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Preface
Annelida constitute one of the major groups within Spiralia. Although the macroscopic, benthic
representatives such as Platynereis dumerilli with its larval stages have been the focus of many
developmental and morphological studies, data about meiofaunal annelids with direct
development is missing. This thesis includes a neuromuscular developmental atlas of Dinophilus
gyrociliatus and its sister species D. taeniatus (Dinophilidae) – both meiofaunal, direct developing
species – with special focus on the musculature and nervous system (Manuscript 1). These two
species of Dinophilus as well as a representative of the second dinophilid clade, Trilobodrilus,
were furthermore investigated concerning the presence and pattern of 14 neuropeptides
(Manuscript 2). Adult females of D. gyrociliatus have been the focus of gene expression analyses
of eleven genes previously shown to be expressed in the anterior neural region of different
developmental stages in representatives of Annelida and Spiralia (Manuscript 3). The taxon
Spiralia itself could be better resolved including transcriptomic information of meiofaunal taxa,
indicating the possible meiofaunal life as ancestral life style in Spiralia, but also showed
microscopic annelids to be nested in several lineages within this group (Manuscript 4). Among
those previously “problematic” taxa is also the enigmatic family Lobatocerebridae, which was
also suggested to be nested with Annelida, warranting a detailed description and evaluation about
its neuromuscular and glandular architecture (Manuscript 5).
Most of the animals (and several others) used in these manuscripts were found on one or several
field trips I participated in during this study, including expeditions to Greenland, Sweden, Sylt,
Israel, Florida and various stations in Denmark. All experiments I conducted during the last three
years (immunohistochemical labelling, confocal laser scanning microscopy, resin embedding and
sectioning, whole mount in situ hybridization) took place in either the labs of the “Wormsaae”group in Helsingør or Copenhagen, Denmark (Marine Biology Section, Department of Biology,
University of Copenhagen) or the lab of Andreas Hejnol in Bergen, Norway (S9, Sars International
Centre for Marine Molecular Biology, University of Bergen). Among the courses attended to fulfill
the requirements of this PhD were zoological and evolutionary biological highlights such as the
EMBO course “Marine Animals Models in Evolution and Development” held at the Kristineberg
Marine Station of the University of Gothenburg, Sweden and “Summerschool in Evolutionary
Developmental Biology” at the Istituto Veneto die Science, Venice, Italy, but also the “Introduction
to Universitary Pedagogy”, “Good Laboratory Practice and Design of Experiments” and “Project
Leadership” at the University of Copenhagen. Results acquired during the study were presented
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at national and international conferences between 2013 and 2015 with both talks and posters.
This PhD-project was funded by the Grant Nr. 1025442 (“How small animals provide clues to
large scale questions”) assigned to Katrine Worsaae by the Villum Foundation and the University
of Copenhagen.

December 16th, 2015, Copenhagen
Alexandra Kerbl
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Abstract
Abstract
BACKGROUND: The majority of annelid neuromorphological studies addresses macroscopic forms
such as the well-studied Platynereis dumerilii; microscopic annelids are generally neglected. Several of
these animals have remarkably smaller, compact brains composed of significantly fewer cells and
having less complex sensory structures. Yet, very little is still known on how these small brains are
organized to fulfil basic functions. This study addresses the structure, evolution and development of
neuromuscular

systems

within

two

exclusively

meiofaunal

lineages

Lobatocerebridae

and

Dinophilidae.
RESULTS: Both families were shown to be nested within annelids in phylogenomic analyses based on
transcriptomic data, which also suggest the Spiralian ancestor to be meiofaunal (Manuscript 4). The
annelid affinity of the enigmatic Lobatocerebridae was further tested by detailed morphological
examinations showing a simple muscular, but complex nervous system (Manuscript 5). Although the
exact position of Dinophilidae is still not settled, its annelid affinity is no longer questioned.
Dinophilidae is the focus of a range of immunohistochemical and gene expression analyses in this
study yielding 1) a detailed atlas of neuro-, myo- and ciliogenesis in Dinophilus gyrociliatus and D.
taeniatus showing high complexity and predicting a progenetic origin of D. gyrociliatus (Manuscript 1);
2) the distribution of 14 neuropeptides in the nervous system of three representatives of Dinophilidae
showing high interspecific variation contrary to the conserved patterns observed in previous
neurotransmitter studies (Manuscript 2); 3) In situ mapping of 11 neural patterning genes in D.
gyrociliatus indicating a molecular regionalization of the brain not recognized from gross anatomical
studies (Manuscript 3). The adult female brain of D. gyrociliatus was found to resemble the anterior
neural region in larvae of P. dumerilii and C. teleta as described in previous studies, with most overlap
of individual patterns in the anterior region of the brain.
CONCLUSION: Meiofaunal annelids such as Lobatocerebridae and Dinophilidae show highly diverse
body plans, with even the assumedly conserved nervous system showing different arrangements such
as uniform, compact brains in Dinophilidae and comparably large lobular complexes in
Lobatocerebridae. Seemingly uniform brains do not reveal signs of gross morphological regionalization
(yet molecular), but comparison of closely related species revealed unexpected plasticity in the
distribution of specific neuropeptidergic cells. The relatively similar molecular profile of the
microscopic and macroscopic annelid brain suggests the presence of a common annelid pattern,
though warranting further studies to uncover how the genetic domains influence the configuration of
the brain.
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Resumé
Baggrund:

Størstedelen

af

neuro-morfologiske

studier

af

annelider

er

primært

udført

på

makroskopiske annelider, som den velstuderede Platynereis dumerilii, imens mikroskopiske annelider
stortset overses i denne sammenhæng. Adskillige af de mikroskopiske annelider kendetegnes ved
markant mindre og mere kompakte hjerner og forsimplede sanseorganer. Det er derfor stadig ikke
kendt hvordan disse mere primitive nerve-strukturer opfylder basale funktioner.
RESULTATER: Fylogenetiske analyser baseret på transkriptom data indikerer at forfædrene til gruppen
Spiralia er meiofaunistiske på trods af at repræsentanterne fra den annelide meiofauna er spredt over
flere grupper og er dybt forankret indenfor anneliderne. Tilhørsforholdet af den enigmatiske gruppe
Lobatocerebridae til Anneliderne blev testet ved brug af både mokeylære og morfologiske teknikker.
Derudover blev den fjernt relaterede gruppe Dinophilider undersøgt i detaljer. Nerve- og
muskeludviklingen i Dinophilus gyrociliatus og D. taeniatus blev kortlagt ved hjælp af immunohistokemi
og genudtryk, kombineret med en detaljeret analyse af 14 neuropeptider, deres positionering og den
molekylære organisation af hjernen, i representative taxa fra dinophiliderne.
Nervesystemet, cilie-mønster og muskulaturen i voksne hunner af D. gyrociliatus er sammenligenlige
med strukturen i juvenile D. taeniatus, på trods af de to arters morfologiske forskelle i hjernen. Disse
forskelle ses også i det forskellige antal af neuropeptider og deres distribuering, hvilket viser en ikke
før antaget variation mellem to tæt forbundede taxa. The genetiske mønster af 11 gener specifikke for
hjernen i den voksne hun af D. gyrociliatus ligner gen-mønsteret i larve-stadiet af P. dumerilii og C.
teleta, vist i tidligere studier. De fleste sammenfald af
KONKLUSION: De meiofaunistiske annelider udviser stor diversitet I deres morfologi, selv i
nervesystemet, som ellers antages for at være stærkt konserveret, ses store variationer både med
hensyn til struktur og kompakthed. På trods af at der ikke ses tegn på stor morfologisk regionalisering,
så viser dette studie af tæt relaterede arter, en unventet plasticitet i fordelingen af specifikke
neuropeptide celler. Den molekylære profil af hjernen indikerer at et fælles mønster kan identificeres
for Annelider; et mønster der her er vist i larve-stadiet og tidligere demonstreret i de makroskopiske
annelider. Dette kalder på yderligere studier for at afsløre hvordan den genetiske struktur hænger
sammen med konfigurationen af hjernen.
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Introduction
Meiofaunal organisms within Spiralia
According to our understanding of metazoan life, we can distinguish between the three major
groups of Vertebrates, Ecdysozoa and Spiralia [1-3]. The latter group constitutes of several
lineages largely varying in morphology, life cycle, development and other traits, but unified by
their peculiar cleavage mode and phylogenomic analysis [4, 5]. Until recently the number of
microscopic lineages included in these studies was limited.
Meiofaunal lineages are widespread throughout Metazoa and – although microscopic, interstitial
taxa occur within a multitude of groups – also entirely constitute the groups Gnathostomulida,
Syndermata and Gastrotricha [6-8]. Their importance in revealing the relationships within Metazoa
and especially Spiralia has been shown previously [9, 10]. However, an additional effort using
transcriptomic data was conducted recently, including several more taxa, among them enigmatic
groups such as Lobatocerebridae, Diruodrilidae and Micrognathozoa [11, 12] (for more details see
Manuscript 4). Still, there are several taxa within Annelida that could not be conclusively placed
[12-15]. However, several previous unplaced Spiralia were found to be included into this group
(though sometimes with moderate support).
Besides the molecular efforts, also morphological analyses gathered data on several (meiofaunal
and macroscopic) groups to supplement genetic information [16-21]. These studies granted an
insight into the diversity within meiofaunal and therefore within Spiralia, which is massively
underestimated by focussing on only macroscopic representatives.
Evolution of organ systems – spiralian plesiomorphies vs. convergent evolution between
different groups
In accordance to the different body plans within Spiralia, there also is variation in the formation of
the individual organ systems [22]. The musculature and especially the nervous system were
previously suggested to be conserved (especially within annelids, e.g. [17, 23, 24]) and therefore
more likely to aid in interspecies comparisons and reconstructions of the ancestral stages.
The muscular architecture of external circular and internal longitudinal muscle fibres, probably
supplemented by transverse and diagonal muscles in between characterize the majority of body
wall muscles within Spiralia (e.g. [16, 19, 25, 26]. Annelida, which are the focus of this study, have
been found continuously to be highly diverse with their ancestral character states still being
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debated [27-31]. The arrangement of external circular muscles and internal longitudinal muscles
supplied by diagonal, bracing and/or dorso-ventral muscles still seems to be the consensus of the
majority of studies on annelid muscular systems [27, 32]. However, there are exampled with
reduced external circular muscles [33, 34] and alterations of transverse, dorsoventral or bracing
muscles [35].
The most common layout of the Spiralian nervous system is an orthogon, describing a regular
pattern of longitudinal nerve strands, which are connected via circular nervous commissures [22,
36]. During evolution, the regular pattern covering the entire circumference can get reduced to
mainly the ventral side of the body, whereby the number of ventral nerve cords varies between
one and five within Spiralia (e.g. [37-40] as well as within Annelida (e.g. [23, 41]. While the brains
can consists of one to few ganglia with one to several commissures, lobular brains are also found
in representatives of Annelida, Mollusca, Platyhelminthes and Nemertea (e.g. [42-45]. The general
annelid pattern of the central nervous system is assumed to have a dorsal prostomial brain and a
ventral intra- to subepidermal ventral nervous system [31, 41]. The latter general consists of
several longitudinal connectives, which in different annelid species forms between one (e.g. in
Sipuncula [46, 47] and five longitudinal nerves and cords (e.g. Dinophilidae, [17, 48, 49] extending
from the circumesophageal connectives posteriorly. The assumed basic configuration of two sets
of circumesophageal connectives branching into a dorsal and ventral root, which are essential
part of the neuropil [23, 41, 42, 50] is altered in different ways (e.g., reduction of the dorsal root) in
various groups [23] or hard to detect in the majority of meiofaunal annelids [17, 23]. Besides the
mushroom-bodies, which have been found in at least Nereididae and Aphroditiformia (and other
errant taxa, [42, 51, 52], ganglia within the annelid brains have been shown to be far more variable
[23, 50] and therefore homologies between these structures are discouraged [31].
Additionally, as illustrated by several studies on annelids [31] as well as in Manuscript 5 of this
thesis, it often is hard to distinguish which characters represent spiralian plesiomorphies or
convergent evolution between the groups. While the median nerve in the ventral nervous system
for example seems to be an apomorphy of annelids [53], medioventral nerve fibre bundles in
molluscs (e.g. [40, 54]), and other spiralians are probably a sign of convergent evolution.
Dinophilus
Dinophilidae are meiofaunal annelids with small body length, six, not clearly distinguished body
segments, no appendages or chaetae and – as is the case in many meiofaunal groups – direct
development [55, 56]. The family is constituted by the two clades Trilobodrilus and Dinophilus,
which differ mainly in the formation of the prostomium and the absence of segmentally arranged
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ciliary bands, respectively [56]. All included specimens are strictly marine, interstitial and can be
found in the intertidal and sublitoral shores. The genus Dinophilus has been of special interest in
this study.
Although more than 20 species have been described all over the world (e.g.[57-60], a recent
evaluation (Worsaae et al., unpubl.) reduced this number remarkably. Roughly, the genus
Dinophilus is composed of two morphotypes: one with monomorphic, larger sized (up to 3mm
body length), strongly pigmented animals with a double ciliary band per segment, extended life
cycle with prolonged encystment stage [58, 61-63] and the other one with dimorphic (“normal
sized” females with 1mm body length and dwarf males max. 50µm in length), transparent
specimens with a single ciliary band per segment and rapid development, which only need
approximately three weeks until the females are mature and lay their own eggs and cocoons [6467]. The malesdie short after hatching, which similar to the females happens approximately one
week after the cocoon has been deposited.
Especially D. gyrociliatus offers great potential for state-of-the-art developmental, but also
evolutionary developmental studies with focus on the nervous system: The normal-sized females
have an already compact brain with only a few hundred cells and without (morphological)
substructures, while the “brain” in dwarf males consists of only 42 cells [68, 69]. The already
conducted studies on the nervous system [17, 48, 49] thereby facilitate more detailed analyses in
adults and encourage investigations during developmental stages.
Thesis objective
This thesis covers the following aspects:
•

The development of musculature and nervous system in the two closely related
Dinophilus-species is established using immunohistochemistry and confocal laser
scanning microscopy (CLSM, Manuscript 1), providing an atlas for further studies and
clarifying the probably progenetic origin of D. gyrociliatus.

•

The nervous system of three related representatives of Dinophilidae (D. gyrociliatus, D.
taeniatus and Trilobodrilus axi) is analysed by means of 15 antibodies directed against
specific neuropeptides (Manuscript 2). This study tests the conservation of neuropeptides
within the annelid brain (in number and location of neuropeptidergic cells), and the
remaining nervous system.

•

An in situ hybridization protocol is established in D. gyrociliatus and applied to analyse the
expression patterns of 11 brain-specific genes (dim, foxg, gsc, hbn, nk2.1, nk2.2, otp, otx,
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pax6, six3/6 and syt, Manuscript 3) and thereby provides information about how interstitial,
microscopic animals cope with the small size of the brain.
•

The advances of a transcriptomic phylogeny of Spiralia and their possible implications are
presented (Manuscript 4). This study sparks a discussion about the inferred size of the
spiralian ancestor and launches the re-investigation of several taxa.

•

Lobatocerebridae are re-assessed by a detailed description of the nervous system, the
musculature and the glandular system (Manuscript 5), thereby delivering the first
examination of these animals since the earliest studies 30 years ago. Thereby the
morphological data are used to argue for annelid characters un this enigmatic animal.
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Materials and methods
Cultures & Field sampling
Dinophilus gyrociliatus is cultured at the Marine Biology Section of the University of Copenhagen
in Denmark, originating from Xiamen, China. The animals are kept in plastic boxes with ventilation
openings in water with a 28 per mille salinity at 18°C in the dark. The water was changed every
two weeks, the animals were fed a mixture of blent spinach, phytoplankton-solution for saltwater
aquaria and fish food (powdered, for small filtering invertebrates).
Lobatocerebrum riegeri was collected during a field trip to Israel.
Immunohistochemistry (IHC) and confocal laser scanning microscopy (CLSM)
Immunohistochemistry in combination with confocal laser scanning microscopy has been used
extensively in recent years and is well established in morphological descriptions of especially
small animals [16, 19, 20, 54, 70]. Different to histological sections series, this technique enables
us to acquire an undistorted impression of previously chosen structures such as musculature
(actin-filaments labelled by phalloidin, e.g. [16, 20, 30, 71]), external and internal ciliary structures
(tubulin labelled by e.g. acetylated alpha tubulin or tyrosinated tubulin, e.g. [72-75]) or parts of the
nervous systems (which are labelled by antibodies designed against neurotransmitters and –
peptides, e.g. [76-79]). Especially in meiofaunal animals, the combination of these techniques
allows for the morphological assessment of several organ systems within an individual specimen,
whereby continuous efforts in development also grant high resolution. The prominent use of these
applications in this thesis (Manuscripts 1, 2, and 5) also demonstrates the importance in
comparative morphological studies, which is also due to the ever increasing stock of antibodies
against neuropeptides [80] and elements of the cytoskeleton. In total, over 20 antibodies have
been used during this PhD-study and included in Manurscripts 1, 2 and 5 (Table 1). The protocols
used are described in the respective manuscripts.

15

- Synopsis -

Table 1. Primary antibodies used in this study and their application in the respective manuscript (indicated
by M1-M5 on the left side, lighter colours indicating applied antibodies that have not be included in the
manuscript due to either being unspecific or not labelling structures at all).
M M M M M Antibody
1

2

3

4

5

directed Raised in

Company

against

Product-

Fixation

Number

Acetylated

alpha-

chicken

SIGMA

tubulin

SAB35000

Conc.
[mg/ml]

3.7% PFA
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Histology and transmission electron microscopy
Although the investigation of immunohistochemical data already yields a high amount of detailed
information, ultrastructural details still need to be acquired by “conventional” transmission
electron microscopy (TEM). This is exemplified in the identification of glandular types in
Lobatocerebrum riegeri (Manuscript 5), where the ability of ICC and CLSM to distinguish cell
types is limited to tubulinergic elements and chromatin. Since the next levels are for example
techniques such as FibSEM, which allows perfectly aligned stacks of TEM-resolution images, I
conducted preliminary studies to find the optimal embedding for embryonic females of D.
gyrociliatus during my PhD-study. Hereby, I tested both “traditional” fixation protocols with
trialdehyde (4% glutaraldehyde/3.7% paraformaldehyde) or 4% glutaraldehyde and high-pressure
freezing using a LEICA HPM-1000 (LEICA MICROSYSTEMS, Wetzlar, Germany) in combination
with freeze-substitution (Leica AFS2 and FSP). The former yielded better results, since high
pressure freezing was limited by both the small size of the animals as well as the problems
transferring them to the freezing agent and the altered salinity of these media. Both of which
hampered the thorough freezing of the samples within the freezing capsules and thereby the
preservation of ultrastructural structures.
Single whole mount in situ hybridization and detection of gene expression patterns by
NBT/BCIP precipitation
The availability of the transcriptome of D. gyrociliatus allowed for the exploitation of this material
and was the foundation for the adaption of standard whole mount in situ hybridization (WMISH)
protocols for this species. This thesis focussed on “brain genes”, i.e. genes that have been found
in previous studies to be either involved in early stages of neurogenesis or in the later patterning
of the brain or apical organ and larval brain (e.g. [81-84]): the transcription factors dimmed, foxg,
goosecoid, homeobrain, orthodenticle, orthopedia, nk2.1, nk2.2, pax6 and six3/6 as well as the
membrane trafficking protein synaptotagmin (Manuscript 3). Besides the adaptation of the
protocol concerning the times the specimens were exposed to different solution, the use of
handmade baskets with 30µm mesh and cylinders (normally used for embedding cell cultures). By
using these, it was possible to shift the animals significantly faster between the different solutions
and therefore also minimize the temperature difference in comparison to the previously used
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procedure, where the solutions were removed and replaced carefully to avoid the loss of too
many specimens during the process.
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Results & Discussion
This section summarizes the results presented in more details in the manuscripts listed below,
including a discussion of these findings and their impact in the scientific field. The first three
manuscripts are part of the “Dinophilus-Project” and therefore establishing detailed maps of
molecular, peptidergic and morphological patterns within the brain of Dinophilus gyrociliatus (and
to a lesser extent also D. taeniatus and Trilobodrilus axi) and assess the neuromuscular
development. The latter two manuscripts deal more specifically with the former “Problematicum”
Lobatocerebrum and in the process with its possible annelid affinities.
Progenesis within Dinophilus based on neuro-, myo- and ciliogenesis (Manuscript 1)
Besides exemplifying two different morphotypes, the differences in the life cycles of Dinophilus
taeniatus [57] and D. gyrociliatus [60] suggests a temporal shift in development, resulting in an
adult morphology of the latter resembling juvenile characters of D. taeniatus. Whether these
morphological differences are caused by possible somatic arrest in a juvenile stage of a D.
taeniatus-like ancestor and therefore represent an example for progenesis was investigated by
analyses of myo-, cilio- and neurogenesis in these two species (Manuscript 1). Hereby it was
found that all three systems in adult D. gyrociliatus resemble the architecture in juvenile D.
taeniatus. Thereby the nervous system with its organized arrangement of cords and transverse
bundles in D. taeniatus vs. the “unorganized” architecture in D. gyrociliatus and its development
delivered strongest support. Remarkably, since all three systems seem to be arrested at the same
developmental stage, global arrest in somatic development (= progenesis according to [85]) is
suggested.
Thereby, the underlying study (Manuscript 1) indicates that: i) detailed studies in more than one
organ system can provide a more detailed insight into probable evolutionary processes and
balance assumptions derived from the development of plastic and conserved organ systems, ii)
developmental studies of two closely related species provide data for testing hypotheses as was
demonstrated in this study and that iii) morphological evidence for progenesis is demonstrated in
the meiofaunal genus Dinophilus, probably the first well-documented example of progenesis in a
meiofaunal lophotrochozoan taxon.
Although the musculature of the dwarf male of D. gyrociliatus was also assessed, this analysis
demonstrated its morphology to be more complex than simply representing a further reduced
female embryo: The body wall musculature as well as the nervous systems with the reduced
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number of involved cells [68, 69] are probably the results of the limited body size. However, they
also show specialization in the development of the copulatory region, which is formed much more
prominent and also earlier than in other dinophilid males. Regardless of its diminutive size, further
studies in the dwarf males of D. gyrociliatus will hopefully increase our knowledge about the
limitations of reductions in size, cell number and complexity in Spiralia.
Comparison of three dinophilid species uncovered a dynamic neuropeptidergic landscape
(Manuscript 2)
Based on the findings in the neuromuscular development, mainly acetylated alpha tubulin IR
revealed the presence of a clear dorsal and ventral root of the circumesophageal connective in all
three species, each forming three to five dense fibre bundles within the otherwise undifferentiated
neuropil. While these differences between the supposedly closely related species are already
rather unexpected, the overall shape of the brain also differs remarkably due to the arrangement
of the perikarya: Although the dumbbell-shape is obvious in D. gyrociliatus and T. axi, the
perikarya are arranged as more compressed structure with seemingly lobular protrusions in the
posterior part in D. taeniatus. Therefore, this study could demonstrate a more complex
organization in the neuropil in all species tested by means of immunohistochemistry and CLSM,
which highlights these techniques’ value in comparative morphological studies. 14 antibodies
against different neuropeptides have been used in all three species. Thereby, it was discovered
that although most neuropeptides are found in all three of them, the cells labelled by the specific
immunoreactivity (IR) vary in their number and location within the brain. Neuropeptides seem to
be easier rearranged in the nervous systems than serotonin: The latter and its IR label a higher
amount of perikarya and fibres in a similar manner across taxa [17]. However, some
neuropeptides such as RGWamide or MIP are expressed in only few cells and fibres and thereby
allow for a more detailed characterization of the brain and probably better tracing of individual
neurites.
Gene expression of eleven brain genes in Dinophilus gyrociliatus corroborates a common
motif in brain patterning in annelids (Manuscript 3)
The previous studies on the morphology revealed a lot more details especially in the brain and the
ventral nervous system (Manuscript 1, 2). These findings did not comprise information as to how
the molecular patterning of a small, compact brain relates to the more complex brains consisting
of several hundred more cells or the larval nervous brains in other annelids investigated so far [83,
86-88]. Therefore, eleven genes previously linked to the nervous system and especially the

