3). Later on, an additional four 5-HT IR cells emerges within the head neuropil at
the late trochophore stage (Fig. 6). Thus, 5-HT IR is localized to the central nervous system and is similar
in two dinophilid trochophores; moreover, it is also reminiscent of that in other polychaeta larvae where 5-
HT IR perikarya are located at the level of the first commissure as well as in a group of cells in the head
neuropil [21, 61, 96]. The first FMRFamide IR cells were found in a head region in D. taeniatus and D.
gyrociliatus at the late and middle trochophore stages, respectively (Fig. 4, Fig. 5, Fig. 7). The early
FMRFa IR nervous system is different in the two species. A large solitary FMRFamide IR cell found just
above the mouth opening in D. gyrociliatus trochophore resembles a cell, described in polychaete
trochophores Capitella teleta [61] and Phyllodoce maculata [89]. However, in C. teleta and P maculata,
this cell is not the first differentiated FMRFamidergic neuron as is in D. gyrociliatus. Moreover, a similar
cell was revealed in front of the cerebral ganglion in the sipunculan Phascolosoma agassizii [50, 51]. D.
taeniatus embryos develop a couple of FMRFa IR neurons closer to the rostral pole (right above the head
neuropil), which are similar to two FMRFa immunopositive cells observed in a head region of another
sipunculan Phascolion strombus [93].

Pioneer neurons and their role in lophotrochozoans.

Insights in pioneer neurons of lophotrochozoans are mostly based on immunochemical study of different

members. Pioneer neurons are considered the first nervous cells to be developed. Their fibers grow and

construct the "sceleton" of future nervous system. Later in development other neurons use this "sceleton”
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to navigate their fiber growth. Pioneer neurons are often considered to be transient and disappear soon
after constructing the "sceleton".

According to existing data these neurons are either 5-HT immunopositive or FMRFa-immunopositive.

The direction of neurogenesis can be rostro-caudal or vice versa. Matching and analyzing the common
modes of neurogenesis in annelids and molluscs proposes that, despite of some inclinations, the rang of
development in the formation of the nervous system are usually in the following way: peripheral
pioneering neurons appear and their processes build a scaffold upon which the definitive nervous system
will be constructed. Then develops larval nervous system, and after that the definitive nerve system
appears along the pattern navigated by the pioneer neurons. After all the larval and pioneer neurons die or
partly combine with the definitive nervous system.

Our results demonstrate that in terms of immunoreactivity Dinophillids' pioneer neurons are different
from most lophotrochozoans.

This means, that not only 5-HT or FMRFa play important role in axon guidance during neurogenesis.
Additional research are need to find the diversity of neurogenic transmitters.

Anterior cell inD. gyrociliatus- a special case.

The first neuron in D. gyrociliatus appears at the stage of early trochophore at the antrerior extreme of the
embryo at the midline above the prototroch and it's visualised only with anti-tubulin antibodies. No other
neurons were visualised at this time by anti-tubulin immunostaining thus proposing this cell to be the first
neuron. The cell has a short apical neurite and several surface cilia (Fig. 3, Fig. 8, Fig. 9-12) and two
fibers, which run towards the prototroch on the ventral side.

At the stage of middle trochophore, this cell and its' fibers reveal with anti-FMRFa antibodies. Its' fibers
are present in all crucial nervous system elements: neuropil, ventro-lateral, medial and lateral cords and
spread in posterior direction.

At the stage of late trochophore this cell and its' fibers visualized with antitubulin and anti-FMRFa
antibodies. It becomes more conspicuous and noticable.

This cell is visible even after hatching at the stages of juvenile, adult and even senior individual. It's still
revealed with anti-tubulin and anti-FMRFa antibodies only. It has characteristic morphological traits and
position at the periphery above the prototroch and still has surface cilia.

1. The cell bears cilia at all stages, has short anterior surface fiber and two basal fibers, running
towards the prototroch

2. This cell is located at the anterior extreme of the organism between surface epithelium and head
neuropil.

3. This cell is revealed with tubulin and FMRFa immunostaining.
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Thus we propose that D. gyrociliatus pioneer neuron is not transient. D. taeniatus do not demonstrate
such type of cell. At the stage of early trochophore there is an anterior peripheral cell, revealed with anti-
tubulin antibodies only, but this cell has no cilia and located at the apical pole of the epishere, it has
multiple fibers extenting towards the future neuropil. In D. taeniatus anterior cell is not sensory, due to
lacking of cilia and no surface extensions. This cell is transient and disappears just after neuropil and
ventro-lateral cords are constructed.

The fact that D. gyrociliatus pioneer neurons present through all life span and D. taeniatus pioneer
neurons are transient may be treated as paedomorphic feature.

As was mentioned above, polychaetes Capitella teleta [62], Phyllodoce maculata [90] and sipunculan
Phascolosoma agassizii[51, 52] posess similar FMRFa-IR cell. But these cells do not first in course of
neurogenesis of these organisms. There is no data on the ontogeny of these cells, nobody knows
wherether they transient or not.

Thus additional invesigations and experiments reqiured to clarify the role of this non-transient pioneer
neuron in nervous system ontogeny.