20

- Synopsis -

anterior neural region in earlier stages have been identify in the transcriptome of D. gyrociliatus.
Riboprobes based on these genes revealed clear patterning within the brain of adult females,
which to some regards resembles the pattern in the lecithotrophic larva of C. telata [81, 87], but
seems to be more refined than in the trochophore-larva of P. dumerilli [83, 84, 88, 89]. As also
emphasized in this study (Manuscript 3) the investigation of developmental stages and mainly the
early embryonic stages in D. gyrociliatus as well as the processes during development warrant a
better understanding of molecular patterning in annelids. This will further benefit from the use of
fluorescent WMISH, which will grant a more detailed insight into the regions of genecolocalization.
Transcriptomic analysis of meiofaunal taxa furthers our understanding of the spiralian tree
(Manuscript 4)
I did not contribute in the analysis of the transcriptomic data used in this recent study (Manuscript
4), but helped in collecting some of the major taxa (e.g. Limnognathia maerski from Greenland and
Diurodrilus subterraneus from Sweden) and with the subsequent interpretation of data. The
inclusion of the mentoned and other meiofaunal species supported the group of Trochozoa
(Annelida, Mollusca, Nemertea, Brachiopoda and Phoronida) as well as the previously proposed
relation of Micrognathozoa and Rotifera [90, 91]. Most important for this thesis however was the
placement of Lobatocerebum and Diurodrilus within Annelida, which was suggested previously
based on morphological analyses [19, 92-95], but could not be sufficiently documented. However,
their position within Annelida warranted new investigations, which was partly realised in
Manuscript 5. Furthermore, the finding of meiofaunal groups representing the earliest branches
within Spiralia (e.g. Gnathifera, possibly Rouphozoa) sparks the discussion about the size and
body plan of the Spiralian ancestor. Based on our analysis, it possibly was microscopic,
acoelomate or pseudocoelomate and had direct development – all traits found in representatives
of meiofauna, which therefore also was likely the living mode in the assumed ancestor. This study
also indicated that progenesis, an evolutionary pathway often instrumentalized as probable
mechanism for the evolution of meiofaunal taxa, should not be used inconsiderately: detailed
studies of the development are necessary to detect which mechanisms (or combinations of
mechanisms) are at work and whether the decrease in body size is linked to somatic arrest during
development (used as definition of progenesis by [85]) or gradual miniaturization. However, within
Annelida meiofaunal taxa are scattered between macroscopic forms and therefore demonstrate
miniaturization from a secondary macroscopic ancestor. This is further emphasized by the
different realizations of body plan organization within various meiofaunal groups.
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The “Problematicum” Lobatocerebrum and its annelid affinities (Manuscript 5)
The fresh material sampled during a field trip to Eilat, Israel provided information to identify these
specimens as belonging to a different species than previously described (Manuscript 5). Although
the nervous, muscular and glandular systems were investigated in high details and the here
presented study also succeeded in unravelling the intricate structure of nerve fibres within the
neuropil, the characters found do not allow for a clarification of relationships suggested by
transcriptomics. The muscular layout with condensed bundles of longitudinal fibres extending
throughout the body and an internal layer of transverse muscle ring complexes disputes the
general annelid configuration of the annelid body wall musculature of external circular and internal
longitudinal fibres [28]. However, several reductions and substitutions in this system have already
been noted within Annelida [33, 96], making it more plastic and therefore less useful for
phylogenetic studies [31]. The glandular systems is a similar case; comparisons between glands
are furthermore complicated by the lack of information in a high number of groups with the
techniques used in this study and the convergent evolution of for example adhesive glands within
a broad range of especially interstitial animals groups [97-102]. The nervous system promised to
be most reliable for phylogenetic analyses. This study thereby also demonstrated the need to
study organ systems and their development in non-model taxa to assess the range of internal
layouts within the groups studied to possibly identify a unifying pattern. By analysing
Lobatocerebrum, Manuscript 5 supports findings from previous studies [92-94, 103] and adds
more information and therefore furthers the inclusion of this enigmatic taxon in future analyses.
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Conclusion & Perspective
Dinophilus as model for microscopic, direct developing annelids complementing studies in
Capitella telata and Platynereis dumerilli
As elaborated on above, the annelids most prominently discussed and utilized in recent studies of
detailed neuroanatomy, neurogenesis and underlying molecular patterns are macroscopic and
indirect developing such as C. telata and P. dumerilli. [104-106] This is partly due to the
impracticability of meiofaunal animals and the collection of sufficient material at specific
developmental stages (in contrast to the ease of inducing fertilization of eggs in P. dumerilli, for
example) as well as the lack of information on their internal morphology. Unfortunately, neither
fertilization nor egg-deposition can be artificially induced or synchronized in D. gyrociliatus.
However, this species was otherwise found to be a culturable meiofaunal annelid representative
fulfillling prerequisites such as rapid life cycle, comparable easy access to developmental stages,
(now) established protocols for IHC and WMISH, a much more compact and uniform brain than
the other relatives and the prospect of studying developmental differences between
“normalsized” females and dwarf males in the near future. The major conclusions of this thesis
therefore are:
1)

D. gyrociliatus represents a so-far neglected group of animals, namely microscopic
annelids with direct development. Its inclusion in comparative studies on different levels
(e.g. functionality of entire organ systems or cells) will therefore facilitate the identification
of general patterns of this spiralian group by inclusion of more “aberrant” solutions.

2)

The high resolution of techniques such as immunohistochemistry and CLSM as
instrumentalized in this study revealed more detail in the nervous system and the so far
unresolved neuropil in meiofaunal annelids. Next to the advances in morphological
analyses, these findings indicate the value of immunohistochemistry and CLSM for
studies in these small animals.

3)

Regardless of the advantages of studying larval organ systems in indirect developing
Annelida, which assumedly do not vary as much as the adult architecture between
Spiralian clades given the similarities in the apical organs [78, 79, 82, 83], they also have
to perform specific functions and probably cope with different tasks than the adult
systems (e.g. larvae of P. dumerilli are free-swimming and have to orient themselves in the
water column, while adults are benthic and only swimming occasionally; several larvae are
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positive phototactic, while adults are not). Especially the nervous system was previously
shown to undergo reshaping during metamorphosis or later stages of development, with
at least parts of the larval nervous system being included into the adult system [47, 81,
107-109]. This probably is different in direct developing animals, where the nervous
system as all other organ systems develop within the egg layer and/or cocoon, isolating it
from the environment. To what extend neural circuits are already/still present (such as
demonstrated for regulating ciliary movement during settlement in P. dumerilli [110, 111])
has to be established in future studies. However, the presence and location of
neuropeptidergic cells (such as FL-, FV- or DLamidergic cells in close proximity to ciliary
bands of the prostomium [80], Manuscript 2) as well as the similar genetic patterning of
the brain or anterior ectoderm (such as with foxg underlying the prototroch in P. dumerillilarvae or labelling the regions in the brain innervating the second prostomial ciliary band,
Manuscript 3).
Concluding, the information presented in this thesis prepared the stage for more comprehensive
studies of Annelida, taking into account different life cycles, life modes and sizes of the animals
investigated. Furthermore, these first attempts on creating a developmental atlas in Dinophilus
hopefully will facilitate further, more detailed studies testing the assumptions and hypotheses put
forward in this thesis on how a) direct or indirect development affects e.g. neurogenesis (for
example the neuropeptidergic distribution in the brain including the final peptide configuration and
precursor stages), b) animals with reduced body size and cell number react to these constrains
(by reducing and possible merging functional areas and morphological substructures, for
example) and c) how other organ systems and gene patterns will validate the findings of the
nervous system.
Studies in meiofaunal and “aberrant” species increase the support for phylogenetic
assumptions
As exemplified by the manuscripts presented in this thesis, the clade Annelida harbours a high
diversity in body plans and life styles, as was also noted in previous studies [31]. The intricate
relationships within this group could not be resolved by utilization of phylogenomic analyses of
large datasets with sufficient support [11-13, 112]. However, these recent efforts furthered our
understanding about possibly evolutionary pathways within Annelida, with progenesis as well as
miniaturization probably being involved in the evolution of meiofaunal taxa from macroscopic
ancestors [11, 12]. However, the morphology of the majority of these meiofaunal groups has not
been assessed in detail yet, therefore we are lacking support for the relationships suggested by
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e.g. transcriptomic analysis as well as a well-founded base for the interpretations of these results.
The investigation of representatives of two different, not closely related clades within Annelida as
presented here (namely Dinophilidae and Lobatocerebridae) only partially indicate the presence of
typical annelid characters as previously defined [28, 31, 53]. Examples might be the median nerve
in the ventral nervous system and the presence of dorsal and ventral splits of the
circumesophageal connective in the neuropil (Manuscripts 1, 2 and 5), while these animals differ
vastly in e.g. the presence of defined body segments, segmentally repeated structures, etc.
However, as already established in Sipuncula, the developmental stages of these annelids and
others probably reveal hidden patterns such as segmentation [46, 113]. Therefore, developmental
studies on meiofaunal species with unknown relationships to other groups will possibly uncover
common features, indicating that general annelid characters are limited to developmental rather
than adult manifestation.
Detailed morphological studies based on conventional neurotransmitters, non-commercial
neuropeptides and brain-specific transcription factors broadening the base for functional
and more detailed colocalization-studies
As mentioned above, this thesis aimed at providing a detailed atlas to the brain of adult females of
D. gyrociliatus, but also providing data about their neurogenesis. Their compact brains differ
remarkably from the larval brains investigated in previous studies in other annelids, which is
probably due to the different morphology between the investigated species (among others the
difference in cell number), but also to the different developmental stages investigated. Further
studies will therefore include juvenile as well as embryonic stages of female D. gyrociliatus and
dwarf males. The latter provide even more possibilities for analysing functional patterning of the
brain, since only 42 cells constitute their brains.
How to cope with a small brain?
One of the major questions underlying Manuscripts 2 and 3 focus on how a brain with less than
1000 cells and no obvious compartmentalization can fulfill everyday tasks such as finding food or
mating partners, avoiding obstacles, etc. Gene expression patterns indicate that the probably
functional and/or morphological regions are more compact and therefore limited to a lower cell
number, while none of the individual gene patterns seemed to show significantly more overlap
than in larval annelids investigated previously. Therefore, cells seem to still be differentiated and
specialized similar to macroscopic annelids (or their larvae) and multifunctionality in nerve cells is
not remarkably increased. However, the brain in D. gyrociliatus, which was used for the majority
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of studies, does not only consist of a limited number of cells, but these are also very densely
packed. Therefore, at least the gene expression patterns have to be closely analysed with
fluorescently labelled riboprobes in combination with CLSM to allow for a cellular mapping of the
brain as created for the neuropeptides (Manuscript 2) and to link these two patterns. As
mentioned above, a more detailed analysis of early developmental stages with special focus on
the brain genes and neuropeptide precursors is assumed to give a better insight.
The remaining mystery: the dwarf male
The Manuscripts 1, 2 and 3 mainly deal with females of D. gyrociliatus, while only the myogenesis
of dwarf males is assessed in Manuscript 1. Their musculature and also the nervous system found
in this study as well as previous investigations [68, 69] indicate a mixture of reductions and
additions to the body plan and its development in females. All protocols and developmental
atlases presented in this thesis were established mainly for the females, which are easier to
handle, but will be applied to the dwarf males in the near future. Besides assessing morphology in
males, it is of special interest i) how many and which neuropeptides are present in their brain, the
penial ganglion and possibly also the ventral nerve cord, ii) how these neuropeptidergic cells are
arranged and possibly linked with each other, iii) whether these show more overlapping (in either
neuropeptidergic or molecular patterns) and thereby possible multifunctional neurons, iv) how the
already compact patterning of the brain in females with 600-750 cells is realized in a brain with
only 42 cells.
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18

ABSTRACT

19

BACKGROUND: Two different reproductive strategies are exemplified in the annelid meiofaunal

20

genus Dinophilus by the larger, monomorphic D. taeniatus having a long life cycle including

21

encystment and the smaller, dimorphic D. gyrociliatus having a rapid life cycle, respectively. By

22

comparing neuromuscular development, using immunohistochemistry and confocal laser scanning

23

microscopy, this study analyses whether the differences in size and forms within the genus can best be

24

explained by progenesis. We hereby test whether i) the adult female D. gyrociliatus resembles an

25

early developmental stage of D. taeniatus and whether ii) the adult dwarf male of D. gyrociliatus

26

resembles an early developmental stage of D. gyrociliatus females.

27

RESULTS: Both species form longitudinal muscle bundles first, followed by circular muscles,

28

creating a grid of body wall musculature, which is denser in adult D. taeniatus. The grid of D.

29

gyrociliatus resembles the density of prehatching D. taeniatus. Both species display a ladder-like

30

nervous system with an anterior dorsal brain and five main ventral cords with six sets of segmental

31

commissures associated with ganglia in D. taeniatus. Differentiation in neurogenesis of D. taeniatus

32

and female D. gyrociliatus occurs before hatching: Both species start out forming one discrete

33

transverse neurite bundle per segment, which is thereafter separated into three thinner commissures.

34

However, whereas D. gyrociliatus retains this layout, D. taeniatus adds and/or condenses neurites into

35

one thick commissural bundle per segment. Moreover, D. taeniatus adults demonstrate a seemingly

36

more organized (= segmental) pattern of serotonergic and FMRFamidergic neurons. The dwarf male

37

of D. gyrociliatus displays a highly aberrant neuromuscular system, showing no close resemblance to

38

any early developmental stage of any female Dinophilus, although the onset of muscular development

39

mirrors the early myogenesis in females.

40

CONCLUSION: The apparent neuromuscular arrest in development in female D. gyrociliatus,

41

resembling the prehatching stage of D. taeniatus, indicates that D. gyrociliatus may have originated

42

through progenesis from a juvenile ancestor similar to D. taeniatus. The congruence in timing of

43

developmental arrest of two independent organ systems showing different developmental modes
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44

(muscles being added versus commissural patterns being simplified later in development), presents the

45

first well-argued morphological evidence of paedomorphosis within a spiralian genus.

46
47

KEYWORDS

48

Immunohistochemistry, CLSM, sexual dimorphism, paedomorphosis, meiofauna, neuromuscular

49

development

50
51

BACKGROUND

52

Meiofaunal life forms (specimens passing through a sieve with a mesh-size of 1mm, while being

53

retained on a sieve with 42µm mesh-size, [1]) are represented in the majority of animal groups known

54

today as well as constituting numerous independent lineages in e.g., Spiralia [2-4]. The meiofaunal

55

lineages Gnathifera and Rouphozoa were recently shown to branch off first within Spiralia, and it was

56

therefore suggested that the ancestral Spiralian condition might have been an acoelomate to

57

pseudocoelomate, microscopic bodyplan with direct development (possibly inhabiting the interstitial

58

realm, [3, 5]). In Annelida, however, the most basally branching groups are macroscopic, therefore

59

suggesting that meiofaunal groups such as the interstitial family Dinophilidae evolved by either

60

paedomorphosis (e.g. by progenesis due to somatic arrest in a juvenile stage of the ancestor) or

61

gradual miniaturization [5, 6].

62

Previously included in the archiannelids due to their microscopic size and simple morphology, the

63

relationship of Dinophilidae to other annelids is not resolved [7-11], though they are now suggested to

64

be part of the Orbiniida and thereby in a clade together with Nerillidae constituting the sister group to

65

Orbiniidae, Parergodrilidae, Diurodrilidae and Apharyngtus [5]. Although it is not possible to

66

reconstruct their evolutionary origin without knowing their sister group, Dinophilidae has been

67

discussed to be miniaturized in early studies [8, 11], later argued to be representing ancestral features
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68

within Annelida [7, 10] and nowadays again proposed to have evolved by progenesis [9] from a so-far

69

still unknown annelid ancestor.

70

Paedomorphosis can be a local, but also global process, resulting in underdevelopment of either

71

individual or a set of characters [6]. An inherited early offset of somatic development (=progenesis)

72

has already been discussed to be the process behind the evolution of meiofauna [7], since it enables a

73

one-step miniaturization and therefore the colonization of the favourable interstitial habitat.

74

Dinophilids are 1 to 3mm long, with all species counting 6 segments and lacking appendages,

75

parapodia and chaetae. They have externally indistinct segmentation, recognized only by the

76

arrangement of transverse ciliary bands [12-14] and internal features such as lateral nerves,

77

commissures and nephridia [15-17]. The clade Dinophilus is represented by approximately ten

78

species, since the validity of several additional taxa is questioned due to ambiguous or insufficiently

79

detailed morphological descriptions. Very few species have been barcoded, so further molecular

80

sampling may reveal a much higher diversity (Worsaae et al. unpublished). Two different

81

morphotypes can be distinguished within Dinophilus: 1) monomorphic dinophilids with a long life

82

cycle including an encystment stage for up to eight months [18, 19], 2) strongly dimorphic dinophilids

83

with a rapid life cycle of only three weeks [20-22]. The dimorphic type has “normal-sized” females

84

and miniature dwarf males [23-26], while in the monomorphic species the sexes cannot be

85

distinguished from each other by outer morphological characters [23, 24]. Development in all forms is

86

direct, as found in most meiofaunal species; but contrary to annelid species used for developmental

87

studies so far (e.g. Capitella telata [27-29], Platynereis sp. [30, 31]). While the five to seven species

88

of the monomorphic, bigger, orange type are limited to shallow colder waters of the arctic, subarctic

89

and boreal coasts of e.g. Newfoundland, Greenland, Sweden, Denmark, Great Britain, and Russia [12,

90

13, 19, 32, 33], the hyaline, smaller, dimorphic type can be found in both boreal and subtropical

91

waters such as in Denmark, France, the Mediterranean, Brazil, and China [20, 22, 25]. Both

92

monomorphic and dimorphic species of Dinophilus are found in the intertidal and subtidal region,

93

where they are grazing on biofilm and small epiphytal algae, and in the interstices among sand grains

94

[21, 34-36].
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95

Despite several anatomical studies [14-17, 23, 24, 37-41], little is known about the neuromuscular

96

development in Dinophilus, which is thoroughly assessed in this study. However, previous studies did

97

already assess the adult stages, stating that the musculature consists mainly of the body wall

98

musculature, which is specified as layers of circular, diagonal, and longitudinal musculature [13, 42].

99

The nervous system has been investigated in higher detail, assessing the relatively simple brain and a

100

ventral nervous system consisting of five to seven longitudinal nerve cords [15-17, 40, 41]. These are

101

connected by one (in monomorphic) and three commissures (in dimorphic species) per segment,

102

respectively. The neuromuscular system in D. gyrociliatus dwarf males is altered significantly from

103

the pattern seen in females and also in other dinophilid males [23, 24]. Due to their diminutive size

104

and ciliary patterns, they have been proposed to resemble a trochophore larva [23, 24].

105

Due to the size and morphological differences between the two morphotypes, it is proposed in this

106

study that the smaller and simpler build D. gyrociliatus Schmidt, 1857 as representative of the

107

dimorphic, fast developing morphotype has undergone a second progenesis, separating it from the

108

possibly already paedomorphic ancestor of Dinophilidae most likely resembling the more complex

109

and larger forms found in both D. taeniatus and Trilobodrilus. The evolutionary unravelling of D.

110

gyrociliatus is further complicated by their possession of dwarf males, which may have undergone a

111

separate or ‘third’ progenesis relative to the females [20, 25, 43], while D. taeniatus Harmer 1889 as

112

representative of the monomorphic group with prolonged life cycle as well as the related dinophilid

113

taxon, Trilobodrilus, have “normal-sized” males [18, 19, 44].

114

Since both of these hypotheses have never been addressed through detailed morphological

115

comparison, the neuromuscular system and its development is examined in both sexes of D.

116

gyrociliatus and D. taeniatus with immunohistochemistry and confocal laser scanning microscopy

117

(CLSM). We hereby aim to establish a reference model for directly developing meiofaunal annelids

118

and facilitate comparison across species and sexes. We will further examine whether the seemingly

119

simpler morphology in female D. gyrociliatus reflects earlier developmental stages of D. taeniatus

120

and whether the dwarf males resembles even earlier developmental stages of females, hereby seeking

121

support for the hypotheses on a progenetic origin of the male and female D. gyrociliatus.
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122

MATERIALS & METHODS

123

Specimens

124

Dinophilus gyrociliatus derived from samples taken in Xiamen, China, is kept in cultures at the

125

Marine Biology Section, University of Copenhagen, Denmark, where the animals are maintained in

126

seawater (salinity 28‰) at 18°C and fed spinach and fish flakes twice a month, after exchanging the

127

water. Another culture of D. gyrociliatus (originally sampled in Naples, Italy) is kept in the institute

128

of Developmental Biology RAS, Moscow, Russia. The worms were cultured in artificial seawater

129

with 33‰ salinity at 20ºC in a humid chamber to avoid evaporation.

130

For establishing the life cycle and stage-specific sampling, some females were separated from the

131

main culture and checked on a daily basis. Newly laid cocoons were transferred to dishes, tracked and

132

fixed at one ciliary band stage (one ciliary band is developed laterally at the level of the mouth

133

opening, approximately 2 days after the eggs were deposited when animals were kept at 18°C),

134

ventral ciliary field stage (the ventral ciliary field is extending ventrally from the mouth opening

135

towards the posterior end of the animal, approximately 3 days after the eggs were deposited), ciliary

136

band stage (the other segmentally arranged ciliary bands are developed, 4-4.5 days after the eggs were

137

deposited), hatching stage (the specimens hatch from their fertilization envelope, 5.5-6 days after the

138

eggs were deposited), juvenile stage (free-swimming animals from hatching until maturation, 6-12

139

days after the eggs were deposited), and adult stage (mature animals with gametes, more than 14 days

140

after the eggs were deposited).

141

The Greenlandic specimens of Dinophilus taeniatus were obtained during a field trip to Disko Island,

142

Southwest Greenland, from the shallow waters in the intertidal region in Quequertarsuaq harbour. The

143

Russian specimens of D. taeniatus were obtained at the Pertsov White Sea Biological Station (White

144

Sea, Russia). The worms were collected during low tide at the upper sublitoral zone. The culture of

145

D. taeniatus was reared in the laboratory in natural filtered seawater at 10°C and was checked twice a

146

day for the presence of cocoons.
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The cocoons were transferred to Petri dishes and kept in filtered seawater until fixation at a certain

148

developmental stage (one ciliary band stage (approximately 5-6 days after the eggs were deposited

149

when kept at 10°C), ventral ciliary field stage (approximately 7-9 days after the eggs were deposited),

150

ciliary band stage (10-14 days after the eggs were deposited), hatching stage (14-21) days after the

151

eggs were deposited), juvenile stage (21-40 days after the eggs were deposited), and adult stage).

152

No differences could be detected in the neuromuscular system or ciliation pattern between the two

153

populations of D. gyrociliatus (Mediterranean and Chinese) and D. taeniatus (Greenlandic and White

154

Sea). Although the development inside the fertilization envelope and cocoons is temporally altered

155

between the two morphotypes due to the longer time embryonic development takes in D. taeniatus (3

156

weeks as compared to 6 days in D. gyrociliatus), it is rather consistent within representatives of the

157

respective morphotype, though temperature dependent, as was already indicated in the annelid

158

Platynereis dumerilii [31, 45]. Morphological markers (ciliary bands and ventral ciliary field) and the

159

sequence of their formation were therefore used in both morphotypes to compare the stage of the

160

neuromuscular system described here.

161
162

Immunohistochemistry and confocal laser scanning microscopy (CLSM)

163

Specimens were anesthetized with isotonic MgCl2 prior to fixation with 3.7% paraformaldehyde in

164

phosphate buffered saline (PBS, pH 7.4) at room temperature (RT); embryos were manually extracted

165

from the cocoon and the fertilization envelope prior to fixation. Double as well as quadruple stainings

166

were applied to investigate characters in the muscular, nervous and ciliary system. These stainings

167

included F-actin staining (Alexa Fluor 488-labelled phalloidin, A12379, INVITROGEN, Carlsbad,

168

USA), DNA-staining (405nm fluorescent DAPI, included in the embedding medium Vectashield) and

169

immunostaining (monoclonal mouse anti-acetylated α-tubulin (T6793, SIGMA, St. Louis, USA),

170

polyclonal anti-mouse anti-tyrosinated tubulin (T9028, SIGMA), polyclonal rabbit anti-serotonin (5-

171

HT, S5545, SIGMA) and anti-FMRFamide (20091, IMMUNOSTAR, Hudson, USA)). Prior to

172

adding the primary antibody-mix, the samples were preincubated with 0.1% PBT (PBS + 0.1%
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173

Triton-X, 0.05% NaN3, 0.25% BSA, and 10% sucrose). Afterwards, samples were incubated for up to

174

24 hours at RT in the primary antibodies mixed 1:1 (in a 1:200 concentration). Subsequently,

175

following several rinses in PBS and 0.1% PBT, specimens were incubated with the appropriate

176

secondary antibodies conjugated with fluorophores (also mixed 1:1, in a concentration of 1:200, goat

177

anti-mouse labelled with CY5 (115-175-062, JACKSON IMMUNO-RESEARCH, West Grove,

178

USA), goat anti-rabbit labelled with TRITC (T5268, SIGMA)) for up to 48 hours at RT. This step was

179

followed by incubation for 60 minutes in Alexa Fluor 488-labeled phalloidin solution (0.17M

180

phalloidin in 0.1% PBT) after and prior to several rinses in PBS. Thereafter, specimens were mounted

181

in Vectashield (including DAPI, VECTOR LABORATORIES, Burlingame, USA). The prepared

182

slides were examined using an OLYMPUS IX 8 inverted microscope in combination with a Fluoview

183

FV-1000 confocal unit at the Marine Biology Section of the University of Copenhagen (property of

184

K. Worsaae) and a Nikon A1 CLSM at the White Sea Biological Station. Acquired z-stacks were

185

either projected into 2-dimensional images or exported as stacks to the IMARIS 7.0 (BITPLANE

186

SCIENTIFIC SOFTWARE, Zürich, Switzerland) software package to conduct further three-

187

dimensional investigations.

188
189

Image processing

190

Brightness, saturation and contrast were adjusted in Adobe Photoshop CC 2014 (ADOBE Systems

191

Inc., San Jose, USA) prior to assembling figure plates in Adobe Illustrator CC 2014, where also

192

schematic drawings were created.

193
194

RESULTS

195

In the following, the overall morphology and life cycle as well as the development of the musculature,

196

the outer (ciliary bands, ventral ciliary field) and inner ciliary structures (protonephridia) and the

197

nervous system (as investigated by the tubulinergic marker acetylated alpha-tubulin and the two
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neurotransmitters serotonin and FMRFamide) are described first for females and thereafter the dwarf

199

males of D. gyrociliatus and afterwards for both sexes in D. taeniatus. The description covers the

200

development during embryonic stages (development within the egg layer and cocoon, from egg

201

deposition to 6 days later in D. gyrociliatus or 14-21 days later in D. taeniatus, respectively), hatching

202

and juvenile stage (animals from hatching from the egg layer and cocoon until maturation) and the

203

adult layout (mature animals). The morphology is described in detail in D. gyrociliatus females and

204

mainly differences and similarities between the two species are highlighted in D. taeniatus.

205
206

Overall morphology and life cycle

207

Dinophilus gyrociliatus females and dwarf males (Figure 1A-E)

208

The adult female’s body is cigar-shaped, ranges in length between 1.0 to 1.5mm and has a diameter of

209

approximately 75-150µm (Fig. 1A). The body is very hyaline and therefore internal organs such as

210

the digestive system with the prominent pharyngeal bulb as well as developing eggs can be seen (Fig.

211

1A). One transverse ciliary band is found per segment in this species (Fig. 1A). The deposited

212

cocoons contain several big female and small male eggs (Fig. 1B-D), which are present in an average

213

ratio of 1 male (dm, Fig. 1B-D) to 3 female eggs ([46], Fig. 1B, C), with the cocoons containing at

214

least one male and one female egg (Fig. 1D).

215

Adult dwarf males are about 50µm in length and 20µm in width with a roughly elongated ovoid

216

shape. They do not form a digestive system, but the penial region with the muscular copulatory organ

217

is prominently developed. In contrast to the females, which hatch from the eggs after one week and

218

mature afterwards, the dwarf males are already mature when hatching from the fertilization envelope

219

(en, Fig. 1B-D) and die one or two days later, after fertilizing the females inside the same cocoon or

220

females passing in close proximity to the already opened cocoon.

221

The first transverse ciliary band in the females is added approximately 2 days after the eggs are

222

deposited, and is followed by the ventral ciliary field, which is added nearly 1 day later. Susequently,
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223

the segmentally arranged ciliary bands are formed approximately 4.5 days after egg deposition. Dwarf

224

males hatch after approximately 5 days of embryonic development from their fertilization envelopes

225

and thereby precede females, which hatch after 5.5 to 6 days from first the envelope and later the

226

cocoon. Roughly one segment is added per day between the formation of the first ciliary band and

227

hatching. Thereby hatching females have five segments; the sixth segment is added soon after. The

228

entire life cycle of the females from the time the eggs inside the cocoon are deposited to the time

229

when the adult females lay their own cocoons takes a maximum of three weeks, including one week

230

of embryonic development inside the cocoon (Fig. 1B-E).

231
232

Dinophilus taeniatus females and males (Figure 1F-M)

233

The external morphology in both males and females is similar to the one of D. gyrociliatus females

234

described above, though the animals are larger (body length 2.3-3.1µm, body width 100-300µm, Fig.

235

1F). In contrast to D. gyrociliatus, the body of this species is strongly pigmented (animals are bright

236

orange, Fig. 1F-M), and internal features can only be detected when squeezing the animals.

237

Differences between the sexes cannot be defined by outer morphology at any stage. In contrast to D.

238

gyrociliatus, where the dwarf male mainly fertilizes (pre-)hatching females of the same cocoon,

239

copulation in D. taeniatus occurs in adults: When copulating, the male penetrates the body wall of the

240

female with the penis (Fig. 1F). After a certain period of time, when encystment may take place (Fig.

241

1G), the female deposits a cocoon with male and female eggs (Fig. 1H). Embryonic development

242

takes two to three weeks; cleavage begins right after oviposition. Dinophilus is in general

243

characterized by unequal, holoblastic spiral cleavage (Fig. 1I) resulting in a morula stage (Fig. 1J).

244

The stomodeum is formed during gastrulation (Fig. 1K). The embryos elongate and curl up inside

245

their fertilization envelope at prehatching stage (Fig. 1L). The developmental sequence resembles that

246

of female D. gyrociliatus, and thereby enables comparisons between specific stages. Similar to D.

247

gyrociliatus (1A, E), the juvenile leaving a fertilization envelope resembles the adult (Fig. 1F, M).

248
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249

Musculature

250

Dinophilus gyrociliatus females (Figures 2-4)

251

Embryonic development

252

Body wall musculature

253

The first signs of muscular development can be detected after gastrulation (approximately 1.5-2 days

254

after egg deposition), where the pair of ventral longitudinal muscles (vlm) forms posterior to the

255

mouth opening and extends towards the anterior and the posterior end of the body (Figs. 2A, B, 4A).

256

Subsequently, others join these individual fibres and the ventrolateral pair of longitudinal muscles

257

(vllm) is added, and a muscular ring around the mouth opening is formed (mrmo, Figs. 2A, B, 4A).

258

Prior to the elongation and exogastric curling of the animal, the pair of dorsolateral longitudinal

259

muscle bundles (dllm) is developed, though it is located more ventral during development than in the

260

adult (Figs. 2A-C, 4A, B). At this point, the two bundles of the ventral longitudinal musculature have

261

moved closer to each other and converged along the midline, tracing both the mouth opening (mo)

262

and the developing pharyngeal bulb (phb, Figs. 2C, 4A, B). All longitudinal muscle bundles extend

263

also into the prostomium of the animals, where they ramify, though their exact paths cannot be

264

unravelled in early stages (Fig. 2C).

265

Circular muscles (cm) start forming external to the longitudinal muscles at the same time as the

266

ventrolateral muscle bundles can be detected (Fig. 2A, B). Though several circular muscles are added

267

from anterior to posterior, they are incomplete in the earlier developmental stages (Figs. 2A-C, 4A)

268

and extend from the ventral further to the dorsal sides, where they finally fuse (Figs. 2D-G, 4B). In

269

the late embryo, the circular muscles are forming a thin sheath (Fig. 2C), which is not retained in later

270

stages since the distance between the circular muscles increases (Figs. 2D-G, 4C-E).

271

Prostomial musculature

272

At the onset of muscular development, no muscles are formed anterior to the mouth opening. Later

273

on, the longitudinal muscle bundles of the posterior part of the body extend anteriorly (e.g. Figs. 2C,
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274

4B), where they ramify and are joined by muscles emerging from the muscular ring around the mouth

275

opening (mrmo, Fig. 2C). A more complete assessment of the pattern is possible in the hatching and

276

juvenile stages (see below). Supplementing these ramifications of the longitudinal muscles, three

277

circular muscles are formed in the developing prostomium (cm 1-3), which can be detected external to

278

the attachment sites of the branches from longitudinal muscles (Figs. 2C, D, 4C). During earlier

279

developmental stages, the musculature is mainly dorsal to the neuropil (Fig. 2C), but also extends

280

ventrally around the brain during subsequent stages (Figs. 2D-G, 4B-E).

281

Musculature of the digestive system

282

The pharyngeal region is first to differentiate in the developing embryo (Fig. 2B), and though cellular

283

changes can be observed starting with the invagination of the mouth, muscular details can be detected

284

much later. Similarly, the remaining gut shows cellular differentiation from the adjacent cells prior to

285

the formation of longitudinal and circular muscles, which can be detected after the formation of the

286

pharyngeal bulb (108-120h post deposition, Figs. 2D-G, 4B-E), but are often disguised by the muscles

287

of the body wall. Compared to the latter, these muscular bundles are represented by one or two fibres

288

only and spaced further apart (Figs. 2D, F, G, 4B-E)

289

The pharyngeal bulb (phb) is the most prominent part of the musculature of the digestive system and

290

develops rather late in embryogenesis (approximately 96h after egg deposition, Fig. 2C). The

291

pharyngeal bulb itself consists of a tightly arranged grid of muscle fibres, forming a basket-like,

292

interwoven network, which is located posterior to the mouth opening (Figs. 2D, G, 4C-E). This

293

structure gets more dense and retains its appearance of tightly packed circular muscles, which are

294

more likely used for scraping biofilm from the substrate [31]. Therefore, its movement is promoted by

295

additional muscles, which extend between the pharyngeal bulb and the epidermis in the “neck”-region

296

of the animal (phm, Fig. 2D, G).

297

Hatching & juvenile stages

298

Body wall musculature
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299

The layout of the longitudinal and circular muscles does not change significantly from the pattern

300

detected during embryonic development, since only the dorsolateral longitudinal muscle bundles,

301

which have been (ventro-)lateral in earlier stages, are shifted to the dorsal side (Figs. 2D, E, 4C, D).

302

Internal to the longitudinal muscles, diagonal muscles (dm) are formed, which wind spiral-like around

303

the body, starting at the level of the mouth opening and extending towards the posterior end of the

304

animal (Figs. 2F, G, 4C-E). Their pattern does not seem to be fixed in development, since the muscles

305

are arranged parallel to each other in some animals without any chiasms, while the fibres are crossing

306

each others’ paths more regularly in others.

307

Prostomial musculature

308

The musculature in the prostomium gets more defined, with the addition of fibres extending from the

309

longitudinal muscle bundles on the ventral side of the body more dorsally, but also extending from the

310

pharyngeal bulb to both the ventral and the dorsal side of the body (Figs. 2D, E, G, 4C-E). The

311

circular muscles of the prostomium, in contrast to those of the body, consist of several fibres (two to

312

seven, Figs. 2D, E, G, 4C-E). The ventrolateral longitudinal muscle bundles (vllm) extend

313

ventrolaterally in a straight line to the level of the third circular muscular ring, where they then split

314

into several branches of different thickness: The thinnest strand consists of one to a maximum of three

315

fibres and extends ventrally to the prostomial epidermis anterior to the second circular muscle band

316

(vlib, Figs. 2D, E, G, 4C-E). An additional muscle strand extends to the anterior tip ipsilateral to the

317

midline (vlia, Figs. 2G, 4C-E). Furthermore, one strand extends contralaterally and connects to the

318

epidermis at the level of the first circular muscle (vlca, Figs. 2D, E, G, 4C-E), and a short strand is

319

directed more posterior and to the ventral side (vlvb, Figs. 2D, E, 4C-E).

320

The paths of the ventral and dorsolateral muscle bundles are less complex, but also show one to two

321

splits: the dorsolateral muscle bundle bifurcates already anterior to the pharyngeal bulb into two

322

strands of similar thickness, which are extending to the dorsolateral and ventrolateral side of the

323

prostomium to the level of the first circular muscle. While one bundle is crossing the midline of the

324

body and remains dorsolateral, extending contralaterally to the anterior tip (dlca, Figs. 2D, E, G, 4C-
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325

E), the lateral proportion extends ipsilateral to the first circular muscle (dlia, Figs. 2D, E, G, 4C-E).

326

The third bundle is located most medial and extends contralaterally to the third circular muscle (dlcb,

327

Figs. 2D, 4C-E). The ventral muscle bundles also split and traverse from the ventral to the dorsal side,

328

also forming two furcations at this stage: a contralateral bundle extending to the epidermis at the level

329

of the first circular muscle (vca, Fig. 4C-E) and another contralateral bundle extending to the level

330

posterior to the third circular muscle (vcb, Figs. 2G, 4C-E). This pattern, once developed, can also be

331

found in adult specimens of D. gyrociliatus female, though they get more refined and further splits are

332

added.

333

Musculature of the digestive system

334

While additional circular fibres form external to the longitudinal muscles of the gut musculature

335

(dsm), they are arranged in a thin layer of muscles extending from the mouth opening to the dorsal

336

anus (Figs. 2D, F, G, 3A-C, 4B-E). Besides the muscular pharyngeal bulb, only a thin muscular ring is

337

formed around the mouth opening (mrmo, Figs. 3A, B, 4D-E) and several thin circular fibres (spaced

338

closer together than in the stomach = midgut and hindgut) are detected in the foregut. A thin muscular

339

ring is formed around the anus (Figs. 2G, 3A, 4C-E). Additionally, a paired muscle traces the hindgut

340

from the midgut-hindgut-transition to the ventral side anterior to the anus (Figs. 2I, 3C, 4D, E),

341

interrupting the otherwise dense ciliation of the hindgut.

342

Adult

343

Body wall musculature

344

In contrast to D. taeniatus, where the longitudinal muscle fibres can be seen spread in various

345

muscular bundles along the whole body circumference (Figs. 5E, 7D, E), only six bundles are present

346

in adult D. gyrociliatus females (Figs. 2F, G, 4D, E). All of them converge towards the posterior end

347

of the body, where they seem to end blindly (Figs. 2G, 4E). Young adults can show a high number of

348

diagonal muscles (dm, Figs. 2F, 4D, E), though this does not seem to be a fixed morphology.

349

Prostomial musculature
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350

Additional to the muscles described in the juvenile females, some diagonal muscles insert at the very

351

anterior tip of the prostomium and extend backwards, where they seem to insert into the body wall at

352

the level of the third circular muscle (Fig. 2E, G).

353

Musculature of the digestive system

354

The gut musculature forms a thin layer of longitudinal and circular muscles (lmds, cmds, respectively,

355

Figs. 2I, 3A, C, dsm, Fig. 4D, E). The latter are set further apart than the circular muscles of the body

356

wall. The sigmoid muscle as described in femles at hatching or juvenile stage extends ventrally in the

357

hindgut, ending ventral close to the anus (sm, Fig. 2I, 3C, 4E).

358

The pharyngeal bulb is strongly connected to various muscles in the prostomial region, which are

359

anchored in the epidermis of the prostomium (Figs. 2G, 3A, B, 4D, E). Additionally, the pharynx and

360

the foregut are characterized by a series of circular muscle fibres spaced closely together, which

361

cannot be observed in the posterior regions of the digestive system.

362
363

Dinophilus gyrociliatus dwarf males (Figure 5)

364

The onset of muscular development seems to be similar to the onset observed in females. However,

365

while the development of the digestive system in females precedes the onset of muscular formation,

366

longitudinal fibres are the first to be seen in males, emerging as two ventrolateral (vllm) pairs from

367

the ventroanterior point of muscular origin (vpmo, Fig. 5A-C). During subsequent muscular growth

368

and differentiation, the ventroanterior point of origin of muscles gets more refined and changes from

369

an undefined mass (Fig. 5A, B) into the triangular form that can be observed in the adults (Fig. 5D,

370

E). While the ventrolateral muscles line the lateral sides of the body, the dorsal fibres (dlm) extend

371

dorsally as one bundle and bifurcate posterior to that (Fig. 5B, C). As they continue extending towards

372

the posterior end of the body, where the copulatory organ is formed in subsequent steps, circular

373

muscles (cm) are added in an anterior-to-posterior pattern (Fig. 5B, C). These structures consist of

374

individual fibres, which emerge from the ventral side of the animal distal to the longitudinal muscle
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375

and extend further dorsally, until they fuse and form a ring (Fig. 5C-E), similar to the pattern seen in

376

females (Figs. 2, 4, 6).

377

The penial musculature (pm. Fig. 5D), though being so prominent in the adult, starts to form

378

comparably after the ventrolateral longitudinal muscles have extended to the posterior end of the body

379

and at least four circular muscles have formed (Fig. 5D). The outer sheath (ospm) is formed by

380

ventrolateral longitudinal muscles, which develop loop-like structures prior to additional details of the

381

penial musculature (Fig. 5D). The dorsal longitudinal muscles join the structure prior to development

382

of the penial cone (pc), which forms independently of the sheaths. Subsequently, the fibres forming

383

the inner (ispm) and outer sheath (ospm) start to get more defined and link the musculature of the

384

copulatory organ to the ventrolateral and dorsal muscles. At the same time, all six circular fibres have

385

formed and the male starts moving (i.e. stretching and compressing) inside the egg layer, using motile

386

cilia and muscular contractions (approximately half a day to a day before hatching, Fig. 5D, E).

387

Penial musculature in adults

388

The penial region is the most prominent and most complex muscular part in the dwarf males. It

389

comprises an inner layer (ispm) with an organized structure and the meshwork-like outer layer (ospm,

390

Fig. 5D, E), whose formation is described above.

391

The inner layer is dominated by ten to twelve fibres, which are arranged in a horizontal pattern

392

extending from the anteriormost onset of the penial sheath to the most posterior point. These muscles

393

are weakly labelled with phalloidin, especially when compared to the strong labelling of the penial

394

cone musculature and the outer sheath. They constitute the innermost part of the sheath tightly

395

enclosing the penial cone itself. In the posterior part, muscle fibres form a ring, which is adjacent to

396

the gonopore. In the anterior part of the penial sheath, these muscles form a concave surface (likely

397

due to the spatial constrains within the dwarf male and the filled testis).

398

The outer muscular sheath consists of circular (cmos) and longitudinal muscle fibres (lmos), which

399

are separate from the muscles of the body wall (Fig. 5D). In the most anterior part, several projections

400

radiate into the body, but their ends could not be traced successfully in all specimens. In contrast to
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401

the organized pattern observed in the inner sheath, muscles in the outer sheath have a network-like

402

appearance. Most obvious is a posterior ring formed by the fusion of ventrolateral longitudinal

403

muscles with the penial sheath. Furthermore, this ring encloses another ring-like structure, which is

404

formed by the inner sheath.

405

Each of the lateroventral longitudinal muscles of the body wall forms a bifurcation anterior to the

406

penial sheath, so two smaller bundles can fuse with the sheath on each side. While the thinner part of

407

this bifurcation seems to fuse with the posterior ring, the more prominent part terminates lateral at the

408

outer penial sheath after forming a loop on each side of the animal (Fig. 5D, E). The dorsal

409

longitudinal muscles contribute to the outer sheath by forming loops laterodorsal at the external

410

surface. These loops join at the approximate body midline. Furthermore, the longitudinal muscular

411

strands extend and form an additional loop anterior to the anterior loop of the outer sheath before

412

bifurcating and merging with the sheath. The pattern observed on the dorsal side of the sheath is more

413

complex than the one found ventrally. Individual muscle fibres emerging from the posterior muscle

414

ring and extending towards the anterior of the body form the main part of the network. They are

415

thereby connecting to the loops, similar to fibres emerging from the ventral towards the anteriodorsal

416

side of the sheath.

417
418

Dinophilus taeniatus (both sexes) (Figures 4, 6)

419

Embryonic development

420

The first muscle fibres differentiate soon after gastrulation during early embryogenesis. In the

421

prostomial region, the first muscular elements to develop are a muscular ring around the mouth

422

opening (mrmo, Fig. 6A) and a muscular plexus around the neuropil (np, Fig. 6A). The main

423

structures of the body wall are also established in early D. taeniatus embryos: paired ventrolateral and

424

dorsolateral longitudinal muscles can be distinguished, as well as fragments of future circular muscles

425

on the lateral sides of the embryo (Fig. 4A, 6A).
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426

The muscular system develops very quickly: a large number of muscles characteristic in adults is

427

already present in late embryos. The body wall consists of multiple longitudinal muscles, the majority

428

of which are grouped into ventral, ventrolateral, and dorsolateral longitudinal muscles (Fig. 6B).

429

However, there are also thin separate longitudinal muscle fibres. Numerous circular muscles develop,

430

forming complete rings tracing the body circumference. They occupy the entire length of the body.

431

Longitudinal muscles bifurcate in the prostomial region organizing the prostomial musculature: both

432

ventrolateral and dorsolateral muscles produce dorsal and ventral branches in the same manner (vldb,

433

vlvb, dlvb, dldb, Fig. 4B, 6B). The pharyngeal bulb found posterior to the mouth opening is the first

434

element of the musculature of the digestive system (phb, Fig. 6B).

435

Prehatching embryos demonstrate a regular organization of the body wall musculature and a complex

436

prostomial musculature. Separate longitudinal muscles, seen earlier in the body, appear to be closer to

437

the main muscle strands. Nevertheless, the main longitudinal muscles obviously consist of a group of

438

up to ten muscle fibres (Fig. 6C). Diagonal muscles join the grid of circular and longitudinal muscles

439

(dm, Fig. 6D). More muscle branches originating from the ventrolateral and dorsolateral longitudinal

440

muscles are registered in the prostomial region. As the digestive system differentiates, a defined

441

muscle layer emerges in the gut wall (Fig. 4C, 6C).

442

Hatching & juvenile stages

443

Additional muscle fibres are detected in the prostomium and trunk of D. taeniatus juvenile worms.

444

The prostomial musculature adds branches (namely contralatero-anterior and contralateral dorsal

445

branches) of a ventral longitudinal muscle (vca, vcb, Fig. 6D). In addition to the body circular

446

muscles, several circular muscles differentiate in the prostomial region as well (cm1, cm2, Fig. 4D,

447

6D).

448

Adult

449

Body wall musculature

450

In adults, the number of longitudinal muscles increases dramatically if to compare with the previous

451

stages. Additional multiple bundles branch out from ventral and dorsolateral longitudinal muscles
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452

(Fig. 6E, G, H). Ventrolateral muscles appear to be the most condensed among the other longitudinal

453

muscles (Fig. 6E, G). Thus, longitudinal muscular bundles number up to 14 in an adult D. taeniatus.

454

This is different in D. gyrociliatus, where the number of longitudinal muscle sin the body wall is not

455

altered during maturation and which therefore presents six longitudinal muscular bundles in juveniles

456

and adults (Fig. 4E, 6D, F).

457

Prostomial musculature

458

The prostomial musculature of adult D. taeniatus is quite similar to that of a juvenile; however,

459

several branches show more bifurcations than earlier (Fig. 4E, 6F).

460

Musculature of the digestive system

461

The pharyngeal bulb is very well seen posterior to the mouth opening (phb, Fig. 6E, F). Pharyngeal

462

muscles connect the bulb with the other muscles in this region of the body (phm, Fig. 6F) such as the

463

basket-like muscle sack surrounding the pharynx (Fig. 6I). The gut wall demonstrates a net of

464

numerous longitudinal and circular muscles (lmds, cmds, Fig. 4E, 6J). No sigmoid muscle as observed

465

in females of D. gyrociliatus is detected around the gut of D. taeniatus at any developmental stage.

466
467

Ciliary structures

468

Outer ciliary patterns (ciliary bands, ciliary fields)

469

Dinophilus gyrociliatus females (Figures 7-9)

470

Embryonic development

471

The onset of the development of the ciliary patterns is approximately 24-36 hours after the cocoons

472

have been deposited, when the first (incomplete) ciliary band forms at approximately one third of the

473

body length (cb2, Figs. 7A, 9A). These ciliary structures form lateral bands on both sides of the future

474

(ventral) mouth opening (mo), and subsequently extend dorsally (Figs. 7A-C, 9A, B). Approximately

475

one segment is added per day when the animals are kept at 18°C (the rate slightly accelerates towards
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476

hatching). The onset of the development of ciliary bands posterior to the mouth opening (= ciliary

477

bands of the trunk) and the anteriormost ciliary band is simultaneous. Each ciliary band starts as

478

lateral formation, and later on extends dorsaaly (Fig. 7A-C). The ventral ciliary field (vcf, Figs. 7A, B,

479

9A, B) precedes the development of the ciliary bands 1 and 3 to 7 and extends further posterior during

480

subsequent development (Fig. 9A, B). Since the animals are curled up exogastrically inside the

481

fertilization envelope (Fig. 7A-C), all ciliary structures contribute to the rotational movements these

482

animals show before hatching.