Funding: The reported study was funded by RFBR, project number 19-3460040.

Conclusion

We revealed that the early neurogenesis of dinophilids demostrate the same pattern as most Polychaeta
and Lophotrochozoans. The first nerve elements located at the anterior and posterior poles of an embryo,
their fibers construct the scaffold of future nervous system. Nervous system develops in rostro-caudal
direction in both dinophilid species. We propose that such mode of neurogenesis with peripheral pioneer
cells is ancestral for Annelids. First nervous cells do not 5-HT-immunopositive or FMRFa-immunopositive,
which is different from most described lophotrochozoans. Anterior cell in D. taeniatus is transient, while in
D. gyrociliatus anterior cell is different in morphology and detectable during the whole life span. This fact
may be considered as one more paedomorphic trait in D. gyrociliatus. In both dinophilids the first 5-HT-
immunopositive and FMRFa- immunopositive cells appear after the main scaffold of nervous system is
preformed, and their fibers are only small part of the main bundles. These data add to our knowledge of
how diverse the early development in Lophotrochozoa could be and to what extent evolutionary changes
might affect such conservative processes like early neurogenesis.

Declarations
Funding

The reported study was funded by RFBR, project number 19-3460040, which is gratefully acknowledged.

Acknowledgements

Page 12/32



The research was done using equipment of the Core Centrum of Institute of Developmental Biology RAS.
Light microscopy study was conducted using equipment of the Center of microscopy WSBS MSU.

Author information

Elizaveta Fofanova (corresponding author), Koltzov Institute of Developmental Biology RAS, Laboratory
of Developmental Neurobiology, Moscow, Russia. lizchenbio@mail.ru

Tatiana D. Mayorova, Koltzov Institute of Developmental Biology RAS, Laboratory of Developmental
Neurobiology, Moscow, Russia; National Institute of Neurological Disorders and Stroke, Laboratory of
Neurobiology, Bethesda, MD, USA. mayorova@wsbs-msu.ru

Elena E. Voronezhskaya, Koltzov Institute of Developmental Biology RAS, Laboratory of Developmental
Neurobiology, Moscow, Russia. lenavor@gmail.com

Contributions

Study design: EF and EEV; Maintaining culture: EF; Specimen collection: EF and TM; Sample preparation:
EF, TM; Data acquisition: EF; Data analysis: EF, EEV and TM; Lab space and resources: EEV; Manuscript
writing: EF, TM and EEV. All authors contributed to manuscript revision, read and approved the submitted
version.

Corresponding authors
Correspondence to Elizaveta Fofanova

Ethics approval and consent to participate

Consent for publication

All of the authors have consented to publication of the manuscript.

Competing interests

The authors declare that they have no competing interests.

References

1. .Akesson B. Parasite—host relationships and phylogenetic systematics. The taxonomic position of
dinophilids. Mikrofauna Meeresboden. 1977;61:19-28.

2. Altenburger A, Wanninger A. Neuromuscular development in Novocrania anomala: evidence for the
presence of serotonin and a spiralian-like apical organ in lecithotrophic brachiopod larvae. Evol Dev.

Page 13/32


mailto:lizchenbio@mail.ru
mailto:mayorova@wsbs-msu.ru
mailto:lenavor@gmail.com

2010;12(1):16-24.

. Baratte S, Bonnaud L. Evidence of early nervous differentiation and early catecholaminergic sensory

system during Sepia officinalis embryogenesis. J Comp Neurol. 2009;517(4):539-49.

. Bate CM. Pioneer neurones in an insect embryo. Nature. 1976;260:54-6.

5. Beklemishev VN. 1964. Basics of Comparative Anatomy of Invertebrates. In: Zenkevich L, editor

10.

11.

12.

13.

14.

15.

16.

17.

18.

Moscow: Sov. Nauka, vol. 1. [in Russian].

. Beklemishev WN. .,. Promorphology. Principles of comparative anatomy of invertebrates. Vol. I.

Edinburgh: Oliver and Boyd; 1969.

. Benyash IA, Erlykova NN, Evdonin LA. On Anatomy of the Nervous System in Dinophilus vorticoides.

In: Polychaetes and Their Ecological Significance. St. Petersburg: St. Peterb. Gos. Univ; 1992. pp. 5—
9. [in Russian].

. Bergter A, Brubacher JL, Paulat A. Muscle formation during embryogenesis of the polychaete

Ophryotrocha diadema (Dorvilleidae) — new insights into annelid muscle patterns. Front Zool.
2008;5:1.

. Birstein VJ. First Contribution to Karyology of Two Acoels (Turbellaria) and a Dinophilid (Annelida).

Biol Zentbl. 1990;109:169-74.

Brinkmann N, Wanninger A. Larval neurogenesis in Sabellaria alveolata reveals plasticity in
polychaete neural patterning. Evol Dev. 2008;10(5):606-18.

Carter CJ, Rand C, Mohammad |, Lepp A, Vesprini N, Wiebe O, Carlone R, Spencer GE. Expression of a
retinoic acid receptor (RAR)-like protein in the embryonic and adult nervous system of a protostome
species. J Exp Zool B Mol Dev Evol. 2015;324(1):51-67.