483

Hatching & juvenile stages

484

In hatching animals, the ciliary bands of the body are nearly complete, except for the space taken up

485

by the ventral ciliary field (cb and vcf, respectively, Figs. 7G, 8A, B). The two transverse ciliary

486

bands of the prostomium remain incomplete (cb 1, 2, Figs. 7D, 8A, 9B-D), similar to adults (Fig. 9E).

487

They are also incomplete on the ventral side, were a dense ventral ciliary field develops anterior to the

488

mouth opening (svcf, Figs. 7A, B, 8A). The ventral ciliary field in this region is constituted by

489

individual small, circular multiciliated cells, which are arranged in a semicircle in two rows of eight

490

(the row closer to the mouth opening) to ten (the row anterior to that) cells (Figs. 7D, 8A). Not

491

directly connected to ciliary structures, but adjacent to the compound cilia, which can be found on the

492

dorsoanterior side of the prostomium (cch, Figs. 7D, E, 8E-G, 9A-E), are six to eight relatively big,

493

elongated, flask-shaped cells (fsc, Figs. 7D, E, 8F, G, 9B-D). Their ducts extend ventro-posterior and

494

end posterior to the neuropil (dfsc, Fig. 8G). They can be detected in both animals at the ciliary band

495

stage and hatchlings.

496

The main portion of the ventral ciliary band is constituted by six elongated, multiciliated cells per

497

row, which also seem to fuse in the middle of the trunk to form one median line embraced by one

498

additional row on each side (Fig. 8B). It extends from the mouth opening to the posterior end of the

499

body, being broad in the region of the mouth opening and getting more narrow in the process (Fig.

500

8B). Posterior to the T-shaped mouth opening, a pair of ventral ciliary fields probably serves as
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501

additional sensory organ (stcf, Fig. 8A) and demonstrate a different arrangement (orientation of cilia,

502

shape of the cell, Fig. 8A).

503

The difference between hatchlings and juveniles is mainly the increase in size of the animals,

504

however, an additional segment is added after hatching from the fertilization envelope. Juvenile

505

females thereby have a complement of six segments similar to adults, while hatching females only

506

have five segments. Additionally, a dense region of cilia is formed in the region between the

507

posteriormost body segment and the pygidium. The prominent glands seen in both hatchlings and late

508

embryonic stages are not detectable anymore, and in their place the epidermis resembles the cellular

509

pattern of the rest of the head.

510

Adult

511

Adult animals are characterized by a dense, complete ciliation on the ventral side of the animal,

512

extending from anterior of the mouth opening towards the posterior tip of the animal, including the

513

pygidium (vcf, Figs. 7H, 9E). The pattern of individual multiciliated cells described above for the

514

hatching and juvenile females can also be found in adult females, although it is harder to recover. The

515

ciliary bands support swimming behaviour in these animals. Next to the sensory compound cilia in the

516

anterior part (cch) and the eyes (e) on the dorsal side of the prostomium, a pair of narrow ciliary fields

517

is located lateral on the first segment (lcf, Figs. 7D, E, 9C-E). While they were described as lateral

518

ciliary fields with probably sensory function in [15], [17] identified them as nuchal organs innervated

519

by the central neuropil. This study, however, found them also innervated by nerves emerging from the

520

circumesophageal connective (cec, Figs. 7E, 9C-E).

521
522

Dinophilus gyrociliatus dwarf males (Figure 10)

523

Dwarf males have three ciliary fields, which can be found in the anterior (avcf), the posterior (pvcf)

524

and the ventral side (vcf) of the animal, sometimes giving the appearance of a continuous band,

525

though constituted by separate cells (see also [23, 24], Fig. 10A, B). They are used for locomotion,
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526

while specialized, monociliated cells connected to the nervous system sense environmental cues (Fig.

527

10A, see also [23, 24]).

528
529

Dinophilus taeniatus (both sexes) (Figures 9, 11)

530

Embryonic development

531

The first external ciliary structure to develop is a transverse ciliary band lateroanteriorly to the

532

stomodeum (cb2, Fig. 9A, 11A). This ciliary band can be detected as early as 4-5 days after

533

oviposition. A few days later, the ciliary field forms at the ventral surface posterior to the stomodeum

534

(vcf, Fig. 11B) and fuses lateral to the stomodeum with the previously formed transverse ciliary band.

535

On day 8-9 of embryonic development, additional transverse ciliary bands start to develop parallel

536

and anterior as well as posterior to the first one (cb, Fig. 9B, 11C). While they represent only ciliary

537

stripes on the ventrolateral sides of the embryo at the onset of ciliary development, the dorsal gaps are

538

closed during succeeding developmental steps. The anteriormost ciliary band develops in the middle

539

region anterior to the stomodeum and then extends laterally towards the dorsal surface. Later on

540

during development all these ciliary structures become more prominent. The ventral ciliary field in a

541

prehatching embryo is wide enough to cover almost the entire ventral surface when seven ciliary

542

bands are formed prior to hatching (and the bands posterior to the stomodeum are continuous

543

structutres on the dorsal sides, Fig. 9C, 11D).

544

Hatching & juvenile stages

545

The juveniles are larger than the embryos as they start feeding and elongate. They still possess the

546

wide ventral ciliary field and seven transverse ciliary bands embracing their bodies (Fig. 9D, 11E).

547

Adult

548

Adult animals are characterized by the most developed ciliary coverage, which is used for swimming

549

and gliding locomotion. Two pairs of compound cilia are well represented at the anterior end of the

550

animal (Fig. 9E, 11F). The two anteriormost ciliary bands are visible anterior the stomodeum and
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551

remain incomplete on the dorsal side. The lateral ciliary fields emerge at the level of the mouth

552

opening at both sides of the worm. Remarkably, the number of ciliary bands located posterior to the

553

stomodeum doubles during maturation of D. taeniatus, so an adult worm has a total of 12-14 ciliary

554

bands. The ventral ciliary field extends from the mouth opening till the posterior tip of the worm.

555
556

Protonephridia

557

Dinophilus gyrociliatus females (Figures 7-9)

558

Embryonic development

559

The first nephridial pair (n1) can be detected belatedly after formation of the third ciliary band. Either

560

due to spatial or developmental constrains, the first pair of protonephridia is not elongated, but bent,

561

with the cyrtocyte being close to the body wall of the animal as well as close to the opening to the

562

outside. Before hatching, five of the six pairs of nephridia develop, with the more posterior ones being

563

more elongated and straight (Figs. 7B, C, 9B).

564

Hatching & juvenile stages

565

After hatching, a sixth pair of nephridia is added posteriorly in the animal, close to the pygidium

566

(Figs. 7D, G, 9C, D). With further growth, the ducts of especially the anteriormost nephridial pairs

567

extend towards the lateral sides. The posterior pairs, however, remain strictly constricted to the ventral

568

side of the animals.

569

Adult

570

The nephridia have an average length of 45µm (the posteriormost pair is the longest). The first three

571

pairs are u-shaped, with the terminal cells located closely to the nephridiopores. The anteriormost pair

572

is located closer to the fourth ciliary band and therefore nearly centred in the second body segment,

573

the successive two pairs are found situated between the ciliary bands of segment 3 and 4, and closer to

574

the posterior end of the segmental borders (Figs. 7H, 9E). This is similar to the pattern found in the
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575

forth and the fifth nephridial pair. However, these are found on the ventral side of the body, while the

576

first three are located lateroventrally. The fourth pair is more curved and bent, and can also be found

577

closer to the body midline on the ventral side. The fifth pair is relatively straight, with the terminal

578

cell being close to the ventrolateral side of the animal and the nephridiopore close to the body midline

579

(Figs. 7H, 9E). It is the longest nephridium, spanning approximately 55µm in length. The sixth pair of

580

protonephridia is shorter (30-35µm) and hard to detect due to being surrounded by the dense ciliary

581

brush of the ventral ciliary band.

582
583

Dinophilus gyrociliatus dwarf male (Figure 10)

584

One pair of protonephridia (n, Fig. 10A) is found in the dwarf male. In contrast to the female

585

nephridia, which are exclusively ventral or ventrolateral (Figs. 7, 8, 9), this nephridial pair is dorsal

586

and located in the anterior third of the body (Fig. 10A).

587
588

Dinophilus taeniatus (both sexes) (Figures 9, 12)

589

Embryonic development

590

Protonephridia are formed in anterior-posterior direction during embryogenesis. The anteriormost pair

591

of protonephridia develops simultaneously with the first transverse ciliary band lateral to the

592

stomodeum (Fig. 9A, 12A). Additional protonephridia are formed in loose correlation to the

593

transverse ciliary bands. Therefore, protonephridia cannot be used as reliable segmental markers as in

594

most other polychaetes [47-49]. Prehatching embryos have four pairs of protonephridia, and juveniles

595

have five pairs of protonephridia (Fig. 12D) (in contrast to five nephridial pairs in late embryos of D.

596

gyrociliatus, Figs. 7D, G, 9B). It should also be noted, that D. taeniatus protonephridia differ in shape

597

(or number?) from those of D. gyrociliatus: Instead of u-shaped protonephridia of D. gyrociliatus, D.

598

taeniatus has two separate branches each about 15-25µm long (n2’, n2, n3’, n3, Fig. 12E). It is not

599

clear whether there are two protonephridia on each side (in this case, a prehatching embryo has four
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600

pairs of combined protonephridial pairs) or the median part of one protonephridium is not

601

immunoreactive with antibodies directed against tubulinergic structures (or does not have tubulinergic

602

structures at all?). However, the pattern in D. taeniatus resembles observations in Trilobodrilus sp.,

603

another member of Dinophilidae [50]. In any case, this is a significant difference between the two

604

morphotypes investigated here.

605

Hatching and juvenile stages

606

Juveniles show five protonephridial pairs (Fig. 9D, 12D). However, their position does not correspond

607

to other regular structures of the worm (such as ciliary bands, transverse neural commissures, etc.)

608

Adult

609

The number of protonephridia does not change during maturation, whereby adult worms are

610

characterized by five pairs of protonephridia in contrast to six pairs in adult D. gyrociliatus females.

611

However, at this stage anti-acetylated tubulin antibodies show poor labelling of internal structures

612

because of heavy external ciliation binding almost all antibodies.

613
614

Nervous system

615

Alpha-tubulinergic nervous system

616

Dinophilus gyrociliatus females (Figures 7-9)

617

Embryonic development

618

Since the early development of the nervous system is covered in high detail in a forthcoming study

619

(Fofanova et al., in prep), the development patterns described here focus on the late embryonic stages

620

(Figs. 7B-D, 9B).

621

In the late embryo, the neuropil (np) is well developed and located central in the prostomium, with

622

individual nerve fibres extending towards the anterior rim of the body (nar), probably innervating the

623

anterior rim of the prostomium (Figs. 7B, 9B). As described in [17], a dorsal and a ventral root of the
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624

circumesophageal connective can be distinguished, which lead posterior before seemingly fusing at

625

approximately the level of the nuchal organs (lateral ciliary fields, lcf). There, they form the uniform

626

circumesophageal connectives, which embrace the mouth opening and pharyngeal area, before

627

forming the pair of prominent ventrolateral longitudinal (vlnc) and the pair of medioventral nerve

628

cords (mvn, Figs. 7B, C, 9A, B). Additional nerve fibres emerging medially in the neuropil fuse with

629

the anterior part of the stomatogastric nervous system (the ring around the pharynx, stnr), and the

630

dorsal region of the neuropil gives rise to thin nerves of the dorsal and dorsolateral longitudinal nerves

631

(lpn, Figs. 7B, C, 9B).

632

The ventral nervous system consists of two ventrolateral nerve cords (vlnc), and one pair of

633

incompletely fused median nerve cords (mvn, Figs. 7B, C, 9B), all of which extend to the posterior

634

end of the animal. Two pairs of paramedioventral nerves are added during subsequent stages (pmvn,

635

Figs. 7G, H, 9C-E). A distinct pattern of one thick commissure per segment is detected in the ventral

636

nervous system in late embryogenesis (com1-5, Figs. 7B, C, 9B).

637

Several thin, segmental and lateral nerves are emerging from the ventral nervous system towards the

638

dorsal side of the body (nerves tracing the ciliary band - ncb, nerves anterior to the ciliary bands -

639

nacb, nerves posterior to the ciliary bands - npcb and intersegmental nerves - nis, Figs. 7A, B, 9B).

640

These nerves partly fuse laterally in later life stages, but are well separated in late embryos. In contrast

641

to [17], who found them to be limited to the central region of the trunk, this study found the pattern

642

continuous from the third to the eighth ciliary band. Further longitudinal nerve fibres (lpn) extend

643

external to the transverse nerve fibres towards the posterior end of the body. They can be seen lateral

644

and dorsal in the body (Figs. 7B, C, 9B).

645

Hatching & juvenile stages

646

Central nervous system

647

The brain is constituted by approximately 600-750 nerve cells, with their perikarya forming a sheath

648

surrounding the neuropil, which is more prominent on the anterior, lateral, posterior and dorsal sides

649

(two to five cell layers), but rather thin (one incomplete layer) on the ventral side. Although the
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650

neuropil appears uniform, a dorsal and a ventral root of the circumesophageal connective with several

651

condensed nerve fibre bundles in both roots can be distinguished (Figs. 8E-G, 9C-E). Individual

652

nerves emerge from both roots towards the anterior rim of the prostomium with the compound cilia

653

(Figs. 7E, 8F), while no distinct tracts are linked to the dorsal, sunken-in eyes. Although the main

654

portion of the ventrolateral nerve cords (the most prominent cords of the ventral nervous system)

655

emerges from the anterior dense nerve bundle of the ventral root, at least three further ramifications

656

are detected in the ventral root and additional strands also extend into the dorsal root (Figs. 8E-G, 9C-

657

E). Both roots seemingly fuse posterior to the brain, at the approximate median level of the mouth

658

opening (Fig. 9C-E). The median (mvn, Figs. 7D, 8C, D, 9C-E) and paramedioventral nerve cords

659

(pmvn, Figs. 8C, D, 9C-E) are formed by thin nerve bundles branching off the ventrolateral nerve

660

cords towards the body’s midline. The patterns of the ventral nerves and the patterns of the

661

multiciliated cells in the ventral ciliary field (described above) seem to be correlated, indicating the

662

close relationship between these two systems (Fig. 8B-D): While the median pair of the

663

paramedioventral nerves is more prominent, the thinner, more lateral pair regularly runs closer to the

664

adjoining nerve bundles (Fig. 8C, D). Although ultrastructural evidence is missing, we - based on

665

their origin in the brain - assume seven cords to be present in the ventral nervous system, as was

666

indicated by [17]. However, the two pairs of paramedioventral nerves of D. gyrociliatus in contrast to

667

the findings in Trilobodrilus sp. [17] and D. taeniatus possibly resemble one split bundle of nerve

668

fibres in the latter.

669

The lateral ciliary fields (nuchal organs) are innervated by thin nerves emerging from the

670

circumesophageal commissure (nlcf, Figs. 7E, 9C, D). At the level of the mouth opening, a pair of

671

thicker nerve bundles extends from the mouth epithelial cells or the surrounding pharyngeal glands

672

laterally to the ventrolateral longitudinal nerve cords, though it could not be traced where they end

673

(Fig. 8B). To what extend the nervous plexus, which can best be detected with serotonin-IR ventral to

674

the ventral nervous system, is connected to the neuropil or the ventral cords could not be ascertained

675

in this study.
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676

Short before and after hatching, one additional nerve bundle is detected anterior to each prominent

677

transverse commissure, while an additional bundle is added posteriorly later, leading to a sequence of

678

a moderately thick anterior (acom), the most prominent median (mcom) and the thin posterior

679

transverse nerve bundles (pcom) as described previously [50] (Figs. 7D, G, 8C, D, 9C, D). This

680

overall pattern is best exemplified in the segments three to five, while there are some alternations in

681

the most posterior and the two most anterior segments (Figs. 7D, G, 9C, D). The triple-pattern of

682

commissures of the anterior two segments is altered, since they are drawn together and can therefore

683

only be detected as sequence of six commissures, which are spaced equally apart (Figs. 7D, 9C, D). In

684

the most posterior segment, only two commissures are formed (Figs. 7D, 9C, D). None of the

685

commissures are arranged correlated with the ciliary bands or the associated nerves.

686

Additional (dorsal, lateral, segmental) nerves

687

The most prominent lateral nerves emerging from the ventrolateral nerve cord and trace the ciliary

688

bands, consisting of four to five individual fibres (ncb, Figs. 7G, 9C, D). These nerves, which are 5-

689

10µm anterior to the ciliary bands, are parallel to a thinner bundle consisting of only one to two fibres,

690

which are located posterior to the cells of the ciliary band (npcb, Figs. 7G, 9C, D). Another set of

691

nerves is formed anterior to the ciliary bands (nacb, Figs. 7G, H, 9C, D). Their parallelism is retained

692

throughout the entire circumference of the animal. Originating at the same point as the nerves

693

posterior to the ciliary bands from the ventrolateral nerve cords, another nerve fibre extends further

694

posterior and fuses with another nerve fibre in the intersegmental area of the animal (nis, Figs. 7D, G,

695

9C, D). Seven longitudinal nerves can be detected: one unpaired dorsal one, one pair of dorsolateral

696

and two pairs of lateral nerves (lpn, Figs. 7G, H, 9C, D), extending throughout the body parallel to the

697

cords of the ventral nervous system.

698

Adult

699

Brain

700

The compact neuropil is surrounded by a massive (approximately 10µm) layer of nuclei on its

701

anterior, dorsal, posterior and lateral side and a thinner layer on the ventral side (br, Figs. 7E, 8E-G).
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702

A series of fibres emerges from the central neuropil and possibly innervates the compound cilia on the

703

anteriormost tip of the animal as well as some other ciliated and non-ciliated cells (nar, Figs. 7E, 8E-

704

G). Although the distinction into the roots of the circumesophageal connective and its commissures is

705

less clear than in some of the hatching or juvenile animals, the dorsal and ventral root can be told

706

apart, however, the number of dense nerve fibre bundles connecting the root of either side of the body

707

of especially the ventral root could not be ascertained in all investigated specimens. While the general

708

layout of the ventral nervous system remains the same between hatchlings and adults, the neuropil

709

seems to get denser. Several fibres emerge dorsally and give rise to the unpaired dorsal and paired

710

dorsolateral nerve fibres extending throughout the entire body (lpn, Fig. 7G, H, 9E).

711

The eyes are sunken deep inside the epidermis and come to rest inside the layer of nuclei, so it is not

712

clearly determined how many nerve fibres from which region connect to them.

713

Ventral nervous system

714

All nerve strands (one pair forming the median nerve by fusion, two pairs of paramedioventral nerves

715

and a ventrolateral pair of main nerves) are connected by 18 commissures (com1-6, tcom), which are

716

spread throughout the entire length in groups of three (segments one to four) and two commissures

717

(fifth and sixth segment, Fig. 9E). Although most likely associated with segments, they are located in

718

the intersegmental region rather than within specific segments (Figs. 7G, H, 9E). As already

719

demonstrated in the hatching and juvenile specimens, this pattern is further altered in the anteriormost

720

segments, where six transverse fibre bundles are formed closely together, possibly representing the

721

commissures of the first and second segment, which have been located close to each other. In the most

722

posterior end, two commissures are closely adjacent to each other: the dorsal subrectal and the ventral

723

terminal commissure. Both of them are clearly located in the sixth segment, anterior to the pygidium

724

and close to the last pair of protonephridia.

725

Additional (dorsal, lateral, segmental) nerves

726

Though carrying eggs can extend the body wall and therefore obscure the pattern, the longitudinal and

727

transverse nerves can be traced as continuous structures from the anterior into the posterior part of the
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728

body (Fig. 7H), as described in juvenile animals. However, a fusion with the ventral nerve cord or

729

another ending in specific structures could not be observed. In adult females, it can be clearly

730

observed that the nerves are intraepidermal and therefore external to the body wall musculature.

731

Stomatogastric nervous system

732

The stomatogastric nervous system is constituted by a nervous ring around the esopagus with nervous

733

connections emerging from the dorsal root of the circumesophageal commissure (Fig. 8G).

734
735

Dinophilus gyrociliatus dwarf males (Figure 10)

736

Acetylated alpha-tubulin IR does not give sufficient signal for the description of individual nerve cells

737

or cell connections in the dwarf male. Only the most prominent nervous connections, such as the

738

penis nerve cord (pnc, Fig. 10A), connecting the ventral ganglion to the penis ganglion can be

739

detected.

740
741

Dinophilus taeniatus (both sexes) (Figures 9, 12)

742

Embryonic development

743

The main structures of the definitive central nervous system differentiate during embryogenesis in D.

744

taeniatus. The neuropil (np) with the characteristic dumbbell shape and the ventral nervous system

745

can be detected soon after gastrulation. The processes of the neuropil connect the already formed

746

ventral root of the circumesophageal connective with a pair of longitudinal ventrolateral nerve cords

747

(vlnc, Figs. 9A, 12A). Transverse commissures develop in rostro-caudal direction. In early

748

neurogenesis, only the anteriormost one or two commissures can be detected. Later on, these

749

structures are joined by additional neural processes, and also the neuropil changes its shape from

750

dumbbell-shaped into oval with both the ventral and dorsal roots emerging laterally and extending

751

posteriorly (Figs. 9B, 12B). Several elongated flask-shaped cells (fsc) emerge in the ectoderm layer
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752

anterior to the neuropil. Thin separate neurites (nar) extend from the neuropil towards the anterior

753

edge of the embryo. During further development, the number of commissures increases, while the

754

anterior part of median nerves (mvn, Fig. 12B) differentiates between the first and second

755

commissure.

756

Shortly before hatching, D. taeniatus embryos demonstrate a full set of longitudinal nerve cords of the

757

ventral nervous system, consisting of one pair of ventrolateral, one pair of paramedioventral, and one

758

unpaired median nerve cord (Figs. 9C, 12C). The latter originates from both ventrolateral nerve cords

759

at the level of the second transverse commissure and converges towards the body midline at the level

760

of the third commissure, from where it continues as single longitudinal cord towards the posterior end.

761

It is assumed that its two components do not only arise by the ventrolateral nerve cords, but that these

762

nerve fibres also originate from the brain and join the nerves of the ventrolateral nerve cords into a

763

loose bundle before separating again. Upon hatching, the ventral nervous system contains five

764

commissures however, an additional thin commissure is found anterior to some of the main thick

765

commissures. The stomatogastric nerve ring develops around the pharynx (stnr, Figs. 9C, 12C) and

766

thin nerve fibres (intersegmental lateral nerves - nis), extend dorsally from the ventrolateral nerves

767

between the transverse commissures.

768

Hatching & juvenile stages

769

Central nervous system

770

The general pattern of the nervous system in prehatching embryos is similar to that of juvenile worms.

771

The brain does not differ significantly from earlier stages; the ventral nervous system includes paired

772

ventrolateral and paramedioventral nerve cords, the unpaired median cord, and five thick transverse

773

commissural bundles (Figs. 9D, 12D). However, at this stage, each of the thick commissures is

774

accompanied by an additional thin anterior neurite bundle (Figs. 9D, 12D, E).

775

Additional (dorsal, lateral, segmental) nerves

776

Intersegmental nerves emerge from the ventrolateral nerve cords between the ciliary bands (nis, Figs.

777

9D, 12F). They furcate and give rise to several thin branches, some of which appear to be joining the
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778

dorsolateral longitudinal nerves (lpn), whereas others extend further dorsally. All these nerves are

779

very thin and consist of only few neural processes.

780

The stomatogastric nerve ring is more prominent than in previous stages and short commissures

781

connect it to the ventral root of the neuropil (Figs. 9D, 12D).

782

Adult

783

Anti-acetylated tubulin antibodies fails to reveal brain structures in adult D. taeniatus, since they

784

hardly visualize nerve elements in the body of adult worms. Certain structures are nevertheless

785

registered: Nerve bundles of the circumesophageal commissure organizing ventrolateral and

786

paramedioventral nerve bundles are seen emerging from the head (vlnc, pmvn, Figs. 9E, 12G).