Chernyshev AV, MagarlamovTYu. The first data on the nervous system of hoplonemertean larvae
(Nemertea, Hoplonemertea). DoklIBiol Sci. 2010;430(1):48-50.

Conzelmann M, Williams EA, Krug K, et al. The neuropeptide complement of the marine annelid
Platynereis dumerilii. 2013. BMC Genom 14 (906). https://doi.org/10.1186/1471-2164-14-906.

Crisp KM, Klukas KA, Gilchrist LS, Nartey AJ, Mesce KA. Distribution and Development of Dopamine-
and Octopamine-Synthesizing Neurons in the Medicinal Leech. J Comp Neurol. 2002;442:115-29.
Croll RP, Voronezhskaya EE. Early FMRFamide-like immunoreactive cells in gastropod neurogenesis.
Acta Biol Hung. 1995;46(2-4):295-303.

Croll RP, Voronezhskaya EE. Early Elements in Gastropod Neurogenesis. Dev Biol. 1996;173(1):344~-
7.

Denes AS, Jékely G, Steinmetz PRH, Raible F, Snyman H, Prud'homme B, Ferrier DEK, Balavoine G,
Arendt D. Molecular Architecture of Annelid Nerve Cord Supports Common Origin of Nervous System
Centralization in Bilateria. Cell. 2007;129(2):277-88.

Dickinson AJG, Croll RP, Voronezhskaya EE. Development of Embryonic Cells Containing Serotonin,
Catecholamines, and FMRFamide-Related Peptides in Aplysia californica. Biol Bull. 2000;199:305—
15.

Page 14/32



19.

20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

Dickinson AJG, Croll RP. Development of the larval nervous system of the gastropod /lyanassa
obsolete. J Comp Neurol. 2003;466(2):161-298.

. Dickinson AJG, Nason J, Croll RP. Histochemical localization of FMRFamide, serotonin and

catecholamines in embryonic Crepulida fornicata (Gastropoda, Prosobranchia). Zoomorphology.
1999;119:49-62.

Dyachuk V, Odintsova N. Development of the larval muscle system in the mussel Mytilustrossulus
(Mollusca, Bivalvia). Dev Growth Differ. 2009;51(2):69-79.

Fischer AHL, Henrich T, Arendt D. The normal development of Platynereisdumerilii (Nereididae,
Annelida). Front Zool. 2010;7:31.
Fofanova EG, Nezlin LP, Voronezhskaya EE. Ciliary and Nervous Structures in Juvenile Females of

the Annelid Dinophilus gyrociliatus (0. Schmidt, 1848) (Annelida: Polychaeta). Russ J Mar Biol.
2014;40(1):43-52.

Fofanova EG, Voronezhskaya EE. The structure of archiannelid Dinophilus gyrociliatus ventral nerve
cords. Acta Biol Hung. 2012;63:88-90.

Franchini A. The distribution of cells containing FMRFamide- and 5-HT-related molecules in the
embryonic development of Viviparusater (Mollusca, Gastropoda). Eur J Histochem. 2005;49(3):301-
8.

Friedrich S, Wanninger A, Briickner M, Haszprunar G. Neurogenesis in the mossy chiton,
Mopaliamuscosa (Gould) (Polyplacophora): Evidence against molluscan metamerism. J Morphol.
2002;253(2):109-17.

Giangrande A, Petraroli A. Reproduction, larval development and post-larval growth of Naineris
laevigata (Polychaeta, Orbiniidae) in the Mediterranean Sea. Mar Biol. 1991;111(1):129-37.

Giard MA. On the affinities of the genus Polygordius with the Annelids of the Family Opheliidae. Ann
Mag Nat Hist. 1880;6(34):324-6.

Glebov K, Voronezhskaya EE, KhabarovaMYu, Ivashkin E, Nezlin LR, Ponimashkin EG. Mechanisms
underlying dual effects of serotonin during development of Helisoma trivolvis (Mollusca). BMC Dev
Biol. 2014;14:14.

Hadfield MG, Meleshkevitch EA, Boudko DY. The Apical Sensory Organ of a Gastropod Veliger Is a
Receptor for Settlement Cues. Biol Bull. 2000;198(1):67-76.

Harmer S. 1889. Notes on the anatomy of Dinophilus. J Mar BiolAssoc UK 1(2):119-143.

Hatschek B. 1878. Studieniiber Entwicklungsgeschichte der Anneliden. Arb Zool Inst Univ Wien
1:277-404.

Hay-Schmidt A. The Larval Nervous System of Polygordius lacteus Scheinder, 1868 (Polygordiidae,
Polychaeta): Immunocytochemical Data. Acta Zoologica. 1995;76(2):121-40.

Hay-Schmidt A. 2000. The evolution of the serotonergic nervous system. Proc. R. Soc. Lond. B
267:1071-1079.

Hermans CO. The systematic Position of the Archiannelida. SystZool. 1969;18(1):85-102.

Page 15/32



36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.
49.

50.

Hessling R, Westheide W. Are Echiura derived from a segmented ancestor? Immunohistochemical
analysis of the nervous system in developmental stages of Bonelliaviridis. J Morphol.
2002;252(2):100-13.