787

Ventrolateral nerves and several commissures can be distinguished in the ventral nervous system. All

788

revealed commissures are presented as only one transverse bundle, indicating that anterior and main

789

commissures condense during maturation.

790

As the number of ciliary bands doubles during maturation (Fig. 11F), lateral nerves underlying one

791

ciliary band during earlier stages bifurcate in the lateral or dorsolateral region of the body, forming

792

two branches innervating the two ciliary bands of a segment (ncb, Fig. 12H). Intersegmental nerves

793

are found between segments, but they are thinner than the nerves of ciliary bands and do not furcate

794

(nis, Figs. 9E, 12H). The lateral nerves cross a dorsolateral nerve (lpn) and extend further to the dorsal

795

side as multiple very thin fibres.

796
797

Nervous components showing specific immunoreactivities (IR)

798

Serotonin IR

799

Dinophilus gyrociliatus females (Figures 13A-E, 14)

800

Embryonic development
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801

The first serotonin IR neurons differentiate in the ventral region after several ciliary bands are formed;

802

at approximately the same time the first sign of FMRFamidergic IR is detected (see below). The

803

perikarya of serotonergic neurons are detected close to the anteriormost one or two commissures

804

(Figs. 13A, 14A). The processes extending from these cell bodies contribute to the major structures of

805

the central nervous system, namely the prostomial neuropil, the respective commissures, the

806

ventrolateral, the paramedioventral and the median nerve cords (Fig. 13A, B). Serotonin IR is also

807

registered within the stomatogastric nerve ring (stnr, Figs. 13A, 14B, C). Additional, peripheral nerves

808

are very poorly developed in the early stages and do not include strong serotonin IR.

809

Hatching & juvenile stages

810

Central nervous system

811

The serotonergic system demonstrates significant development after hatching: The neuropil includes

812

multiple serotonergic processes, whose perikarya are visible at the dorsoposterior part of the neuropil.

813

Each neuron projects one process into the neuropil and these extend into both the dorsal and ventral

814

root of the circumesophageal connective (Figs. 13C, 14D) and further on into the ventral nervous

815

system.

816

The longitudinal cords of the ventral nervous system can be detected with anti-serotonin antibodies,

817

though they do not reveal prominent, condensed nerves, but are organized more losely. The two

818

anteriormost commissures are not strongly labelled and can therefore only be distinguished as very

819

thin transverse nerve bundles or solitary nerve fibres in the medium region of the body. All

820

commissures are disguised by a loose plexus of serotonergic nerves (spl, Figs. 13C, D).

821

Additional (dorsal, lateral, segmental) nerves

822

Paired dorsolateral longitudinal nerves extend from the neuropil along the entire length of the body

823

(lpn, Figs. 13C, 14D). Approximately five thin, intersegmental lateral nerves are labelled with anti-

824

serotonin antibodies. These nerves extend dorsally from the ventrolateral nerves towards the

825

dorsolateral longitudinal nerves.
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826

The stomatogastric nerve ring is very prominent and has an oval shape (stnr, Figs. 13C, 14D).

827

Adult

828

Central nervous system

829

Though the brain constitutes of 600-750 cells, anti-serotonin IR can detect three pairs of them (spbr,

830

Figs. 13E, 14E). These cells are not clearly associated with specific organs or structures, although

831

some of them are closer connected to the stomatogastric nerve ring and probably more part of the

832

stomatogastric nervous system than the brain. The proportion of the neuropil labelled with anti-

833

serotonergic IR (snp, Figs. 13E, 14B-E) gives an even more uniform impression of the neuropil and

834

neither the dorsal nor the ventral root of the circumesophageal commissure can be clearly

835

distinguished. All seven pairs of ganglion-like cellular accumulations found in the anterior part of the

836

ventral nervous system associated with the transverse commissures have serotonergic elements (sp,

837

Figs. 13E, 14E), and all cords of the ventral nervous system include serotonergic fibres (mvn, pmvn

838

and vlnc, Figs. 13E, 14E). The commissures also show anti-serotonergic IR, whereby all three

839

transverse nerve strands per segment in the anterior region and two in the two posterior segments can

840

be recovered (acom, mcom, pcom 1-6, Figs. 13E, 14E).

841

Additional (dorsal, lateral, segmental) nerves

842

A plexus of nerve fibres is developed ventral to the ventral nervous system additional to the ventral

843

nerve cords (spl, Figs. 13C-E, 14D, E). The pattern of the plexus is diffuse, but not extending more

844

lateral than the ventrolateral nerve cords (Figs. 13C-E, 14D, E). Serotonergic IR can also be found in

845

the transverse nerves emerging from the ventral nerve cords (ncb, nacb, npcb, nis, Figs. 13E, 14E),

846

but is weaker for the longitudinal nerves, especially in the posterior part of the body, where both the

847

dorsal and the lateral nerve fibres can hardly be seen.

848

Stomatogastric nervous system

849

Nerves form a ring around the esophagus (stnr, Figs. 13E, 14E) and are connected to the dorsal region

850

of the neuropil, which is well represented by serotonergic IR, though not as prominent as with
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851

acetylated tubulin IR (Figs. 7D, E, 9E). Several perikarya can be detected in younger adults dorsal to

852

the region where these nerves emerge from the brain (spbr, Figs. 13C, 14C-E), but there is only a

853

maximum of two serotonergic perikarya involved in the nerve ring around the pharynx (spst, Figs.

854

13E, 14C-E).

855
856

Dinophilus gyrociliatus dwarf male (Figure 10B)

857

Windoffer and Westheide [23] produced a reconstruction of the entire nervous system in high detail

858

based on TEM-section-series. While 42 cells are reported to form the brain (which is approximately

859

two thirds of the total amount of nerve cells in these animals [23]), serotonergic cells could only be

860

detected in the posterior part of the body (Fig. 10B). They seem to be strongly connected to the penis,

861

constituting the penis ganglia and the posterior proportion of the ventral ganglion. Thin nervous

862

connections between these compounds could also be detected, most likely presenting the penis nerve

863

cord (pnc, Fig. 10A). This cord connects the ventral ganglia to the penis ganglia. Additionally, some

864

parts of the circumpenial nerve mass, which is embracing the penial sheath, could be revealed. What

865

appears to be the frontal gland and therefore in close association with the frontal ganglion was

866

detected in the anterior region of the same specimen, consisting of a big cell detected with weak anti-

867

serotonergic immunoreactivity and unlabelled vesicles inside. No Unfortunately, neither anti-

868

serotonergic nor FMRFamide-like IR could be detected in any younger developmental stages.

869
870

Dinophilus taeniatus (both sexes) (Figures 13F-M, 14)

871

Embryonic development

872

The first serotonergic neurons differentiate at the level of the first commissure after several ciliary

873

bands have been formed in D. taeniatus. Two pairs of perikarya are found lateral to the first formed

874

commissures with projections into it (sp, Figs. 13F, 14A). In late embryos, more serotonergic neurons

875

are detected. In addition to the first neurons, the cells demonstrated by serotonin IR appear at the level
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876

of the second commissure. Their nervous processes extend into the second commissure and four

877

additional serotoninergic perikarya are detected at the dorsal part of the neuropil (Figs. 13G, 14B).

878

These neurons project through the neuropil into the dorsal and ventral roots, the circumesophageal

879

connective, and then fuse with the serotonergic elements of the ventral nervous system, i.e.

880

ventrolateral and median cords.

881

Prehatching embryos of D. taeniatus add several serotonergic structures, although the number of

882

labeled perikarya does not increase significantly. Only a few additional cell bodies can be detected

883

adjacent to the ventrolateral nerve cords; however, multiple serotonergic nervous fibres are revealed

884

in the central nervous system as well as in peripheral nerves (Fig. 13H). In comparison to the previous

885

stage, the serotonergic ventral nervous system spreads posteriorly to the caudal tip of the embryo. The

886

paramedioventral cords in the ventral nervous system include serotonergic fibres similar to the

887

ventrolateral and the median nerve cords. With serotonin IR, it is possible to detect that the median

888

nerve is constituted by two symmetrical nerves, which extend from the circumesophageal commissure

889

and fuse at the level of the second commissure therefore forming one median nerve cord (mvn). A

890

thin anterior connection is distinguished close to some commissures along the ventral nervous system,

891

but not all (acom, Figs. 13H, I, 14C). Generally, all the structures of the ventral nervous system

892

appear slightly blurred since the nerve fibres are not tightly condensed within nerve strands. Both the

893

stomatogastric nerve ring and four to five intersegmental lateral nerves are also detected by labeling

894

with anti-serotonin antibodies before the animals hatch (Figs. 13H, 14C).

895

Hatching & juvenile stages

896

Central nervous system

897

Nervous structures in the head do not change dramatically in juveniles of D. taeniatus. The neuropil

898

with its roots includes a dense serotonergic plexus (Fig. 13J). The perikarya of four serotonergic

899

neurons are present in the dorsoposterior part of the neuropil (Fig. 13K). However, the ventral

900

nervous system changes significantly: All cords get more condensed and prominent, so individual

901

nerve fibres cannot be distinguished within them anymore. The transverse commissures are clearly
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902

labeled with serotonin IR. Remarkably, the thin transverse bundle anterior to the main commissure

903

disappears in some segments, whereas traces are retained in mainly the anteriormost segments (Fig.

904

13J). Paired groups of serotonergic perikarya correspond to each commissure, with their number

905

varying between two and four perikarya in each ganglion-like accumulation. Ganglion-like structures

906

corresponding to the first and second commissures consist of more compactly arranged cell bodies

907

than those located more posterior. All longitudinal nerves of the ventral nervous system (ventrolateral

908

, paramedioventral and median nerve cords) converge towards the caudal part of the body and fuse in

909

the posterior tip of a worm.

910

Additional (dorsal, lateral, segmental) nerves

911

The serotonergic peripheral nerves in juveniles show several more additions than the hatchlings, with

912

intersegmental lateral nerves extending laterally from the ventrolateral nerve cords (nis, Figs. 13K,

913

14D). These nerves are forming complete rings, while crossing the paired dorsoventral nerves and

914

directed towards the unpaired dorsal nerve. These longitudinal nerves emerge from the dorsal part of

915

the neuropil and extend to the caudal end of the body. Additional nerve fibres are randomly branching

916

off the major peripheral nerves.

917

The stomatogastric nerve ring is well represented by serotonin IR (stnr, Figs. 13J, 14D). It connects to

918

the ventral part of the cerebral neuropil by a pair of short, but rather thick commissures. Two

919

symmetrical groups, each consisting of two perikarya, can be detected near the lateral portion of the

920

stomatogastric ring (spst, Fig. 13J).

921

Adult

922

Central nervous system

923

Generally, serotonergic nerves constituting the central nervous system are packed very tightly

924

therefore forming a precise pattern of nerve strands. The neuropil is a compact and dense nervous

925

plexus in the brain (np, Figs. 13L, 14E). The ventral root of the neuropil is more prominent than the

926

dorsal one. Both roots extend posteriorly and fuse at approximately the middle of the mouth opening

927

to form the pair of circumesophageal commissures, which then fuse with the ventral nervous system.
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928

All nerves of the ventral nervous system include serotonergic fibres. The ventrolateral nerve cords are

929

the most prominent components, while the paramedioventral and median nerve cords are rather thin.

930

All longitudinal nerves can easily be distinguished since the serotonergic processes constituting them

931

are strongly condensed. This si unlike the state in D. gyrociliatus, where serotonergic processes

932

constituting the main cords of the ventral nervous system are packed very loosely in adults. It

933

therefore is often not obvious which nerve cord a certain process belongs to (Fig. 13E). Therefore, the

934

nervous system in D. gyrociliatus appears to be less defined as in D. taeniatus.

935

Although several transverse commissures in juveniles were supplemented by thinner, anterior nerve

936

bundles, these additions are not retained in the adults, which therefore possess six prominent

937

commissures separated by almost equal intervals except for the first two commissures (com1-6, Fig.

938

13L, 14E). These are closer together, which might be a result of the posterior displacement of the first

939

commissure relative to the segment borders or the extension of the pharyngeal region. Several pairs of

940

serotonergic perikarya are located lateral to the commissures and the ventrolateral nerve cords, where

941

they form ganglion-like structures. Thus, the ventral nervous system of the adult D. taeniatus is

942

characterized by a regular organization resembling an orthogon-like nervous system, which is in stark

943

contrast to the rather irregular distribution of commissures along the ventral nerve cord detected in

944

adult D. gyrociliatus.

945

Additional (dorsal, lateral, segmental) nerves

946

The peripheral nerves of adults are very similar to those of juveniles, given the few other

947

morphological differences between these stages. Four to five intersegmental lateral nerves emerge

948

perpendicular to the ventrolateral nerve cords and extend circumferentially around the body, forming

949

dorsal connections between the two cords (nis, Figs. 13M, 14E). Apart from intersegmental lateral

950

nerves, which are normally constituted by thin bundles of nerves (approximately 20 fibres), thinner

951

nerves (5-10 fibres) innervate the ciliary bands, thereby tracing them along the body circumference

952

(ncb, Figs. 13M, 14E). Dorsal and dorsolateral nerves extend longitudinally. Multiple individual

953

fibres branching off from the lateral and longitudinal nerves of these nerves, create a loose

954

intraepithelial network and supplement this grid-like system.
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955

Stomatogastric nervous system

956

The only serotonin IR structure innervating the digestive system is the stomatogastric nerve ring (stnr,

957

Figs. 13L, 14E), the second, posterior ring around the midgut-hindgut transition, which is also not

958

labelled by alpha-tubulin IR, seems to be mainly FMRFamidergic in both species of Dinophilus (see

959

below).

960
961

FMRFamide-like IR

962

Dinophilus gyrociliatus females (Figure 15A-E, 16)

963

Embryonic development

964

The first IR to the anti-FMRFamide antibodies was revealed in a single cell during embryogenesis of

965

D. gyrociliatus, when several ciliary bands are already formed. The perikaryon of this cell is found

966

anterior to the neuropil and this cell produces several FMRFamidergic processes, which extend

967

towards the neuropil (Figs. 15A, 16A). FMRFamide IR can also be detected within the median nerve

968

as well as in the longitudinal peripheral nerves (lpn, Fig. 15A). During late embryogenesis, the

969

processes of this neuron spread throughout the central nervous system and are detected in the neuropil

970

and in ventrolateral nerves.

971

Hatching & juvenile stages

972

Central nervous system

973

Juveniles of D. gyrociliatus demonstrate a much more complex pattern of FMRFamide IR in the

974

nervous system. The neuropil consists of a dense plexus of immunopositive neurites. The neuropil is

975

furthermore surrounded by multiple FMRFamide IR perikarya (fpbr, Figs. 15B, 16C, D). The

976

FMRFamidergic processes extend from the brain into the circumesophageal connective and then into

977

the ventrolateral and the median nerve cords. Paramedioventral cords and commissures also contain

978

FMRFamidergic neurites (Figs. 15C, 16D).
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979

Additional (dorsal, lateral, segmental) nerves

980

FMRFamidergic nerve fibres within the dorsolateral longitudinal nerves detected in early embryos are

981

still clearly seen in juveniles. However, lateral nerves, which already develop at this stage, are free

982

from FMRFamide IR.

983

The stomatogastric nerve ring is very prominent, but only shows one pair of perikarya in the anterior

984

region of the ring (Figs. 15B, 16D). The posterior ring around the midgut is less prominent, but also

985

registered at this stage (fhg, Figs. 15D, 16D).

986

Adults

987

Central nervous system

988

The number of FMRFamide-like IR in the brain is higher than the amount of serotonin IR-displaying

989

perikarya, with a series of cell soma in closer association of the central neuropil (fpbr, Figs. 15E, D,

990

16E). They are connected to the central neuropil via short, thin nervous projections. Though they

991

seem to be distributed equally dense laterally, anteriorly and posteriorly to the neuropil, there are few

992

perikarya with this specific IR seen on its ventral side.

993

The proportion of the ventral nervous system revealed with FMRFamide-like IR is lower in the

994

paramedioventral nerve cords than with serotonergic IR (pmvn, Figs. 15E, C, 16, E), while especially

995

the ventrolateral longitudinal cords are well represented (vlnc, Figs. 15E, C, 16E). The commissures

996

along these bundles display a weak pattern, though at least the median transverse nerve strand can be

997

clearly distinguished (mcom, Figs. 15E, 16E). Only a few perikarya expressing FMRFamide-like IR

998

are found scarcely distributed along the ventral nerve cord (fp, Figs. 15E, 16E), in a lower number

999

than the number of randomly distributed serotonin-IR-labelled perikarya, but more densely arranged

1000

in the anterior part of the ventral nervous system.

1001
1002

Additional (dorsal, lateral, segmental) nerves

40

DINOPHILUS NERVOUS; MUSCULAR & CILIARY DEVELOPMENT

1003

FMRFamide IR reveals less of the longitudinal and transverse nerves than serotonergic or acetylated

1004

alpha-tubulin IR, since only the transverse nerves underlying the ciliary bands (ncb, Figs. 15E, 16 E),

1005

but not the longitudinal nerves can be detected.

1006

Stomatogastric nervous system

1007

Next to the ring around the pharynx emerging from the brain (stnr, Figs. 15E, 16E), which is very

1008

similar to the pattern depicted in serotonergic IR besides including more perikarya (fpst, Figs. 15E,

1009

16E), a second ring can be detected with FMRFamide-like IR in the posterior part of the body. It is

1010

formed around the constriction between mid- and hindgut (fhg, Figs. 15E, 16E) and seems to be

1011

constituted by two nerve rings, which are connected to the ventral nervous system. A small number of

1012

perikarya (2-4) can be detected in the double ring (fphg, Figs. 15E, 16E).

1013
1014

Dinophilus gyrociliatus dwarf male

1015

No immunoreactivty could be detected by using antibodies directed against FMRFamide in the dwarf

1016

male.

1017
1018

Dinophilus taeniatus (both sexes) (Figures 15F-K, 16)

1019

Embryonic development

1020

The development of the FMRFamidergic nervous system begins with differentiation of two

1021

immunopositive cells at the anterior tip of an embryo. The perikarya of these cells are detected within

1022

the ectodermal sheet anterior to the neuropil, and their short processes project posterior into the

1023

nervous plexus forming the neuropil (Figs. 15F, 16A). As embryogenesis proceeds, additional

1024

FMRFamide IR neurons differentiate in the central nervous system. Multiple perikarya are scattered

1025

around the neuropil (fpbr, Fig. 15G), whereby most of them accumulate dorsal to the neuropil (fpbr,

1026

Fig. 15H ). However, the two first perikarya can still be distinguished from the remaining ones at this
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1027

stage due to their prominent location anterior to the neuropil. All FMRFamidergic cells extend fibres

1028

into the neuropil and furthermore into the ventral nervous system. Additionally, several perikarya

1029

labeled by FMRFamide IR are scattered irregularly along the ventral nerve cords, in no specific

1030

arrangement vis à vis the commissures. Although FMRFamide IR is detected within the ventrolateral

1031

and median nerve cords, the loose organization of the nervous system in animals at this stage do not

1032

allow a clear characterization of FMRFamidergic elements in the paramedioventral nerve cords and

1033

commissures (Fig. 15G).

1034

In contrast to serotonin IR, FMRFamide IR is strongly represented within the digestive system, as is

1035

already slightly visible at this early stage. The stomatogastric nerve ring is constituted by processes

1036

extending from two perikarya located anterior to the pharynx (stnr, fpst Figs. 15G, 16C), while

1037

another thin nerve ring embraces the midgut-hindgut transition (fhg, Fig. 15G, H, 16C).

1038

The layout of the peripheral nerve net can be best detected in dorsal view with paired dorsolateral

1039

nerves emerging from the head neuropil and extending in caudal direction along the body (lpn, Figs.

1040

15H, 16C). They are supplemented by five to six thin lateral nerves, which perpendicular to the

1041

dorsolateral nerves extend dorsally from the ventrolateral nerve cords.

1042

Hatching & juvenile stages

1043

Central nervous system

1044

After hatching, the elements of the FMRFamidergic nervous system become clearer as a result of the

1045

tighter arrangement of the nervous processes; loose irregular structures disappear. The neuropil is

1046

compact, and multiple FMRFamidergic perikarya surround it (fpbr, Figs. 15I, 16D). The two anterior

1047

perikarya already detected in previous stages are more prominent than others, suggesting that the first

1048

cells displaying FMRFamide IR differentiating during early neurogenesis retain their specific

1049

neurosecretory function. Only the ventral root of the circumesophageal connective demonstrates

1050

strong FMRFamide IR, while the dorsal roots are only weakly labelled. The ventrolateral nerve cords

1051

are the most prominent FMRFamidergic structure in the ventral nervous system (vlnc, Figs. 15I,

1052

16D). The cords are furthermore supplemented by several FMRFamidergic perikarya, which are
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1053

scattered randomly along the ventral nervous system. Anti-FMRFamide antibodies label the

1054

commissures as well as the median nerve only weakly.

1055

Additional (dorsal, lateral, segmental) nerves

1056

The architecture of the lateral and dorsolateral nerves is similar to that of the embryos described

1057

above and does not change after hatching.

1058

Stomatogastric nervous system

1059

The digestive system demonstrates very well developed innervation provided by FMRFamidergic

1060

neurons. The oval or circular stomatogastric nerve ring embraces the pharynx (stnr, Figs. 15I, 16D),

1061

and two perikarya displaying FMRFamide IR are located adjacent to the anterior region of the ring.

1062

Individual neurites organize a loose meshwork along the gut, with these fibres extending caudally and

1063

eventually fusing with the caudal nerve ring around the midgut-hindgut transition (fhg, Figs. 15I,

1064

16D).

1065

Adult

1066

Central nervous system

1067

The neuropil becomes more compact in the adults than in the juveniles of D. taeniatus, and the small

1068

perikarya of FMRFamide IR neurons accumulate adjacent to its lateral regions (np, Figs. 15J, 16E).

1069

Two big FMRFamidergic perikarya, which are suggested to be the first differentiated cells, are found

1070

anterior to the dorsal region of the neuropil (Fig. 15K). The processes of all FMRFamidergic brain

1071

cells project into the brain, whereby the dorsal root remains almost unlabeled. However, individual

1072

fibres expressing FMRFamide IR are hard to distinguish within the neuropil. The signal in the ventral

1073

root of the circumesophageal connective, however, is very clear, and fibres extend caudally from the

1074

brain and can be traced within the ventral nervous system, which demonstrates a more regular

1075

organization in adult animals than in juveniles (Fig. 15J). The ventrolateral FMRFamidergic nerve

1076

cords are the thickest bundles in the ventral nervous system, and multiple FMRFamidergic perikarya

1077

are scattered along their entire length. Evidently, their processes are involved in the formation of the
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1078

latter. The median nerve cord contains two thin fibres converging at the level of the second

1079

commissure. In contrast to earlier stages, all six commissures can be clearly depicted, and no

1080

additional nerve bundles anterior or posterior to the main commissures are visible (com1-6, Figs. 15J,

1081

16E).

1082

Additional (dorsal, lateral, segmental) nerves

1083

In contrast to the serotonergic peripheral nerves, the number of FMRFamidergic lateral nerves is two

1084

times higher in adult D. taeniatus. Therefore, an adult worm possesses approximately nine lateral

1085

nerves, with half of them being connected to the ventrolateral nerve cords in the region between the

1086

commissures (similar to the pattern described by serotonin IR) (nis, Fig. 15K). However, there is an

1087

additional set of nerves which connects to the ventrolateral nerve cords at the same level as the

1088

commissures in contrast to between them. These nerves thus correspond to the grooves on the body

1089

surface of the worm. Dorsolateral, but no dorsal nerves are labeled with the anti-FMRFamide

1090

antibodies (lpn, Fig. 15K).

1091

Stomatogastric nervous system

1092

The stomatogastric nerve ring retains the organization established in the prehatching embryo with two

1093

FMRFamidergic perikarya being located posterior to the neuropil and their projections embracing the

1094

pharynx, thus forming the stomatogastric nerve ring (stnr, Figs. 15J, 16E). Individual thin nerve fibres

1095

extend along the gut, forming a weak nerve net around it. The caudal nerve ring encircling the gut can

1096

be easily detected between the fourth and fifth neural commissures (fhg, Figs. 15J, K, 16E).

1097
1098

DISCUSSION

1099

The simpler morphology in female D. gyrociliatus resembles earlier developmental stages of D.