Hessling R. Metameric organisation of the nervous system in developmental stages of Urechiscaupo
(Echiura) and its phylogenetic implications. Zoomorphology. 2002;121(4):221-34.

Hessling R. Novel aspects of the nervous system of Bonelliaviridis (Echiura) revealed by the
combination of immunohistochemistry, confocal laser-scanning microscopy and three-dimensional
reconstruction. Hydrobiology. 2003;496:225-39.

Hunnekuhl VS, Akam M. An anterior medial cell population with an apical-organ-like transcriptional
profile that pioneers the central nervous system in the centipede Strigamia maritime. Dev Biol.
2014;396(1):136—49.

Israelsson O. New light on the enigmatic Xenoturbella (phylum uncertain): ontogeny and phylogeny.
Proc R SocLond B. 1999;266:835-41.

Ivanov PP. General Comparative Embryology. Moscow—Leningrad: Biomedgiz; 1937. [in Russian].

Kastenhuber E, Kratochwil CF, Ryu S, Schweitzer J, Driever W. Genetic Dissection of Dopaminergic
and Noradrenergic Contributions to Catecholaminergic Tracts in Early Larval Zebrafish. J Comp
Neurol. 2010;518:439-58.

Kempf SC, Page LR, Pires A. Development of Serotonin-Like Immunoreactivity in the Embryos and
Larvae of Nudibranch Mollusks with Emphasis on the Structure and Possible Function of the Apical
Sensory Organ. J Comp Neurol. 1997;386:507-28.

Kerbl A, Conzelmann M, Jékely G, Worsaae K. High diversity in neuropeptide immunoreactivity
patterns among three closely related species of Dinophilidae (Annelida). J Comp Neurol.
2017;525(17):3596-635. doi:10.1002/cne.24289.

Kerbl A, Fofanova EG, Mayorova TD, Voronezhskaya EE, Worsaae K. Comparison of neuromuscular
development in two dinophilid species (Annelida) suggests progenetic origin of Dinophilus
gyrociliatus. 2016. Front Zool. 13:49. doi: 10.1186/s12983-016-0181-x. PMID: 27833644; PMCID:
PMC5101659.

Kerbl A, Martin-Duran JM, Worsaae K, Hejnol A. Molecular regionalization in the compact brain of the
meiofaunal annelid Dinophilus gyrociliatus (Dinophilidae). Evodevo. 2016;7(1):20.
doi:10.1186/s13227-016-0058-2. PMID: 27583125; PMCID: PMC5006589.

Klose M, Bentley D. Transient pioneer neurons are essential for formation of an embryonic peripheral
nerve. Science. 1989;245(4921):982-4.

Korschelt E. 1882. UeberBau und Entwicklung des Dinophilus apatris. Zeit wissZool XXXVII.

Kostyuchenko RP, Dondua AK. Development of the prototroch in embryogenesis of Nereis virens
(polychaeta). Russ J Dev Biol. 2006;37(2):69-76.

Kotikova EA, Raikova Ol. Architectonics of the central nervous system of Acoela, Platyhelminthes,
and Rotifera. J EvolBiochemPhysiol. 2008;44(1):95-108.

Page 16/32



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Kristof A, Klussmann-Kolb A. Neuromuscular development of Aeolidiella stephanieaeValdéz, 2005
(Mollusca, Gastropoda, Nudibranchia). Front Zool. 2010;7:5-29.

Kristof A, Wollesen T, Wanninger A. Segmental Mode of Neural Patterning in Sipuncula. CurrBiol.
2008;18(15):1129-32.

Kuang S, Doran SA, Wilson RJA, Goss GG, Goldberg JI. Serotonergic sensory-motor neurons mediate
a behavioral response to hypoxia in pond snail embryos. J Neurobiol. 2002;52(1):73-83.

Kulakova M, Bakalenko N, Novikova E, Cook CE, Elizeeva E, Steimetz PRH, Kostyuchenko RP, Dondua
A, Arendt D, Akam M, Andreeva T. Hox gene expression in larval development of the polychaete
Nereis virens and Platynereis dumerilii (Annelida, Lophotrochozoa). Dev Genes Evol. 2007;217:39-
54.

Kumar S, Tumu SC, Helm C, Hausen H. (2020). The neuron pioneering the ventral nerve cord does not
follow the common pathway of neurogenesis in the polychaete Malacoceros fuliginosus. DOI:
10.21203/rs.2.19981/v2.

Lacalli TC. Structure and development of the apical organ in trochophores of Spirobranchus
polycerus, Phyllodoce maculata and Phyllodoce mucosa (Polychaeta). Proc R SocLond B.
1981;212:381-402.

Lacalli TC. Structure and Organization of the Nervous System in the Trochophore Larva of
Spirobranchus. Phil Trans R Soc Lond B. 1984;306:79-135.

Lopresti V, Macagno ER, Levinthal C. Structure and Development of Neuronal Connections in
Isogenic Organisms: Cellular Interactions in the Development of the Optic Lamina of Daphnia. PNAS.
1973;70(2):433-7.