1100

taeniatus
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1101

In this study, we found resemblance in the patterns of adult female D. gyrociliatus to prehatching or

1102

juvenile specimens of D. taeniatus in the 1) musculature, 2) external ciliation pattern and 3) the

1103

nervous system.

1104

1) In adult D. taeniatus, the number of longitudinal muscle strands of the body wall is four times

1105

higher than in adult female D. gyrociliatus (Figs. 2-5), with most of these numerous bundles in the

1106

former being developed short before and after hatching. However, the onset of myogenesis, the

1107

addition of circular muscles and the ramification giving rise to the prostomial musculature is very

1108

similar between the two species (Fig. 2-4, 6). Whether the pattern found in D. taeniatus is a later

1109

addition to the dinophilid muscular architecture or female D. gyrociliatus represents a paedomorphic

1110

state due to arrest of muscular development in a late embryonic or juvenile stage cannot be clarified

1111

by this character alone, but demonstrates possible heterochrony within this annelid clade.

1112

2) The developmental patterns of external ciliation differ in the two investigated species: During early

1113

embryogenesis, transverse ciliary bands and the ventral ciliary field emerge successively in D.

1114

taeniatus (ciliary band 2 (cb2) → ventral ciliary field (vcf) → cb1, cb3, 5, 7, 9→ cb6, 7; Fig. 11, 12,

1115

A-C), starting with the formation of one ciliary band per segment. The additional transverse ciliary

1116

band per segment in adult D. taeniatus is added either short before or after maturation to create a total

1117

number of 14 ciliary bands. This resembles the developmental sequence observed in D. gyrociliatus,

1118

although the ciliary bands 1 and 3-7 are added almost simultaneous to the ventral ciliary band and no

1119

additional segmentall bands added (cb2 → vcf, cb1, cb3-7, Fig. 7A). Adult female D. gyrociliatus are

1120

therefore characterized by eight ciliary bands (Fig. 7D), which is equal to the number of ciliary bands

1121

observed in juveniles of D. taeniatus (Fig. 11E), indicating an arrest in ciliary development in D.

1122

gyrociliatus at the stage resembling the juvenile D. taeniatus.

1123

3) The nervous systems of adults of Dinophilus taeniatus and D. gyrociliatus bear strongest support

1124

for the hypotheses of D. gyrociliatus having evolved by paedomorphosis from a D. taeniatus-like

1125

ancestor due to the different arrangement of commissural bundles in the ventral nervous system (Figs.

1126

9, 12-16): During embryogenesis, one commissure is added per segment along the ventral nervous
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1127

system in both species. Before hatching, this individual commissure is supplemented by either two (in

1128

female D. gyrociliatus) or one (in D. taeniatus) thinner, additional transverse nerve strands, with the

1129

median strand (the first to develop) being the most prominent. These two transverse nerve bundles are

1130

condensed into one prominent, distinct commissural bundle in D. taeniatus after hatching (Figs. 9E,

1131

13C), while female D. gyrociliatus retain this architecture into the adult stage (Figs. 7G, H, 9E). An

1132

addition (and in D. taeniatus later condensation) was observed by immunostaining with pan-neural

1133

(antibodies against tubulin) as well as specific neuronal markers (antibodies against serotonin and

1134

FMRFamide). Besides the similarity in the late embryonic stages (Figs. 9C, 13E, J, 14C, 15C, I, 16C),

1135

it can also be shown that the anterior region of the ventral nervous system of both species is more

1136

elaborate and has e.g. ganglion-like structures, a higher amount of serotonergic perikarya as well as

1137

additional anterior transverse nerves in both species in the anteriormost two segments (Fig. 13C-E, J-

1138

M, 15C, I). Comparing these patterns, it can be assumed, that the development of the nervous system

1139

in female D. gyrociliatus is somatically arrested during late embryogenesis of a probable D. taeniatus-

1140

like ancestor.

1141

Labeling the nervous system with specific neuronal markers as done here with antibodies directed

1142

against serotonin and FMRFamide also reveals the difference in the organization of the ventral

1143

nervous system: Despite the fact that the earliest serotonergic and FMRFamidergic neurons are

1144

characterized by different locations vis-à-vis the nervous system in the two species (the serotonergic

1145

perikarya are first detected in the ventral nervous system associated with the first commissure, while

1146

the FMRFamidergic cells are found anterior to the neuropil), the organization of the central nervous

1147

system is similar in late embryos and juveniles across both species. Remarkably, the adults of D.

1148

taeniatus display a more regular (=segmentally arranged) architecture of the ventral nervous system

1149

with serotonergic and FMRFamidergic projections being highly condensed and therefore forming

1150

prominent nerve strands (Figs. 13L, 15J). Moreover, serotonin immunoreactivity (IR) reveals

1151

ganglion-like groups of cells adjacent to each commissure in adults of D. taeniatus (Fig. 13L),

1152

whereas these cellular accumulations are missing or (at least in the anterior part of the ventral nervous

1153

system) less obvious in females of D. gyrociliatus (Fig. 13E). Thus, the serotonin- and FMRFamide
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1154

IR in the nervous systems of adult females of D. gyrociliatus is very similar to that of D. taeniatus

1155

juveniles, whilst the adults of D. taeniatus demonstrate a more condensed architecture of serotonergic

1156

and FMRFamidergic fibres. This observation corroborates the hypothesis of the arrest of neural

1157

development in D. gyrociliatus, which is evidently related to the paedomorphic origin of this species.

1158

Heterochrony can be attested to each of these investigated systems, and in all patterns (musculature,

1159

nervous system and ciliation) adult female D. gyrociliatus closely resembles the late embryonic/early

1160

juvenile stage of D. taeniatus. This apparent arrest of three systems at the same time in development

1161

renders strong support for our hypothesis of a progenetic (as understood by [51]) origin of D.

1162

gyrociliatus from an ancestor with similar development as D. taeniatus.

1163
1164

Early myogenesis in the dwarf male of D. gyrociliatus resembles the pattern observed in D.

1165

gyrociliatus female development, but also shows a high degree of specialization

1166

While the nervous system development could not be successfully traced in the dwarf males of D.

1167

gyrociliatus, the myogenesis resembles the pattern observed in the females during early

1168

developmental stages (Fig. 5). The longitudinal muscle bundles, which consist of only a few fibres

1169

each, are formed more dorsally than in females, and pre-date the formation of the penial apparatus,

1170

which resembles the onset of myogenesis by formation of longitudinal muscles in female D.

1171

gyrociliatus and both sexes of D. taeniatus (and several annelid larvae investigated so far [31, 52].

1172

Temporal correlation is aggravated by the lack of reference organ systems (e.g. digestive system) and

1173

the altered general morphology. However, different to the females, the majority of muscle bundles

1174

contributs to the copulatory organ with the penial cone and the outer and inner sheath of the penial

1175

sheath.

1176

External ciliary structures in the dwarf males are limited to the ventral side of the body, while

1177

transverse bands such as seen in various development stages of the females in Dinophilus as well as in

1178

other annelid trochophore larvae pre-dating continuous ventral ciliary fields are absent ([24]Fig. 10A,

1179

B). Therefore, we could not find any correlation between any developmental stage in female D.

DINOPHILUS NERVOUS, MUSCULAR & CILIARY DEVELOPMENT

47

1180

gyrociliatus and its dwarf males in the ciliary systems (although the presence of one pair of nephridia

1181

resembles the female embryos at one ciliary band-stage). This emphasizes that the dwarf males do not

1182

only show reductions from an assumed Dinophilus-ground pattern due to their diminutive size, but

1183

also a series of innovations such as the penial apparatus, posterioventral ganglionic complex, etc.

1184
1185

Segmentation in Dinophilus – Correlation between different organ systems?

1186

Segmentation in Dinophilus (especially in female D. gyrociliatus) cannot be detected easily when

1187

analysing only one organ system, since characters do not seem to be distributed evenly. Commissures

1188

in the ventral nervous system, for example, are assumed to be located in the approximate middle of

1189

segments according to the general annelid neuroanatomy [53-55]. In Dinophilus, however, they are

1190

shifted and especially in the anterior part do not correlate with segmental borders ([15, 51], this

1191

study). Their locations, can be correlated with the almost segmentally arranged nephridia, but not

1192

necessarily with external characters such as the ciliary bands or the intersegmental furrows. In the

1193

acoelomate bodies septa cannot be used as landmarks either. However, at least in Dinophilus (and by

1194

comparison of the two species studied here), the use of tubulinergic structures (nephridia, ciliary

1195

bands, commissures, lateral nerves, etc.) and their combination with e.g. the musculature and neural

1196

markers grants sufficient detail to correlate organ systems and identify their segmental arrangement

1197

throughout the body.

1198
1199

CONCLUSIONS

1200

Morphological examinations of developmental patterns of musculature, nervous system and ciliation

1201

show congruent altered timing in the development of several independent organ systems in D.

1202

gyrociliatus, which resembles late embryonic/early juvenile stages of D. taeniatus. This suggests a

1203

paedomorphic origin of female D. gyrociliatus from a D. taeniatus-like ancestor, assuming it also

1204

underwent a similar development. This study is therefore also illustrating the first well-argued
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1205

progenetic origin of a meiofaunal species illustrated by the retention of juvenile characters of the

1206

musculature, ciliary pattern and nervous system into the adult stage. The mechanisms underlying the

1207

development of the dwarf male could not be clarified yet, since its myogenesis and adult bodyplan

1208

shows reductions (e.g. complexity, cell number and external features) as well as the addition of the

1209

complex copulatory organ (which is also formed very rapidly within 4-5 days).

1210

This study furthermore presents a detailed atlas of the development of ciliary structures, musculature

1211

and nervous system of both sexes (normal-sized- and dwarf males as well as females) of two

1212

dinophilid species. These data are the base for further studies of e.g. the molecular patterning of one

1213

of these systems, allowing for a more specific spatial localization of domains and a more exact

1214

characterization of the developmental stage by using one of these systems as reference.
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1371

FIGURES

1372

Figure 1. Light microscopic pictures of different life stages of Dinophilus gyrociliatus and D.

1373

taeniatus. A-E) Dinophilus gyrociliatus, A) adult female, dorsal view,

1374

embryos and dwarf males at 2 days after deposition (ciliary band stage), C) cocoon with females and

1375

dwarf males at 3 days post deposition (ventral ciliary field stage), D) cocoon with females and one

1376

dwarf male at 5 days after deposition (prehatching embryos), E) female after hatching, dorsolateral

1377

view, F-J) D. taeniatus, F) copulating male (on the left side) and female (on the right side), dorsal

1378

view, G) encysted worm, H) female laying eggs, dorso-lateral view, I-L) embryogenesis, I) two

1379

blastomers, apical pole up, J) morula stage, K) postgastrulation stage, ventral view, L) prehatching

1380

embryo curling inside fertilization envelope, anterior end up, M) juvenile, dorsal view.

1381

Abbreviations: c – cyst, cb - ciliary band, cch – compound cilia of the head, coc – cocoon, dm – dwarf male, en

1382

– fertilization envelope, he – head, hg – hindgut, mo – mouth opening, np – neuropil, pcb – prostomial ciliary

1383

bands, phb – pharyngeal bulb, pro - prostomium, pyg – pygidium, sto – stomach, y – yolk..
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1385

Figure 2. Myogenesis in Dinophilus gyrociliatus females. Phalloidin-labelled actin-filaments shown

1386

in green, labelling of DNA with DAPI shown in blue, animals are oriented with the anterior end up

1387

(A-E, G-I) or to the left (F). A) Ventral view of the onset of myogenesis at the ventral ciliary field

1388

stage (3 days after the egg is deposited), B) Ventral view of the female D. gyrociliatus with

1389

ventrolateral and dorsolateral longitudinal nerves developed (3.5-4 days after the egg is deposited), C)

1390

ventral view of the exogastrically curled females in the late embryonic stage (5-5.5 days after the egg

1391

is deposited), D) prehatching females (left female still curled exogastrically inside the egg layer, right

1392

female free inside the cocoon with the dorsolateral side up, 5.5-6 days after the egg is deposited), E)

1393

dorsal view of the head musculature in a hatching female, F) dorsoventral view of the trunk

1394

musculature with longitudinal, circular and diagonal elements, G) ventral view of the head

1395

musculature in an adult female, H) lateral view of the head musculature in an adult female, I) dorsal

1396

view of the posterior body region with the sigmoid muscle in an adult female.

1397

Abbreviations: an – anus, cb1-2 –ciliary band 1-2, cm – circular muscle, cmds – circular muscle of the digestive

1398

system, dlca – contralatero-anterior branch of the dorsolateral longitudinal muscle, dlcb – contralateral branch of

1399

the dorsolateral longitudinal muscle, dldb – dorsal branch of the dorsolateral longitudinal muscle, dlia –

1400

ipsilatero-anterior branch of the dorsolateral longitudinal muscle, dlib – ipsilateral branch of the dorsolateral

1401

longitudinal muscle, dllm – dorsolateral longitudinal muscle, dlvb – ventral branch of the dorsolateral

1402

longitudinal muscle, dm – diagonal muscle, lmds – longitudinal muscle of the digestive system, mo – mouth

1403

opening, mrmo – muscular ring around the mouth opening, np – neuropil, phb – pharyngeal bulb, phm –

1404

pharyngeal muscle, pyg – pygidium, sm – sigmoid muscle, sto – stomodeum, vca - contralatero-anterior branch

1405

of the ventral longitudinal muscle, vcf – ventral ciliary field, vlcb – contralateral branch of the ventrolateral

1406

longitudinal muscle, vldb – contralatero-dorsal branch of the ventrolateral longitudinal muscle, vldb – dorsal

1407

branch of the ventrolateral longitudinal muscle, vlib – ipsilatero-anterior branch of the ventrolateral longitudinal

1408

muscle, vllm – ventrolateral longitudinal muscle, vlm – ventral longitudinal muscle, vlvb – ventral branch of the

1409

ventrolateral longitudinal muscle.

56

DINOPHILUS NERVOUS; MUSCULAR & CILIARY DEVELOPMENT

1411

Figure 3. Musculature of the digestive system in juvenile Dinophilus gyrociliatus females.

1412

Phalloidin-labelled actin-filaments shown in green, labelling of DNA with DAPI shown in blue,

1413

animals are oriented with the anterior end up. A) Virtual section through a juvenile female at the level

1414

of the sigmoid muscle, B) dorsal view of the head and pharyngeal musculature, C) dorsal view of the

1415

posterior part of the body with sigmoid muscle and injected sperm lateral in a juvenile female.

1416

Abbreviations: an – anus, cm – circular muscle, cmds – circular muscle of the digestive system, dlcb –

1417

contralateral branch of the dorsolateral longitudinal muscle, fmg – foregut-midgut transition, hg – hindgut, lmds

1418

– longitudinal muscle of the digestive system, mht – midgut-hindgut transition, mo – mouth opening, mrmo –

1419

muscular ring around the mouth opening, phb – pharyngeal bulb, phm – pharyngeal muscle, s – sperm, sm –

1420

sigmoid muscle, vcb – contralateral dorsal branch of the ventral longitudinal muscle, vlcb – contralateral branch

1421

of the ventrolateral longitudinal muscle, vlcb – contralatero-dorsal branch of the ventrolateral longitudinal

1422

muscle, vlia – anterior ipsilaterial branch of the ventrolateral longitudinal muscle, vlib – ipsilatero-anterior

1423

branch of the ventrolateral longitudinal muscle, vllm – ventrolateral longitudinal muscle, vlvb – ventral branch

1424

of the ventrolateral longitudinal muscle.
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1426

Figure 4. Comparative myogenesis in female Dinophilus gyrociliatus and D. taeniatus. The

1427

individual muscular groups are colour coded (circular muscles in red, ventral and ventrolateral

1428

longitudinal muscle bundles in dark grey, dorsolateral longitudinal muscle bundles in light grey,

1429

circular and longitudinal muscles of the digestive system in dark green); female Dinophilus

1430

gyrociliatus are depicted on the left hand, females of D. taeniatus on the right hand. A) Ventral ciliary

1431

field stage (3 days in D. gyrociliatus or 7-9 days in D. taeniatus after the eggs are deposited,

1432

respectively), B) late embryo (5-5.5 or 12-14 days after the eggs are deposited, respectively), C)

1433

females half a day to hatching (5.5 or 13-20 days after the eggs have been deposited, respectively), D)

1434

females half a day after hatching, E) adult females (older than 14 days or several weeks after the eggs

1435

are deposited, respectively). The size relation between the two species is depicted by schematic body

1436

outlines next to the detailed pictures, the white silhouette representing females of D. gyrociliatus, the

1437

orange one females of D. taeniatus.

1438

Abbreviations: an – anus, cb1-14 – ciliary band 1-14, cch – compound cilia of the head, cm – circular muscle,

1439

cmds – circular muscle of the digestive system, dlca – contralatero-anterior branch of the dorsolateral

1440

longitudinal muscle, dlcb – contralateral branch of the dorsolateral longitudinal muscle, dldb – dorsal branch of

1441

the dorsolateral longitudinal muscle, dlia – ipsilatero-anterior branch of the dorsolateral longitudinal muscle,

1442

dlib – ipsilateral branch of the dorsolateral longitudinal muscle, dlvb – ventral branch of the dorsolateral

1443

longitudinal muscle, dm – diagonal muscle, ds – digestive system, dsm – musculature of the digestive system, e

1444

– eye, egg – egg, hg – hindgut, lmds – longitudinal muscle of the digestive system, mo – mouth opening, mrmo

1445

– muscular ring around the mouth opening, phb – pharyngeal bulb, pyg – pygidium, vca – contralatero-anterior

1446

branch of the ventral longitudinal muscle, vcb – contralateral dorsal branch of the ventral longitudinal muscle,

1447

vlca – contralatero-anterior branch of the ventrolateral longitudinal muscle, vlcb – contralateral branch of the

1448

ventrolateral longitudinal muscle, vldb – contralatero dorsal branch of the ventrolateral longitudinal muscle,

1449

vldb – dorsal branch of the ventrolateral longitudinal muscle, vlia – ipsilaterial branch of the ventrolateral

1450

longitudinal muscle, vlib – ipsilatero-anterior branch of the ventrolateral longitudinal muscle, vllm –

1451

ventrolateral longitudinal muscle, vlm – ventral longitudinal muscle, vlvb – ventral branch of the ventrolateral

1452

longitudinal muscle.
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1454

Figure 5. Muscular development in dwarf males of Dinophilus gyrociliatus. Phalloidin-labelled

1455

actin-filaments shown in green, labelling of DNA with DAPI shown in blue, animals are oriented with

1456

the anterior end up (A-C), to the left (D) or towards the reader (E). A) dorsal view of a 1 day old

1457

dwarf male with the anterior point of muscular origin formed; B) longitudinal and circular fibres

1458

forming in a 2 day old dwarf male in dorsal view; C) ventral view of longitudinal and circular fibres

1459

in a 3 day old dwarf male, D) lateral view of the musculature in a prehatching dwarf male; E) anterior

1460

view of the prehatching dwarf male in dorso-ventral orientation.

1461

Abbreviations: cm – circular muscle, cmos – circular muscles of the muscular outer sheath, dlm – dorsal

1462

longitudinal musculature, lmos – longitudinal muscles of the muscular outer sheath, ospm – outer sheath of the

1463

penial sheath, pm – penial musculature, pmr – posterior muscular ring, test – testis, vllm – ventrolateral

1464

longitudinal muscle, vpmo – ventroanterior point of muscular origin.
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1466

Figure 6. Myogenesis in Dinophilus taeniatus. Phalloidin-labelled actin-filaments shown in green,

1467

animals are oriented with the anterior end up (A-D, F-J) or to the left (E). A-C) embryonic

1468

development: A) ventral view of an early embryo (approximatelly one ciliary band-stage), B) ventral

1469

view of a middle embryo (ventral ciliary field stage), C) ventral view of a prehatching embryo, D)

1470

ventral view of a juvenile animal, E-J) adult worm: E) ventrolateral view of the overall bodywall

1471

musculature, F) detail of the head musculature in ventral view, G) ventrolateral view of the body wall

1472

musculature in the trunk, H) dorsolateral view of a virtually cropped stack of the caudal region of the

1473

body (arrowheads point at thin bundles of longitudinal muscles), I) ventral view of the head

1474

(arrowhead points at basket-shaped musculature of the pharynx), J) lateral view of the musculature in

1475

the digestive system In the caudal part of the body.

1476

Abbreviations: an – anus, cm – circular muscle, cmds – circular muscle of the digestive system, dlca –

1477

contralatero-anterior branch of the dorsolateral longitudinal muscle, dldb – dorsal branch of the dorsolateral

1478

longitudinal muscle, dlia – ipsilatero-anterior branch of the dorsolateral longitudinal muscle, dllm – dorsolateral

1479

longitudinal muscle, dlvb – ventral branch of the dorsolateral longitudinal muscle, dm – diagonal muscle, lmds –

1480

longitudinal muscle of the digestive system, mo – mouth opening, mrmo – muscular ring around the mouth

1481

opening, np – neuropil, phb – pharyngeal bulb, phm – pharyngeal muscle, pyg – pygidium, vca - contralatero-

1482

anterior branch of the ventral longitudinal muscle, vcb – contralateral dorsal branch of the ventral longitudinal

1483

muscle, vlca – contralatero-anterior branch of the ventrolateral longitudinal muscle, vlcb – contralateral branch

1484

of the ventrolateral longitudinal muscle, vldb – dorsal branch of the ventrolateral longitudinal muscle, vlia –

1485

anterior ipsilaterial branch of the ventrolateral longitudinal muscle, vlib – ipsilatero-anterior branch of the

1486

ventrolateral longitudinal muscle, vllm – ventrolateral longitudinal muscle, vlm – ventral longitudinal muscle,

1487

vlvb – ventral branch of the ventrolateral longitudinal muscle.
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1489

Figure 7. Development of ciliation patterns, nervous system and nephridia in Dinophilus

1490

gyrociliatus (depicted with acetylated alpha-tubulin). Acetylated alpha-tubulinergic-filaments

1491

shown in white, animals are oriented with the anterior end up (B, C-E) or to the left (F-H). A) Female

1492

embryos at ventral ciliary field stage inside the cocoon, B) prehatching females inside the egg layer

1493

and cocoon curled with the ventral side outwards showing the ventral nervous system, C) detail of B)

1494

and the ventral and peripheral nervous system, D) ventral view of a hatching female with the nervous

1495

system, nephridia and ciliation pattern, E) detail of the head and anterior part of the body, F) detail of

1496

the ciliary band with cilary band glands, G) lateral view of juvenile females with nephridia and

1497

nervous structures, H) lateral view of the nervous and nephridial system in an adult female.

1498

Abbreviations: acom – anterior commissure, avcf – anterioventral ciliary field, cb1-8 – ciliary band 1-8, cbg –

1499

ciliary band gland, cch – compound cilia of the head, cmvn – circumesophageal commissure forming the

1500

medioventral nerve, com1-5 – commissure 1-5, cvlc – circumesophageal commissure forming the ventrolateral

1501

nerve cord, fsc – flask shaped cell, lcf – lateral ciliary field, lpn – longitudinal peripheral nerve, mcom – median

1502

commissure, mo – mouth opening, mvn – medioventral nerve, n = n1-6 – nephridium 1-6, nacb – lateral nerve

1503

anterior to the ciliary band, ncb – nerve of the ciliary band, nis – intersegmental lateral nerve, nlfc – nerve

1504

innervating the lateral ciliary field, npcb – lateral nerve posterior to the ciliary band, pcom – posterior

1505

commissure, phg – pharyngeal gland, pmvn – paramedioventral nerve, vcf – ventral ciliary field, vlnc –

1506

ventrolateral nerve cord.
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1508

Figure 8. Correlation between outer ciliary and nervous structures in females of Dinophilus

1509

gyrociliatus and details of the neuropil. Acetylated alpha-tubulinergic-filaments shown in white,

1510

animals are oriented with the anterior end up. A) Ventral ciliary field of a juvenile female with spot-

1511

like multiciliated cells (svcf), stomatogastric ciliary fields (stcf) and more elongated multicilited cells

1512

(lcc), B) multiciliated cells along the ventral body side, C) ventral nervous system underlying these

1513

multiciliated cells, D) detail of C), E-F) virtual section through the neuropil from the ventral to the

1514

dorsal side, showing the commissures of the ventral and dorsal root: E) virtual section through the

1515

ventral root with the base of the circumesophageal connective, F) condensed fibres within the ventral

1516

root of the circumesophageal connective, G) virtual section through the dorsal root with the flask-

1517

shaped cells at the anterior tip of the animal.

1518

Abbreviations: acom – anterior commissure, bdr – branches of the dorsal root, cb – ciliary band, cbg – ciliary

1519

band gland, cch – compound cilia of the head, cec – circumesophageal connective, cvr – commissures of the

1520

ventral root of the circumesophageal connective, dfsc – duct of the flask-shaped cells, dpg – ducts of the

1521

pharyngeal glands, dr – dorsal root of the circumesophageal connective, fsc – flask-shaped cells, lcc – lateral

1522

multiciliated cell of the ventral ciliary field, mcc – median multiciliated cell of the ventral ciliary field, mcom –

1523

median commissure, mo – mouth opening, mvn – medioventral nerve, nar – nerves innervating the anterior rim,

1524

pcom – posterior commissure, pmvn – paramedioventral ventral nerve, stcf – stomatogastric ciliary field, svcf –

1525

stomatogastric ventral ciliary field, vcf – ventral ciliary field, vlnc – ventrolateral nerve cord, vr – ventral root

1526

of the circumesophageal connective.
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1528

Figure 9. Comparative neurogenesis and development of ciliary patterns in Dinophilus. The

1529

tubulinergic structures are colour coded (ciliary bands and the ventral ciliary filed in light grey, the

1530

alpha-tubulinergic nervous system in dark grey, glandular structures (=pharyngeal glands, flask-

1531

shaped gland cells and ciliary band glands) in light blue, nephridia in dark purple); female Dinophilus

1532

gyrociliatus are depicted on the left hand, females of D. taeniatus on the right hand. A) Ventral ciliary

1533

field stage (3 days in D. gyrociliatus or 7-9 days in D. taeniatus after the eggs are deposited,

1534

respectively), B) late embryo (5-5.5 or 12-14 days after the eggs are deposited, respectively), C)

1535

females half a day to hatching (5.5 or 13-20 days after the eggs have been deposited, respectively), D)

1536

females half a day after hatching, E) adult females (older than 14 days or several weeks after the eggs

1537

are deposited, respectively). The size relation between the two species is depicted by schematic body

1538

outlines next to the detailed pictures, the white silhouette representing females of D. gyrociliatus, the

1539

orange one females of D. taeniatus.

1540

Abbreviations: acom – anterior commissure, an – anus, br – brain, cb1-14 – ciliary band 1-14, cbg – ciliary band

1541

gland, cch – compound cilia of the head, cec – circumesophageal connective, cmvn – circumesophageal

1542

connective forming the medioventral nerve, com 1-5 – commissure 1-5, cvlc – circumesophageal connective

1543

forming ventrolateral nerve cord, ds – digestive system, e – eye, fsc – flask-shaped cells, lcf – lateral ciliary

1544

field, lpn – longitudinal peripheral nerve, mcom – median commissure (= only commissure in D. taeniatus

1545

posthatching and adult stages), mo – mouth opening, mvn – medioventral nerve, n1-6 – nephridium 1-6, nacb –

1546

lateral nerve anterior to the ciliary band, nar – nerves innervating the anterior rim, nis – intersegmental lateral

1547

nerve, nlcf – nerve innervating the lateral ciliary field, np – neuropil, npcb – lateral nerve posterior to the ciliary

1548

band, pcom – posterior commissure, pmvn – paramedioventral nerve, pyg – pygidium, stnr – stomatogastric

1549

nerve ring, tcom – terminal commissure, vcf – ventral ciliary field, vlnc – ventrolateral nerve cord.
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1551

Figure 10. Nervous system in dwarf males of Dinophilus gyrociliatus. Animals are oriented with

1552

the anterior end to the left, A) Acetylated alpha-tubulinergic-filaments shown in “glow”, labelling of

1553

DNA with DAPI in blue, indicating one pair of protonephrida and the individual ciliary fields, B)

1554

acetylated alpha-tubulinergic-filaments shown in red, serotonergic perikarya and fibres in yellow,

1555

labelling of DNA with DAPI in blue with focus on the penial ganglion.

1556

Abbreviations: avcf – anterioventral ciliary field, n – nephridium, pg – penis ganglion, pnc – penis nerve cord,

1557

pvcf – posterior ventral ciliary field, spvnc – serotonergic perikarya of the ventral nerve cord, test – testis, vcf –

1558

ventral ciliary field.
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1560

Figure 11. Development of external ciliation patterns in Dinophilus taeniatus. Acetylated alpha-

1561

tubulinergic-filaments shown in red, animals are oriented with the anterior end up (A-E) or to the left

1562

(F) A-D) embryonic development: A) ventral view of an early embryo at 1 ciliary band stage (second

1563

prostomial ciliary band formed), B) ventral view of embryo at ventral ciliary field stage, C) ventral

1564

view of a late embryo with the onsets of the developing ciliary bands 1, 3, 5, 7, and 9, D) ventral view

1565

of a prehatching embryo with well developed external ciliation, E) ventral view of a juvenile

1566

specimen before duplication of the ciliary bands, F) lateral view of an adult specimen, with well-

1567

developed duplication of ciliary bands.

1568

Abbreviations: an – anus, cb1-12 – ciliary band 1-12, cch – compound cilia of the head, lcf – lateral ciliary field,

1569

mo – mouth opening, pyg – pygidium, vcf – ventral ciliary field.
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1571

Figure 12.

1572

tubulinergic-filaments shown in red, animals are oriented with the anterior end up (A-F, H) or to the

1573

left (G). A-C) embryonic development: A) ventral view of an embryo at ventral ciliary field stage,

1574

note a dumbbell like shape of the neuropil, B) ventral view of a late embryo, C) ventral view of a

1575

prehatching embryo, D-F) details of a juvenile specimen: D) ventral view of the central nervous

1576

system, E) detail of the posterior part of the nervous system, note the double set of protonephridia, F)

1577

left lateral view of a juvenile specimen with details of the peripheral nerves, G, H) adult: G) ventral

1578

view of the major parts of the ventral nervous system, H) lateral view of the trunk of an adult

1579

specimen with details of peripheral nerves, note bifurcations (indicated by arrowheads) of ciliary band

1580

nerves.

1581

Abbreviations: acom – anterior commissure, cb – ciliary band, cmvn – circumesophageal commissure forming

1582

the medioventral nerve, com1-5 – commissure 1-5, cvlc – circumesophageal commissure forming the

1583

ventrolateral nerve cord, fsc – flask-shaped cells, lpn – longitudinal peripheral nerve, mcom – median

1584

commissure, mo – mouth opening, mvn – medioventral nerve, n1-5 – nephridium 1-5, n2´, n3´ - additional part

1585

of respective nephridium, nar – nerves innervating the anterior rim, ncb – nerve of the ciliary band, nis –

1586

intersegmental lateral nerve, np – neuropil, pmvn – paramedioventral nerve, stnr – stomatogastric nerve ring, vcf

1587

– ventral ciliary field, vlnc – ventrolateral nerve cord.
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1589

Figure 13. Neurogenesis in female Dinophilus gyrociliatus (A-E) and D. taeniatus (F-M).

1590

Serotonergic elements shown in green (A, B, F-M) and in “glow” (C-E), animals are oriented with the

1591

anterior end up. A, B) embryonic development: A) ventral view of the first indication of the

1592

serotonergic nervous system in ventral ciliary field stage of D. gyrociliatus with perikarya forming

1593

along the ventral nervous system, B) ventral view of a detail of the ventral nervous system with

1594

governing perikarya in ventral ciliary field stage, C) ventral view of the head in a juvenile female, D)

1595

ventral view of a detail of the nervous system in the anterior trunk segments in a hatching female, E)

1596

ventral view of the serotonergic nervous system in an adult female, F-J) embryonic development: F)

1597

ventral view of an embryo at 1 ciliary band stage with first IR perikarya being located near the first

1598

commissure, G) ventral view of an embryo at ventral ciliary field stage with four perikaria being

1599

detected in the head region, H) ventral view of a late embryo, I) detail of H) of the ventral nervous

1600

system, J) ventral view of a juvenile specimen, K) dorsal view of a juvenile with four perikaria dorsal

1601

to the neuropil, L) ventral view of an adult specimen displaying a regular ladder-like organization of

1602

the ventral nervous system, M) lateral view of an adult specimen.

1603

Abbreviations: acom – anterior commissure, cmvn – circumesophageal commissure forming the medioventral

1604

nerve, com1-5 – commissure 1-5, cvln – circumesophageal commissure forming the ventrolateral nerve cord,

1605

dpn – dorsal peripheral nerves, lpn – longitudinal peripheral nerve, mcom – median commissure, mo – mouth

1606

opening, mvn – medioventral nerve, nacb – lateral nerve anterior to the ciliary band, nar – nerves innervating the

1607

anterior rim, ncb – nerve of the ciliary band, nis – intersegmental lateral nerve, npcb – lateral nerve posterior to

1608

the ciliary band, pcom – posterior commissure, pmvn – paramedioventral nerve, snp – serotonergic portion of

1609

the neuropil, sp – serotonergic perikaryon, spbr – serotonergic perikaryon of the brain, spl – serotonergic plexus,

1610

spst – serotonergic perikaryon of the stomatogastric nerve ring, stnr - stomatogastric nerve ring.
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1612

Figure 14. Comparison of the serotonergic nervous system in Dinophilus. The nervous structures

1613

are colour coded (tubulinergic structures are labelled in grey, serotonergic elements in orange); female

1614

Dinophilus gyrociliatus are depicted on the left hand, females of D. taeniatus on the right hand. A)

1615

Ventral ciliary field stage (3 days in D. gyrociliatus or 7-9 days in D. taeniatus after the eggs are

1616

deposited, respectively), B) late embryo (5-5.5 or 12-14 days after the eggs are deposited,

1617

respectively), C) females half a day to hatching (5.5 or 13-20 days after the eggs have been deposited,

1618

respectively), D) females half a day after hatching, E) adult females (older than 14 days or several

1619

weeks after the eggs are deposited, respectively). The size relation between the two species is depicted

1620

by schematic body outlines next to the detailed pictures, the white silhouette representing females of

1621

D. gyrociliatus, the orange one females of D. taeniatus.

1622

Abbreviations: acom – anterior commissure, an – anus, br – brain, cb1-14 – ciliary band 1-14, cch – compound

1623

cilia of the head, cec – circumesophageal commissure, com1-5 – commissure 1-5, ds – digestive system, e – eye,

1624

lpn – longitudinal peripheral nerve, mcom – median commissure (= only commissure in D. taeniatus late

1625

hatchlings and adults), mo – mouth opening, mvn – medioventral nerve, nacb – lateral nerve anterior to the

1626

ciliary band, nar – nerves innervating the anterior rim, ncb – nerve of the ciliary band, nis – intersegmental

1627

lateral nerve, nlcf – nerve innervating the lateral ciliary field, np – neuropil, npcb – lateral nerve posterior to the

1628

ciliary band, pcom – posterior commissure, pmvn – paramedioventral nerve, pyg – pygidium, snp – serotonergic

1629

share of the neuropil, sp – serotonergic perikaryon, spbr – serotonergic perikaryon of the brain, spl –

1630

serotonergic plexus, spst – serotonergic perikaryon of the stomatogastric nerve ring , stnr – stomatogastric nerve

1631

ring, tcom – terminal commissure, vlnc – ventrolateral nerve cord.
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1633

Figure 15. Neurogenesis in female Dinophilus gyrociliatus (A-E) and D. taeniatus (F-K).

1634

FMRFamidergic elements shown in green (A, F-K) and in “glow” (B-E), animals are oriented with

1635

the anterior end up. A) ventral view of the FMRFamidergic nervous system in embryos at ventral

1636

ciliary field stage of D. gyrociliatus, B) detail of the brain and anterior nervous system in a hatching

1637

female, C) detail of the anterior trunk nervous system in a hatching female, D) nerve ring around the

1638

midgut-hindgut-transition in a juvenile female, E) ventral view of the FMRFamidergic nervous

1639

system in an adult female, F) ventral view of an embryo at ventral ciliary field stage of D. taeniatus

1640

with two IR cells with a process in the head region, G) lateral view of a late embryo with multiple

1641

FMRFamidergic perikarya surrounding the neuropil and throughout the ventral nervous system, H)

1642

dorsal view of a late embryo, I) ventral view of a juvenile specimen J) ventral view of an adult, K)

1643

dorsal view of an adult.

1644

Abbreviations: acom – anterior commissure, cec – circumesophageal connective, cfhg – connection between the

1645

FMRFamidergic nervous ring around the midgut-hindgut-transition and the ventrolateral nerve cords, cmvn –

1646

circumesophageal commissure forming the medioventral nerve, com1-6 – commissure 1-6, cvln –

1647

circumesophageal commissure forming the ventrolateral nerve cord, fhg – FMRFamidergic ring around the

1648

midgut-hindgut transition, fp – FMRFamidergic perikaryon, fpbr – FMRFamidergic perikarya of the brain, fphg

1649

– FMRFamidergic perikaryon associated with the ring around the midgut-hindgut transition, fpl –

1650

FMRFamidergic plexus in the neuropil, fpst – FMRFamidergic perikaryon of the stomatogastric nerve ring, lpn

1651

– longitudinal peripheral nerve, mcom – median commissure, mo – mouth opening, mvn – medioventral nerve,

1652

nar – nerves innervating the anterior rim, pcom – posterior commissure, tcom – terminal commissure, vlnc –

1653

ventrolateral nerve cord.

1654
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1656

Figure 16. Comparison of the FMRFamidergic nervous system in Dinophilus. The nervous

1657

structures are colour coded (tubulinergic structures are labelled in grey, FMRFamidergic elements in

1658

dark purple); female Dinophilus gyrociliatus are depicted on the left hand, females of D. taeniatus on

1659

the right hand. A) Ventral ciliary field stage (3 days in D. gyrociliatus or 7-9 days in D. taeniatus after

1660

the eggs are deposited, respectively), B) late embryo (5-5.5 or 12-14 days after the eggs are deposited,

1661

respectively), C) females half a day to hatching (5.5 or 13-20 days after the eggs have been deposited,

1662

respectively), D) females half a day after hatching, E) adult females (older than 14 days or several

1663

weeks after the eggs are deposited, respectively). The size relation between the two species is depicted

1664

by schematic body outlines next to the detailed pictures, the white silhouette representing females of

1665

D. gyrociliatus, the orange one females of D. taeniatus.

1666

Abbreviations: acom – anterior commissure, an – anus, br – brain, cb1-14 – ciliary band 1-14, cbg – ciliary band

1667

gland, cch – compound cilia of the head, cec – circumesophageal commissure, com 1-5 – commissure 1-5, ds –

1668

digestive system, e – eye, fhg – FMRFamidergic ring around the midgut – hindgut transition, fnp –

1669

FMRFamidergic share of the neuropil, fp – FMRFamidergic perikaryon, fpbr – FMRFamidergic perikaryon of

1670

the brain, fphg – FMRFamidergic perikaryon of the nerve ring around the midgut-hindgut transition, fpst –

1671

FMRFamidergic perikaryon of the stomatogastric nerve ring, lpn – longitudinal peripheral nerve, mcom –

1672

median commissure (= only commissure in D. taeniatus late hatchlings and adults), mo – mouth opening, mvn –

1673

medioventral nerve, nacb – lateral nerve anterior to the ciliary band, ncb – nerve of the ciliary band, nar – nerves

1674

innervating the anterior rim, nis – intersegmental lateral nerve, nlcf – nerve innervating the lateral ciliary field,

1675

np – neuropil, npcb – lateral nerve posterior to the ciliary band, pcom – posterior commissure, pmvn –

1676

paramedioventral nerve, pyg – pygidium, stnr – stomatogastric nerve ring, tcom – terminal commissure, vlnc –

1677

ventrolateral nerve cord.
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26

ABSTRACT

27

BACKGROUND: Neuropeptides are employed by invertebrates and vertebrates as neurotransmitters,

28

-hormones or –modulators. Several neurotransmitters show similar immunoreactivity patterns in the

29

nervous system among distantly related annelids, indicating common neuropeptidergic function and

30

origin. Yet this specificity has not been put to a test with a broad range of neuropeptides, nor in

31

meiofaunal annelids having a compact brain and low cell number.

32

RESULTS: The immunoreactivity of 14 neuropeptidergic antibodies were mapped on a detailed

33

reconstruction of the brain and nervous system in three closely related microscopic annelids

34

(Dinophilus gyrociliatus, D. taeniatus and Trilobodrilus axi). The antibodies facilitated specific

35

reactivity in at least one of the investigated species, with D. gyrociliatus expressing the highest

36

number of neuropeptides as well as neuropeptidergic cells. The distribution of labelled cells within

37

the brain expressed high interspecific but no intraspecific variation. The small size of the brains

38

containing 650-750 cells made it possible to map each immunoreactive cell on a DAPI template,

39

revealing no overlap in the peptides tested for. This suggests that a nerve cell can be specific to one

40

neuropeptide and possibly to one function – even in a system consisting of few cells.

41

CONCLUSION: The detailed neural reconstruction of the brain and the neuropeptidergic survey did

42

not reveal any signs of compartmentalization within the compact meiofaunal brains. Additionally, the

43

surprising finding that the pattern of neuropeptidergic cells varies between closely related species

44

unlike the conservation of e.g. the serotonergic pattern probably indicates a much more dynamic

45

evolution of the neuromodulatory landscape than previously expected.

46
47

INTRODUCTION

48

Nervous systems have been considered to be highly conserved organ systems across Metazoa

49

(Bullock and Horridge, 1965), putatively informative for reconstructing phylogenetic relationships

50

and animal evolution (Fanenbruck et al., 2004; Harzsch, 2006; Edgecombe et al., 2015). Conserved

51

patterns are identified at different levels, e.g. the molecular profile of areas such as the mushroom

52

bodies in insects or annelids and higher brain centres such as the hypothalamus in vertebrates seem to

53

be only vaguely altered (Tessmar-Raible et al., 2007; Farris, 2008a; b; Reichert, 2009). Besides the

2
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54

brain, associated sensory organs such as the eyes and their origin have been the focus of many

55

comparative studies (Arendt and Wittbrodt, 2001; Arendt, 2003; Arendt et al., 2004; Salvini-Plawen,

56

2008)

57

However, the brain morphologies exemplified by such model animal studies may vary significantly

58

within the respective groups, e.g., with annelids showing a high degree of variation in the nervous

59

system (Meyer and Seaver, 2009a; Heuer et al., 2010; Purschke et al., 2014): especially macroscopic

60

annelid brains have been described as being divided into several ganglia or lobes (Orrhage and Müller,

61

2005; Heuer and Loesel, 2008; Tomer et al., 2010; Kerbl et al., 2015); the brain normally being

62

positioned dorsally (Orrhage and Müller, 2005; Meyer and Seaver, 2009b; Purschke et al., 2014), but

63

e.g. in Siboglinidae displaced ventrally (Worsaae and Rouse, 2010; Karaseva et al., 2012; Eichinger et

64

al., 2013; Miyamoto et al., 2013, Worsaae et al. in review). Furthermore, the ventral nervous system

65

of the various annelid lineages differs in the number (1-7) and location (ventral to lateral) of

66

longitudinal cords and nerves (Orrhage and Müller, 2005; Müller, 2006; Purschke et al., 2014; Kerbl

67

et al., 2015) as well as in the number and configuration of commissures between the main elements

68

per segment (1-3, Fröbius and Seaver, 2006; Saudemont et al., 2008; Meyer and Seaver, 2009a; b;

69

Santagata et al., 2012; Marlow et al., 2014). More uniform, uncompartmentalized brains are studied in

70

exceptional cases such as for the burrowing annelid Capitella teleta (Voronezhskaya and Khabarova,

71

2003; Meyer and Seaver, 2009b; Helm et al., 2014; Marlow et al., 2014; Meyer et al., 2015), which

72

due to neurogenesis pioneer work (Meyer and Seaver, 2009a; Conzelmann and Jekely, 2012) emerged

73

as a second annelid model next to Platynereis dumerilii (Arendt et al., 2002; Tessmar-Raible et al.,

74

2005; Conzelmann et al., 2013a; Zantke et al., 2014). Although less complex and thereby probably

75

easier to comprehend than the central nervous system in P. dumerilii (Tessmar-Raible et al., 2007;

76

Tomer et al., 2010; Conzelmann and Jekely, 2012), the brain of C. teleta is still constituted by several

77

thousand cells (Meyer et al., 2015), which aggravates investigations at the cellular level.

78

Another option for nearly uniform, unstructured, but smaller brains and suggested more “ancestral”

79

configuration of the ventral nervous system can be found in several microscopic annelids such as

80

representatives of Dinophilidae (Kotikova, 1973; Beniash et al., 1992; Müller and Westheide, 2002;

81

Müller, 2006; Fofanova and Voronezhskaya, 2012; Fofanova et al., 2014). This exclusively
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82

meiofaunal (i.e. specimens passing through a 01mm sieve, but being retained on a 42µm mesh

83

Higgins and Thiel, 1988)) family comprises the two genera Dinophilus and Trilobodrilus with

84

approximately 10 and 6 species, respectively. Dinophilus display two major morphotypes represented

85

by D. gyrociliatus Schmidt, 1857 being transparent, strongly dimorphic annelids with rapid life cycle

86

(less than a month from first cleavage to egg deposition, (Schmidt, 1848)), and D. taeniatus Harmer,

87

1889 being strongly pigmented, monomorphic animals with prolonged life cycle and encystment

88

stage (more than one year, (Harmer, 1889)). Trilobodrilus axi Westheide, 1967 lacks the otherwise

89

characteristic trunk ciliary bands and does not show either dwarf males or an especially extended life

90

cycle (Westheide, 1967; 1985). All Dinophilidae are strictly marine, meiofaunal animals found at the

91

intertidal to sublittoral shorelines worldwide, living in the interstices between sand grains or in the

92

biofilm of macroalgae (Korschelt, 1887; Jägersten, 1951; Westheide, 1967; Donworth, 1986).

93

The nervous systems of several species, but especially D. gyrociliatus, has been studied previously

94

(Kotikova, 1973; Windoffer and Westheide, 1988; Beniash et al., 1992; Müller and Westheide, 1997;

95

2002; Fofanova and Voronezhskaya, 2012; Fofanova et al., 2014), laying the foundation for more

96

detailed comparative studies of the nervous system and the possible conservation of patterns between

97

these and additional closely related taxa ((Kajihara et al., 2015,,Worsaae et al., unpubl..). Recent

98

studies of D. gyrociliatus compiling a detailed atlas of the nervous system (Kerbl et al. in prep.) and

99

independent generation of its transcriptomes (Andrade et al. 2015, Struck et al. 2015, this study),

100

complemented by the rapid life cycle and easy access to different developmental stages, puts this

101

species forward for further advanced studies of the brain. Dinophilidae offers the unique possibility to

102

study the conservation of patterns within the brain across variation in body size, life cycle, and sexual

103

dimorphism due to the close relationship of representatives.

104
105

We hereby present the so-far most comprehensive comparative analysis of neuropeptidergic patterns

106

in annelids, employing antibodies against 14 neuropeptides in three species of the interstitial family

107

Dinophilidae (D. gyrociliatus, D. taeniatus and T. axi) succeeding a transcriptomic analysis of D.

108

gyrociliatus. Immunoreactivity (IR) of antibodies generated in P. dumerilii with high sequence

109

similarity to D. gyrociliatus was detected for most neuropeptides tested in D. gyrociliatus and partly
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110

also in the other dinophilid species. Furthermore, some of the antibodies previously shown to be

111

conserved across Spiralia are also labelling cells in these small, compact brains, although in differing

112

number and localisation.

113
114

MATERIALS & METHODS

115

Specimens

116

Cultures of Dinophilus gyrociliatus are kept at the Marine Biology Section, University of Copenhagen,

117

Denmark, in seawater with salinity 28 per mille at 18°C in the dark. Water was exchanged every 14

118

days and the animals were fed with spinach and fish food (TetraMin flakes for Aquarium fish) twice a

119

month. Females were sampled and starved for two days prior to fixation. Due to the strongly altered

120

morphology of the dwarf males, only females were used in this comparative study.

121

Adult specimens of D. taeniatus were collected in the area of Kaldbak, Faroe Islands, from

122

filamentous algae on the sublitoral sandy beach. These animals were anesthetized and fixed directly

123

after extracting them from the algae and sediment samples.

124

Adult T. axi were collected in the sandy sublitoral in the region of Königshafen in List, Sylt, Germany,

125

from extractions of clean, fine sand. These animals were treated similar to D. taeniatus described

126

above.