MamkaevYuV. Dinophilids as a primitive group of the trochophores. Investigation of Marine Fauna.
1985;34(42):99-103. [in Russian].

McDougall C, Chen W-C, Shimeld SM, Ferrier DEK. The development of the larval nervous system,
musculature and ciliary bands of Pomatoceros lamarckii (Annelida): heterochrony in polychaetes.
Front Zool. 2006;3:16.

Meyer NP, Seaver EC. Neurogenesis in an annelid: Characterization of brain neural precursors in the
polychaete Capitella sp. | Developmental Biology. 2009;335(1):237-52.

Mdller MCM, Westheide W. Comparative analysis of the nervous systems in presumptive progenetic
dinophilid polychaetes (Annelida) by immunohistochemistry and cLSM. Acta Zool. 2002;83:33-48.

Mailler MCM. Polychaete nervous systems: Ground pattern and variations — cLS microscopy and the
importance of novel characteristics in phylogenetic analysis. Integr Comp Biol. 2006;46(2):125-33.

Nelson JA. The Early Development of Dinophilus: A Study in Cell-Lineage. Proc Nat Acad Sci
Philadelphia. 1904;56(3):687-737.

Nelson JA. The Morphology of Dinophilus conklinin. sp. Proc Acad Nat Sci Philadelphia.
1907;59(1):82-143.

Page 17/32



66.

67.

68.

69.

70.
71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

Nezlin LP, Voronezhskaya EE. Novel, posterior sensory organ in the trochophore larva of Phyllodoce
maculata (Polychaeta). Proc R Soc Lond B. 2003;270:159-62.

Nezlin LP. The golden age of comparative morphology: Laser scanning microscopy and
neurogenesis in trochophore animals. Russ J Dev Biol. 2010;41(6):381-90.

Nielsen C. The Phylogenetic Position of Entoprocta, Ectoprocta, Phoronida, and Brachiopoda. Integr
Comp Biol. 2002;42(3):685-91.

Nielsen C. Trochophora larvae: Cell-lineages, ciliary bands, and body regions. 1. Annelida and
Mollusca. J Exp Zool B Mol Dev Evol. 2004;302B(1):35-68.

Nielsen C. Larval and adult brains. Evol Dev. 2005;7(5):483-9.

Page LR, Parries SC. Comparative study of the apical ganglion in planktotrophic caenogastropod
larvae: Ultrastructure and immunoreactivity to serotonin. J Comp Neurol. 2000;418(4):383-401.
Page LR. Comparative structure of the larval apical sensory organ in gastropods and hypotheses
about function and developmental evolution. Invertebr Reprod Dev. 2002a;41(1-3):193-200.

Page LR. Apical Sensory Organ in Larvae of the Patellogastropod Tectura scutum. Biol Bull.
2002b;202:6-22.

Purschke G. Sense organs in polychaetes (Annelida). Hydrobiologia. 2005;535/536:53-78.

Richter S, Loesel R, Purschke G, Shmidt-Rhaesa A, Scholtz G, Stach T, Vogt L, Wanninger A, Brenneis
G, Doring C, Faller S, Fritsche M, Grobe P, Heuer CM, Kaul S, Mgller OS, Miiller CHG, Rieger V, Roethe
BH, Stegner MEJ, Harzsch S. Invertebrate neurophylogeny: suggested terms and definitions for
neuroanatomical glossary. Front Zool. 2010;7:29-78.

Schimkewitsch W. 1895. ZurKenntniss des Baues und der Entwicklung des Dinophilus
vomWeissemMeere. Z Wiss Zool 59:46-79.

Schmidt O. 1848. Neue Beitrdgezur Naturgeschichte der Wiurmergesammelt auf einer Reisenach den
Farorim Friihjahr. Jena: F. Mauke.

Starunov VV, Dray N, Belikova EV, Kerner P, Vervoort M, Balavoine G. A metameric origin for the
annelid pygidium? BMC EvolBiol. 2015;15:25-58.

Starunov VV, Voronezhskaya EE, Nezlin LP. 2017. Development of the nervous system in Platynereis
dumerilii (Nereididae, Annelida). Frontiers in zoology, 14(1):1-20.

Struck TH, Halanych KM, Purschke G. Dinophilidae (Annelida) is most likely not a progenetic
Eunicida: Evidence from 18S and 28S rDNA. Mol Phylogenet Evol. 2005;37:619-23.

Struck TH. Progenetic species in polychaetes (Annelida) and Problems assessing their phylogenetic
affiliation. Integr Comp Biol. 2006;46(4):558-68.

Temereva E, Wanninger A. Development of the nervous system in Phoronopsis harmeri
(Lophotrochozoa, Phoronida) reveals both deuterostome- and trochozoan-like features. BMC
EvolBiol. 2012;12:121-47.

Voronezhskaya EE, Elekes K. Expression of FMRFamide gene encoded peptides by identified neurons
in embryos and juveniles of the pulmonate snail Lymnaea stagnalis. Cell Tissue Res. 2003;314:297-

Page 18/32



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

313.

Voronezhskaya EE, Hiripi L, Elekes K, Croll RP. Development of Catecholaminergic Neurons in the
Pond Snail, Lymnaea stagnalis: |. Embryonic Development of Dopamine-Containing Neurons and
Dopamine-Dependent Behaviors. J Comp Neurol. 1999;404:285-96.

Voronezhskaya EE, Ivashkin EG. Pioneer neurons: A basis or limiting factor of lophotrochozoa
nervous system diversity? Russ J Dev Biol. 2010;41(6):337-46.

Voronezhskaya EE, KhabarovaMYu, Nezlin LP. Apical sensory neurones mediate developmental
retardation induced by conspecific environmental stimuli in freshwater pulmonate snails.
Development. 2004;131:3671-80.

Voronezhskaya EE, KhabarovaMYu. Function of the Apical Sensory Organ in the Development of
Invertebrates. DokIBiol Sci. 2003;390(1-6):231-4.

Voronezhskaya EE, Nezlin LP, Odintsova NA, Plummer JT, Croll RP. Neuronal development in larval
mussel Mytilus trossulus (Mollusca: Bivalvia). Zoomorphology. 2008;127(2):97-110.
Voronezhskaya EE, Tsitrin EB, Nezlin LP. Neuronal development in larval PolychatePhyllodoce
maculata (Phyllodocidae). J Comp Neurol. 2003;455:299-309.

Voronezhskaya EE, Tyurin SA, Nezlin LP. Neuronal Development in Larval Chiton /schnochiton
hakodadensis (Mollusca:Polyplacophora). J Comp Neurol. 2002;444:25-38.

Wanninger A, Fuchs J, Haszprunar G. Anatomy of the serotonergic nervous system of an entoproct
creeping-type larva and its phylogenetic implications. InvertebrBiol. 2007;126(3):268-78.
Wanninger A, Haszprunar G. 2003. The development of the serotonergic and FMRFamidergic
nervous system in Antalisentalis (Mollusca, Scaphopoda) Zoomorphol 122:77-85.

Wanninger A, Koop D, Bromham L, Noonan E, Degnan BM. Nervous and muscle system development
in Phascolion strombus (Sipuncula). Dev Genes Evol. 2005;215:509-18.

Wanninger A. Comparative lophotrochozoan neurogenesis and larval neuroanatomy: Recent
advances from previously neglected taxa. Acta Biol Hung. 2008;59:127-36.

Wanninger A. Shaping the Things to Come: Ontogeny of Lophotrochozoan Neuromuscular Systems
and the Tetraneuralia Concept. Biol Bull. 2009;216:293-306.

Weigert A, Helm C, Meyer M, Nickel B, Arendt D, Hausdorf B, Santos SR, Halanych KM, Purschke G,
Bleidorn C, Struck TH. Illuminating the base of the annelid tree using transcriptomics. 2014. Mol Biol
Evol. 31(6):1391-401. doi: 10.1093/molbev/msu080. Epub 2014 Feb 23. PMID: 24567512.
Westheide W. Progenesis as a Principle in Meiofauna Evolution. J Nat Hist. 1987;21(4):843-54.
Wilkens V, Purschke G. Central Nervous System and Sense Organs, with Special Reference to
Photoreceptor-like Sensory Elements, in Polygordius appendiculatus (Annelida), an Interstitial
Polychaete with Uncertain Phylogenetic Affinities. InvertebrBiol. 2009;128(1):46—64.

Windoffer R, Westheide W. The Nervous System of the Male Dinophilus gyrociliatus (Polychaeta,

Dinophilidae): II. Electron Microscopical Reconstruction of Nervous Anatomy and Effector Cells. J
Comp Neurol. 1988;272:475-88.

Page 19/32



100. Wollesen T, Sukhsangchan C, Seixas B, Nabhitabhata J, Wanninger A. Analysis of neurotransmitter
distribution in brain development of benthic and pelagic octopod cephalopods. J Morphol.
2012;273(7):776-90.

101. Worsaae K, Kerbl A, Vang A, Gonzalez BC. Broad North Atlantic distribution of a meiobenthic
annelid—against all odds. Scientific reports. 2019;9(1):1-13.

102. Worsaae K, Kristensen RM Evolution of interstitial Polychaeta (Annelida). 2005. Hydrobiologia
535(319). https://doi.org/10.1007/s10750-004-4417-y.

103. Yurchenko OV, Savelieva AV, Kolotuchina NK, Voronezhskaya EE, Dyachuk VA. Peripheral sensory
neurons govern development of the nervous system in bivalve larvae. EvoDevo. 2019;10(1):1-22.

104. 104. Yurchenko, O. V, Savelieva, A. V, Kolotuchina, N. K., Voronezhskaya, E. E., & Dyachuk, V. A. 2019.
Peripheral sensory neurons govern development of the nervous system in bivalve larvae. EvoDevo,
10(1):1-22.

Figures

Page 20/32



A prototroch g ventral ciliary field ciliary bands

ﬁ?{k

-‘FA‘Fr*J rn'r ﬁ|

L 1
7 "‘“'rE{' lrl]}l i
'al

Figure 1

Relative staging and timing of Dinophilus embryos. Visualized by immunoreactivity with anti-acetylated
tubulin. Here we define three developmental stages in both D. gyrociliatus and D. taeniatus: prototroch (a),
central ciliary field (b) and ciliary bands stages (c). Lower part of the figure demonstrates developmental
tempo of both species. (a) Prototroch stage embryo and a schematic representation of this stage.
Prototroch is being developed. ( b) Ventral ciliary field is being developed in rostro-caudal direction. (c)
Ciliary bands development in rostro-caudal direction. Abbreviations: pt -prototroch; vcf- ventral ciliary field;
act-acrotroch. Scale bar = 30 pm.
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D. gyrociliatus, prototroch stage, 20 hpo

Figure 2

Development of actelylated tubulin-like (a-tub), FMRFamide-like and 5-HT-like immunoreactivity during
the prototroch stage in Dinophilus. Red- acetylated tubulin immunoreactivity; green- 5-HT-like
immunoreactivity; cyan- FMRFa-like immunoreactivity. Upper part- Dinophilus gyrociliatus; Lower part-
Dinophilus taeniatus. The earliest neurons (asteriscs) appear on the anterior and posterior parts of the
embryo in both species (a, d, f, I). These neurons do not demonstrate FMRFa-like or 5-HT-like
immunoreactivity (a, c). In D. gyrociliatus only anterior cell is present (a, d). D.taeniatus embryo show
anterior and posterior cells (f, I). A bit later, at this stage the nervous system scaffold is being developed
(b, e g,i,j, k). It includes head neuropile (np), paired ventrolateral bundles (vn), commissures (c). The
anterior cell in D. taeniatus is transient and is not detectable after head neuropile and ventrolateral

Page 22/32



bundles are being developed (g, i). In D.gyrociliatus the anterior cell is detectable when the nervous
system scaffold is being constructed (b, d). At the cross of ventrolateral bundles and first commissure
additional neurons appear (arrows). In D. gyrociliatus ventrolateral bundles demontrate growth cones at
the caudal part of an embryo (arrows). In D. taeniatus ventrolateral bundles also demonstrate growth
cones (arrows). Abbreviations: pt — prototroch, n-nephridium, np-neuropile, c-commissure. Scale bars: a-c,
f-h 25 ym; d,e 15 pm; i-l 10 pm.

D. gyrociliatus, ventral ciliary field stage, 48 hpo

act|b

Figure 3

Dinophilus neurogenesis at the ventral ciliary field stage. 5-HT-immunoreactive structures development.
Red- acetylated tubulin immunoreactivity; green- 5-HT-like immunoreactivity; blue-DAPI. Upper part-
Dinophilus gyrociliatus; Lower part- Dinophilus taeniatus. The scaffold of nervous system is developed in
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both D. gyrociliatus and D. taeniatus (a, g). The neuropil contains more bundles (a, g, i, j). The first 5-HT-IR
neurons appear in both D. gyrociliatus and D. taeniatus (double arrows) at the level of first commissure.
In D. gyrociliatus median nerve bundle and lateral bundle are developed, additional commissures appear
in rostro-caudal direction (a, b, c). In D. gyrociliatus caudal cell (c, f asterisc) appears, its two processes
meet ventrolateral bundles on the dorsal side of an embryo (f). Caudal cell has no 5-HT-IR. Abbreviations:
pt- prototroch, act- acrotroch, m- median bundle, vn- ventro-lateral bundle, In- lateral bundle, n- nephridium,

c- commissure. Scale bars: a-c, g-i 25 pm; d-f, j-1 10 pm.

D. gyrociliatus, ventral ciliary field stage, 48 hpo

Figure 4

Neurogenesis at the ventral ciliary field stage. FMRFa-immunoreactive structures development in
Dinophilus gyrociliatus. Red- acetylated tubulin immunoreactivity; cyan- FMRFa-like immunoreactivity.
Only D. gyrociliatus demonstrates FMRFa-IR elements at this stage. D. taeniatus do not demonstrate
FMRFa-IR at the ventral ciliary field stage. The scaffold of nervous system: the neuropile (np), median
nerve bundle (mn) and lateral bundles (In) are developed, additional commissures appear in rostro-caudal
direction (a, b, c, e, f). The earliest anterior cell (asterisc) and its processes demonstrate FMRFa-IR (b, ¢, d,
e). On the lateral section this cell has a process (e) towards the surface and several cilia at the end of the
process (arrow). FMRFa-IR elements represent only minor part of the whole nervous system. Scale bars:
a-c25um;d,f 10 pm; e 20 pm.
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Figure 5

FMRFa-immunoreactive structures development at the ventral ciliary field stage in Dinophilus
gyrociliatus. Red- acetylated tubulin immunoreactivity; cyan- FMRFa-like immunoreactivity. The only cell
body is located at the peryphery of the nervous system, it has surface cilia (a) just above the prototroch.
The cell has several processes, growing within the ventrolateral bundles and prototroch nerve (b, c, d).

Scale bar 25 pm.
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D. gyrociliatus, ciliary bands stage, 72 hpo
B : D

Figure 6

Neurogenesis at the ciliary bands stage. 5-HT-immunoreactive structures development. Red- acetylated
tubulin immunoreactivity; green- 5-HT-like immunoreactivity. Upper part- Dinophilus gyrociliatus; Lower
part- Dinophilus taeniatus. The scaffold of nervous system is developed in both D. gyrociliatus and D.
taeniatus ( a, f). The neuropile contains more bundles (a, b, d, f, g, h, i). Additional 5-HT-IR neurons appear
in both D. gyrociliatus and D. taeniatus (double arrows) at the level of commissures (b, c,d, e, g, h, i,
j).Four 5-HT-IR neurons develop under neuropile (double arrows) in both D. gyrociliatus and D. taeniatus.
SHT-IR neurons' processes included into neuropile and main ventral nervous bundles, but they do
represent only minor part of the whole nervous system (b, d, e, g, h, i, j). Scale bars: a-e, f-h 25 ym; d, e, i, j
15 pm.
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D. gyrociliatus, ciliary bands stage, 72 hpo

Figure 7

Neurogenesis at the ciliary bands stage. FMRFa-immunoreactive structures development. Red- acetylated
tubulin immunoreactivity;,cyan- FMRFa-like immunoreactivity. Upper part- Dinophilus gyrociliatus; Lower
part- Dinophilus taeniatus. The scaffold of nervous system is developed in both D. gyrociliatus and D.
taeniatus (a, g). The main nervous structures become more prominent and contain more bundles (a- ¢, g,
i, k). D. gyrociliatus demonstrate the only one FMRFa-IR cell, and its processes in the main nervous
structures become more prominent (b, ¢, d, e) and still represent minor part of the whole nervous system.
The caudal cell is present (asterisc), it contains surface cilia and do not demonstrate FMRFa-IR( f). D.
taniatus embryos demonstrate the first two FMRFa-IR cells on the dorsal side of the head neuropile (h, i ).
Thin processes of these cells included into the neuropile. A bit later, additional FMRFa-IR cells appear in
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the head region (j) and their processes follow the ventral nerve bundles (k). Scale bars: a-c, g-i20 pm; d-f
10 um, j, K 15 pm.
prototroch stage ventral ciliary field stage ciliary bands stage

A

™
3
=
]
=

juvenile seniar

frontal

Figure 8

The ontogeny of anterior cell in D. gyrociliatus from the prototroch stage to senior specimen. Red-
acetylated tubulin immunoreactivity;,cyan- FMRFa-like immunoreactivity. The anterior cell is shown in
frontal, apical and lateral projections through all developmental stages. At the prototroch stage (a) the
cell appears, it's located above the prototroch, and bears cilia (arrow) on its' surface and do not
demostrate FMRFa-IR. At the ventral ciliary field stage the cell becomes FMRFa-IR ( b). Later this cell
becomes more prominent and obvious (c, d, f) and it's obvious that cell is not a part of CNS, it's located
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sepate from the neuropil (d).Even at the stage of senior individual this cell is noticable ( g) and it's still
prominent and contains cilia on its' surface. Scale bar: a-c, f-g 5 pm; d 40 pm.
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Figure 9

Summary diagram of the developmental events of tubulin-inmmunoreactive structures in D. gyrociliatus
and D. taeniatus. The first neurons appear at the stage of early trochophores in both D. gyrociliatus and D.
taeniatus. However, in D. gyrociliatus earlierst neuron is a single peripheral sensory cell, bearing surface
cilia and located above the prototroch on the ventral side. This cell has multiple fibers on its basal side. In
D. taeniatus there are two earliest neurons: apical cell and caudal cell (both non sensory, due to lack of
sensory cilia). These cells have multiple fibers. In D. gyrociliatus the earliest cell is present at the middle
and late trochopores. In D. taeniatus the anterior cell detectable only at the early trochophore stage In
both D. gyrociliatus and D. taeniatus the nervous system develops in anterior-to-posterior direction. Apical
end is always up. Relative dimensions are not maintained.
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Figure 10

Summary diagram of 5-HT-IR elements in D. gyrociliatus and D. taeniatus. The first SHT-IR cells appear at
the middle trochopore stage in both species. These are solitary cells at the level of first commissure. The
processes of these cells spread to the main nerve structures- ventrolateral bundles and the neuropil. At
the stage of late trochophore additional 5-HT-IR cells appear in the head region and in ventrolateral
bundles.
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Figure 11

Summary diagram of FMRFa-IR elements in D. gyrociliatus and D. taeniatus. First FMRFa-IR cell appears
at the middle trochophore stage in D. gyrociliatus and at late trochophore stage in D. taeniatus.
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Figure 12

Summary diagram of the specific nerve elements in D. gyrociliatus and D. taeniatus. At the stage of early
trochophore the first nerve cells appear. They do not 5-HT-IR or FMRFa- IR. In D. gyrociliatus first SHT-IR
cells appear at the level of first commissure and anterior cell becomes FMRFa-IR at the stage of middle
trochophore. In D. taeniatus only 5-HT-IR cells appear at the stage of middle trochophore. At late
trochophore stage more specific elements appear in both D. gyrociliatus and D. taeniatus, but they
represent only small fraction of the whole nervous system.
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