127
128

Identification of neuropeptides in Dinophilus gyrociliatus

129

pNPs in the Dinophilus gyrociliatus-transcriptome were identified by G. Jékely by BLAST searches

130

in these datasets using a large curated set of metazoan pNP query sequences. Additionally, pattern

131

searches for repetitions of the motif x(3–10)-K[K/R] were conducted. The resulting sequences were

132

examined for the presence of a SP, for cleavage sites, conserved peptide motifs, and other hallmarks

133

of

134

pyroglutamination signature N-terminal Gln, Cys-containing stretches, mono- or dibasic cleavage

135

sites). These searches identified more than 23 neuropeptides within the Dinophilus gyrociliatus

136

transcriptome (Table S1). .

bioactive

peptides

and

their

processing

(e.g.

amidation

signature

C-terminal

Gly,

137
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138

Immunohistochemistry

139

Fixation and preparation of samples

140

Specimens were anesthetized with isotonic MgCl2 prior to fixation with 3.7% paraformaldehyde in

141

phosphate buffered saline (PBS) at RT for 1 hour, followed by several rinses with PBS and storage in

142

PBS rinsing buffer + NaN3 at +4°C.. Specimens fixed with the modified 3.7% paraformaldehyde/

143

0,05% glutaraldehyde-mixture at RT for 1 hour (Table S2) were additionally blocked with a glycine-

144

solution (2mg/ml) for one hour to block reactive aldehyde groups prior to additional rinses in PBS.

145

Additionally, specimens were also rinsed with 0.1% PTw (PBS + 0.1% Tween-20) and transferred

146

(via two rinses in deionized water) and stored in 100% methanol at -20°C. This treatment changes,

147

however, did not affect the results.

148

Antibody labelling

149

Quadruple labellings were applied to investigate characters in the nervous system and correlation to

150

ciliation and musculature. These stainings included F-actin staining in D. gyrociliatus (Alexa Fluor

151

488-labelled phalloidin, A12379, INVITROGEN, Carlsbad, USA), DNA-staining in all species

152

(405nm fluorescent DAPI, included in Vectashield) and immunostaining against tubulinergic

153

structures in D. taeniatus and T. axi (monoclonal mouse anti-acetylated α-tubulin (T6793, SIGMA, St.

154

Louis, USA) or polyclonal anti acetylated α-tubulin (SAB3500023-100UG, SIGMA). The specific

155

neuropeptides were labelled by polyclonal rabbit anti-serotonin (5-HT, S5545, SIGMA) anti-

156

FMRFamide (20091, IMMUNOSTAR, Hudson USA) and monoclonal antibodies raised against

157

specific neuropeptides in rabbit originally designed after Platynereis dumerilii sequences by

158

(Conzelmann and Jekely, 2012; Conzelmann et al., 2012; Jekely, 2013; Conzelmann et al., 2013a; b, ,

159

Table S2) and partly found in the transcriptome of D. gyrociliatus (Suppl. File 2). Antibodies against

160

Synapsin I (3C11, DSHB, Iowa, USA) and Synapsin II (ADI-VAS-SV061-E, ENZO Life Sciences,

161

Farmingdale, New York, USA) did not reveal any positive immunoreactivity (IR) in Dinophilus

162

gyrociliatus and were therefore not considered. Prior to adding the primary antibody-mix, the samples

163

were preincubated with 0.1% PBT (PBS + 0.1% Triton-X, 0.05% NaN3, 0.25% BSA, and 10%

164

sucrose) for 2 hours. Specimens were incubated for up to 24 hours at RT in the primary antibodies

165

according to the concentration provided by M. Conzelmann and G. Jékely (personal communication,
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166

Table S2). This incubation solution was removed by several rinses in PBS and 0.1% PBT.

167

Subsequently, specimens were incubated with the appropriate secondary antibodies conjugated with

168

fluorophores (mixed 1:1, in a concentration of 1:200, goat anti-mouse conjugated with CY5 (115-175-

169

062, JACKSON IMMUNO-RESEARCH, West Grove, USA) or goat anti-chicken conjugated with

170

Dylight 649 (103-495-1550, JACKSON IMMUNO RESEARCH) and goat anti-rabbit conjugated

171

with TRITC (T5268, SIGMA)) for up to 48 hours at RT. This step was followed by incubation for 60

172

minutes in Alexa Fluor 488-labeled phalloidin solution (0.17M phalloidin in 0.1% PBT). Thereafter,

173

specimens were rinsed in PBS and 0.1% PBT and finally mounted in Vectashield (including DAPI,

174

VECTOR LABORATORIES, Burlingame, USA). The prepared slides were examined using an

175

OLYMPUS IX 8 inverted microscope in combination with a Fluoview FV-1000 confocal unit at the

176

Marine Biology Section of the University of Copenhagen (OLYMPUS CORPORATION, Tokyo,

177

Japan, owned by K. Worsaae)). Acquired z-stacks were either projected into 2-dimensional images or

178

exported as stacks to the IMARIS 7.0 (BITPLANE SCIENTIFIC SOFTWARE, Zürich, Switzerland)

179

software package to conduct further three-dimensional investigations and surface reconstructions.

180
181

Manual image registration and model creation

182

Next to creating images of cropped stacks or different section layers in IMARIS (Figures 2-8, S3-S8),

183

this software was also used to manually register the perikarya of the brain labelled with specific

184

neuropeptides into one model animal head for each of the three species investigated (for more detailed

185

information, see S9).

186
187

Image preparation

188

Brightness, saturation and contrast adjustment was conducted in Adobe Photoshop CC 2014 (ADOBE

189

Systems Inc., San Jose, USA) prior to assembling figure plates in Adobe Illustrator CC 2015, where

190

also schematic drawings were created.

191

The 3D-models of the three dinophilid brains (Figures S3-S8) showing the location of specific

192

neuropeptides needed more complicated treatment: Each neuropeptidergic pattern (“Surface”) was

193

exported as VRML-file from IMARIS and imported one after the other using the ADOBE 3D Toolkit,
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194

where each surface-file gets assigned to a specific material. After merging the individual patterns, the

195

file was exported as U3D-file and imported into ADOBE Acrobat Pro DC (Version 2015), where the

196

“Rich Media”-tool was used to import 3D-models and export them as PDF-files. By using ADOBE

197

Reader, the models can be activated by clicking on them, allowing for a 3-dimensional investigation

198

of the datasets (Figures S4, 6, 8).

199
200

RESULTS

201

Gross architecture of the nervous system within Dinophilidae

202

The nervous system in all three dinophilid species investigated here shows a similar organization in

203

the i) dorsoanterior brain, ii) the ventral nervous system extending from the brain towards the

204

posterior end of the body and connected to the brain via one pair of circumesophageal connectives,

205

iii) several nervous structures associated to the digestive system such as nervous ring around

206

esophagus and midgut-hindgut transition and iv) additional longitudinal dorsal and dorsolateral nerves

207

as well as transverse nerves emerging from the ventral cords (Table 1, Fig. 1, S10-S13).

208

Brain: The brain is constituted by a central neuropil with a dense nervous plexus and several more

209

condensed fibre bundles linking the dorsal and ventral roots of the circumesophageal connectives of

210

the contralateral sides of the body. This fibrous mass is surrounded by 600-750 (in Dinophilus

211

gyrociliatus), 650-750 (in Trilobodrilus axi) and 700-900 perikarya (in D. taeniatus), which in the

212

former two are arranged in a dumbbell shape, but in a more anterio-posteriorly compressed cell mass

213

with lobe-like protrusions in the posterior region (Figure 1, S10-S12). These perikarya are densely

214

packed on the anterior, lateral, posterior and dorsal sides of the neuropil, but only scarcely covering

215

its ventral side (Figure S11, S12).

216

Ventral nervous system: The dorsal and ventral roots seem to merge very posterior (at approximately

217

the level of the nuchal organs or the middle of the mouth opening) to one pair of circumesophageal

218

connectives, but separate soon after again to extend into the pair of ventrolateral nerve cords and the

219

pair of ventromedian nerve cords (Figure 1, S13). These branch off the ventrolateral cords at the level

220

of the anteriormost commissure and fuse to form one ventromedian nerve at the level of the second or

221

third commissure (Figure 1, S13). One (in D. taeniatus and T. axi) or two (in D. gyrociliatus) pairs of
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222

paramedian nerves emerge from the ventrolateral nerve cords slightly more posterior and extend

223

parallel to the previously mentioned (Figure 1, S13). As far as we could determine, all ventral

224

longitudinal nerve bundles also join the terminal commissure. The highest discrepancy in the nervous

225

systems of the three investigated species is in the number and distribution of transverse nerve bundles

226

(commissures): D. gyrociliatus displays the highest number with three (in the anterior four segments)

227

and thereafter two commissures in an irregular pattern only vaguely associated to individual segments

228

(anterior commissure - acom, median commissure - mcom, posterior commissure - pcom, Table 1,

229

Figures 1B, S10, S11). D. taeniatus exemplifies a more organized pattern, with only one prominent

230

transverse nerve bundle per segment (Table 1, Figures 1D, S10, S12A-G). T. axi seems to exhibit a

231

mixed pattern with one prominent commissure per segment, but a altering number of transverse nerve

232

bundles anterior and posterior to it (Table 1, Fig. 1F, S10, S12H-N).

233

Stomatogastric nerves: Nerves of the stomatogastric nervous system are nearly invisible with

234

antibodies against acetylated alpha-tubulin, but more visible with several neuropeptide markers (e.g.

235

FMRFamide, Figure 2). One ring is formed around the esophagus (stomatogastric nerve ring, stnr,

236

Table 1, Figures 1, S13), another can be detected embracing the midgut-hindgut transition (mht, Table

237

1). Only few neuropeptides seem to be expressed in the weak mesh of nerve fibres of the gut

238

epithelium.

239

Additional nerves: Seven longitudinal nerves extend throughout the body as paired ventrolateral,

240

lateral, dorsolateral and an unpaired dorsal longitudinal nerve (Table 1, Figure 1). They are

241

remarkably thinner than the nervous of the ventral nervous system and the origin could not be

242

successfully traced in all cases. Especially the dorsal nerves, however, seem to emerge from the

243

neuropil in the brain (Figures S11, S13). These longitudinal nerves are supplemented by three (in D.

244

taeniatus), four (in D. gyrociliatus) or six (in T. axi) transverse nerves emerging from the ventrolateral

245

nerve cords and extending along the body circumference (Table 1, Figures 1, S13).

246
247

Organization of neuropeptidergic cells within the nervous systems and brains of three closely

248

related annelids

249

FMRFamide is the most broadly distributed neuropeptide in the entire nervous system, with up to 56

NEUROPEPTIDERGIC VARIATION IN DINOPHILIDAE

9

250

perikarya in the brain (Table 1, Figures. 2, S3-S8). Similar to several other neuropeptides tested in this

251

study, the majority of labelled perikarya seems to be more numerous on the dorsal side of the brain

252

(Table 2, Figures 2A-C, E, H, I, S3-S7). Several fibres are labelled in the ventrolateral nerve cords,

253

emerging from the brain and extending towards the posterior end of the body (Table 2, Figure 2D, F,

254

G, J, K). Additional peptidergic fibres are found in the median nerve and the medial paramedian nerve

255

(the later only in D. gyrociliatus, Figure 2D, G, J), while the commissures are only weakly labelled in

256

the anterior part of the nervous system (Figure 2D, F, G, J). The ventrolateral nerve cords and the

257

median nerve are furthermore traced by FMRFamidergic perikarya (Figure 2D, G, J). Although the

258

peripheral nervous system does not show strong IR for this neuropeptide, a nerve ring around the

259

pharynx as well as one to two nerve rings around the midgut-hindgut-transition can be revealed in the

260

stomatogastric nervous system (Table 2, Figure 2K). The later is also joined by a high number of

261

associated perikarya (Figure 2K), which are shading the thin nerve fibres of the net around the

262

stomach. This pattern is recovered in all three species (Table 2).

263
264

Vasotocin is only found in representatives of D. gyrociliatus and represented there in four perikarya

265

approximately in the median level of the brain (Table 2, Figures 3A, B, S3, S4), with one pair in the

266

posterior part of the brain close to the ipsilateral anterior branch of the dorsolateral longitudinal

267

muscle bundle (dlia, Figure 3A) and an additional, slightly more dorsal pair in the anterior region

268

close to the contralateral anterior branch of the dorsolateral longitudinal muscle bundle (dlca, Figure

269

3B).

270
271

MIP (Myoinhibitory Peptide) is present in all species investigated here, although only in small

272

numbers of perikarya and fibres (Table 2, Figures 3C-F, S3-S8). Four perikarya are strongly labelled

273

in the brain of D. gyrociliatus (Figures 3C, S3, 4). The same number of cells is only weakly visible in

274

the other two species (closely associated to the (second) prostomial ciliary band, Figures 3D-F, S3-8).

275

Nerve fibres are strongly labelled, and show the broadest distribution in D. taeniatus in the brain,

276

stomatogastric and ventral nervous system (Table 2, Figure 3D), while D. gyrociliatus only has

277

positive elements in the brain and stomatogastric nervous system (Table 2, Figure 3C) and
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278

Trilobodrilus axi only has four labelled perikarya and two nerve fibres central in the neuropile (Table

279

2, Figures 3E, F, S3-8).

280
281

Four RGW-amide labelled perikarya are located anteriorly in the brain in D. gyrociliatus (Table 2,

282

Figure 4A), with the anteromedian set being remarkably stronger labelled than the posteriolateral pair

283

(Figure 4A, detail). Similar to MIP described above, these perikarya are dorsal in the brain (Figures

284

4A, S3, S4). Neither D. taeniatus nor T. axi displays cells labelled with these antibodies.

285
286

Calcitonin is found in both Dinophilus species (Table 2, Figure 4B-D,), however, the patterns differ:

287

four medio- to ventroposterior perikarya in the brain (in close proximity to prostomial dorsal glands

288

and eyes, Table 2, Figures

289

stomatogastric nerve ring (Table 2, Figure 4B) are found in D. gyrociliatus. Dinophilus taeniatus

290

shows two dorsoposterior perikarya dorsal in the brain (Table 2, Figures 4D and detail, S5, S6).

291

Additionally, only few nerve fibres were weakly labelled in D. gyrociliatus (Table 2, Figures 4B, C),

292

while several fibres in the dorsal root of D. taeniatus show strong calcitonin IR (Table 2, Figure 4D,

293

detail). Trilobodrilus axi does not have any calcitonin-positive elements.

4B, S3, S4) and two pairs of calcitonin-labelled perikarya in the

294
295

MLD/pedal peptide can be found in D. gyrociliatus and T. axi (Table 2, Figures 4E-H, S3, S4, S7, S8).

296

The distribution of cells showing positive MLD-like IR in the brain is roughly similar, although the

297

positive perikarya are more dorsal in T. axi (Figures 7G, H, S7, S8) than in D. gyrociliatus (Figures

298

7F, S3, S4). These perikarya are arranged in a semicircle in close proximity to the muscles in the

299

prostomium in both species and project fibres into the neuropile, which form lose networks (Figure

300

4F-H). Additionally, the ventral nervous system as well as part of the peripheral nervous system

301

shows individual labelled fibres in D. gyrociliatus (Table 2, Figure 4E), and the median commissures

302

are flanked by one pair of MLD-positive perikarya (Figure 4E).

303
304

Allatotropin-labelled cells are present in all three species (Table 2, Figures 5A-F), although the

305

arrangement of perikarya differs between posteriorly (D. taeniatus, Figures 5C, S5, S6),
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306

anteroventrally (D. gyrociliatus, Figures 5A, S3, S4) and both dorsoposteriorly and ventroanteriorly in

307

the brain (T. axi, Figures 5E, S7, S8). The distribution of nervous elements in the ventral nervous

308

system also varies between D. gyrociliatus (two pairs of nerve fibres in the ventrolateral nerve cords

309

and one pair of fibres in the median nerve as well as additional perikarya in the middle of the

310

segments between the commissures, maybe affecting ventrolateral longitudinal muscles of the body

311

wall, Figure 5B) and T. axi (one fibre in each ventrolateral nerve cord and one pair of perikarya in set

312

apart from the ventrolateral nerve cord in between the peripheral nerves emerging in the middle of the

313

segment, Figure 5F), while they are absent in D. taeniatus (Table 2). In the later species, however, the

314

presence of nervous innervation with allatotropin-positive cells can be shown in the male reproductive

315

system, suggesting a role in copulation (Figure 5D). In D. gyrociliatus, elements of the stomatogastric

316

nerve ring and additional nerves are also labelled (Figure 5A, B).

317
318

RNamide/small CardioActive Peptide-positive elements are mainly found in the brains of the

319

investigated species (Table 2, Figures 5G-I, S3-S8). Trilobodrilus axi and D. gyrociliatus also show

320

IR in the stomatogastric (Table 2, Figure 5G, I) and peripheral nerves, though only with few labelled

321

fibres. In the brain, D. gyrociliatus (Figures 5G, S3, S4) and D. taeniatus (Figures 5H, S5, S6)

322

demonstrate a similar, dorsal to dorsoanterior distribution pattern, while RNamide-positive perikarya

323

in T. axi are more randomly distributed dorsally and ventrally (Figures 5I, S7, S8).

324
325

SIFamides are the only neuropeptides investigated in this study, which label more perikarya in D.

326

taeniatus than in D. gyrociliatus and T. axi (Table 2, Figures 6A-C, S3-S8). Again, the distribution of

327

the few positively labelled perikarya in the brain differs in all three species, from one pair of

328

anteriordorsal cells in D. gyrociliatus (Figures 6A, S3, S4) via two pairs of lateromedial and

329

posteriomedial cells in D. taeniatus (Figures 6B, S5, S6) to one pair of ventroanterior cells in T. axi

330

(Figures 6C, S7, S8). The latter, however, are in close proximity to the ciliated sensory organs (cso,

331

Figure 6C).

332
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333

EP shows a broader distribution in the brain, the ventral and the stomatogastric nervous system (Table

334

2, Figures 6D-I, S3-S8), which are largely congruent between the three species with several fibres in

335

the ventrolateral nerve cords and fewer fibres in the median nerves and commissures (Figure 6D, F,

336

H), though the pattern in the latter is less regular (Figure 6H). All dinophilid species in this study

337

showed a high amount of EP-positive elements in the stomatogastric nerve ring around the pharynx

338

(Figure 6D, F-H). The number of the EP-positive cells in the brain in lowest in T. axi with only three

339

cells (one anteriomedian and one pair of posteriolateral cells, Figures 6H, I, S7, S8), while D.

340

taeniatus (Figures 6G, S5, S6) and D. gyrociliatus (Figures 6D, E, S3, S4), regardless of the different

341

number of cells, both show a random distribution throughout the entire brain. Several perikarya are in

342

proximity to the emerging nuchal organ nerves and nerves between the neuropil and the ciliary bands.

343
344

FVRIamide-like IR was detected in D. gyrociliatus (Table 2, Figures 7A, B, S3, S4) and T. axi (Table

345

2, Figures 7E, F, S7, S8) in a pattern superficially very similar to the distribution of perikarya and

346

labelled fibres observed with FMRFamide-like IR in the brain and the ventral as well as

347

stomatogastric nervous system (compare to Fig. 2A-D, H-K). However, only the commissures have

348

these specific neuropeptidergic elements in D. gyrociliatus (Figure 7B). Peripheral nerves are only

349

weakly labelled in D. taeniatus, which does not reveal labelled structures in the stomatogastric

350

nervous system (Table 2, Figures 7C, D). Although the distribution pattern characterised by a higher

351

density of perikarya in the brain on the dorsal side is similar to FMRFamide (compare to Figure 2),

352

the number of FVRIamidergic cells is remarkably smaller (Table 2, Figures S3-S8) and does not show

353

an overlap with FMRFamidergic cells (Figures S4, S6, S8). The accumulation of neuropeptidergic

354

cells at the midgut-hindgut transition of the digestive system is remarkable (Figure 7B, F), while the

355

remaining part of the stomatogastric nervous system (with the exception of the thick nerve bundle

356

forming the stomatogastric nerve ring around the esophagus) consists mainly of individual fibres

357

forming an irregular grid around pharynx, stomach and gut (Figure 7B).

358
359

Nervous elements labelled with antibodies directed against FLamide are limited to the brain in D.

360

gyrociliatus (Table 2, Figures 7G, S3, S4) and D. taeniatus (Table 2, Figures 7H, SS5, S6), while in T.
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361

axi additional single pairs of neuropeptidergic perikarya are found lateral to the ventral nerve cords

362

approximately in the middle of each segment, without any fibrous projections (Table 2, Figures 7I, J,

363

S7, S8). Dinophilus taeniatus has one pair of perikarya showing FLamide-like IR in the

364

dorsoposterior region of the brain in the mediolateral lobes (Figures 7H, S5, S6), while both D.

365

gyrociliatus (Figures 7G, S3, S4) und T. axi (Figures 7I, S7, S8) have two pairs of perikarya in the

366

ventroposterior region, ventral to the ventral root of the circumesophageal connective.

367
368

FVamide-positive cells are strictly associated with the ventral region of the brain in T. axi (although

369

they are only weakly labelled, Table 2, Figures 7M, S7, S8), while they seem to be randomly

370

distributed throughout the brain in both species of Dinophilus studied here (Figures 7K, L, S3-S6).

371

The later also show FVamide-like IR in the stomatogastric nerve ring around the pharynx (Table 2),

372

though only with a limited number of perikarya and fibres.

373
374

DLamide is found only in D. taeniatus and T. axi, but missing in D. gyrociliatus, which was otherwise

375

has the highest number of neuropeptidergic cells (Table 2, Figure 8A-C). While this neuropeptide

376

seems to be present in the brain as well as in the ventral, peripheral and stomatogastric nervous

377

system of D. taeniatus (Table 2, Figures 8A, S5, S6), only the brain and the stomatogastric nerve ring

378

in T. axi display this IR (Table 2, Figures 8B, C, S6, S7).

379
380

DISCUSSION

381

Dinophilid nervous system is more complex and variable than previously assumed

382

This study shows that the description of dinophilid annelids has to be altered into an undifferentiated

383

nervous fibre accumulation with several condensed fibre bundles connecting the dorsal and ventral

384

root of the circumesophageal connective contralaterally (Table 1, Figures 1, S11, S12). The clear

385

depiction of these internal features by immunohistochemistry and CLSM prior to more time-

386

consuming electron-microscopic inquiries proves the value of this technique for morphological

387

analyses.

388

Although the organisation of the neuropil in all three investigated species is rather similar in showing
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389

a dorsal and a ventral root of the circumesophageal connective as well as several commissures therein

390

(Table 1, Figures 1, S11, S12), the overall brain structure in D. taeniatus diverges from the one

391

observed in the other groups (Table 1, Figures 1, S11, S12). Neither D. gyrociliatus nor T. axi show

392

the formation of lobes or ganglia, but appear to be dumbbell-shaped with a central neuropil (Figures 1,

393

S12, S13), as is observed in the brains of D. taeniatus (Figures 1, S12). However, the lobular

394

appearance in the brain of D. taeniatus is not correlated with the formation of separated neuropil-

395

compartments such as seen in the brains of macroscopic annelids such as Nereis viridens (Steinmetz

396

et al., 2006; Heuer and Loesel, 2008), Platynereis dumerilii (Fischer et al., 2010; Heuer et al., 2010)

397

or Capitella telata (Bhup, 1980; Meyer and Seaver, 2009b). The different configuration of the brain in

398

Dinophilidae might be a result of the size difference between the species, since T. axi and D.

399

gyrociliatus are approximately similar in size, while D. taeniatus is at least three times as large,

400

though not containing a proportional amount of brain cells (700-900 cells as compared to 600-750

401

cells in D. gyrociliatus and 650-750 cells in T. axi, Figures S3-S8, S10-S12).

402

Interestingly, all dinophilid ventral nervous systems studied so far show similarities in the number of

403

longitudinal elements (see Table 1, Figures 1, S13 for details), but demonstrate strong variation in the

404

number and arrangement of commissures (Table 1, Figure 1). Previous studies already pointed out the

405

difference between the seemingly organised pattern in adult Dinophilus taeniatus and also in some

406

representatives of Trilobodrilus (Müller and Westheide, 2002) as compared to the irregular

407

distribution of numerous commissures in the ventral nervous system of D. gyrociliatus (Fofanova and

408

Voronezhskaya, 2012; Fofanova et al., 2014). However, studies about the comparative development

409

in the two morphotypes of the genus Dinophilus (Kerbl et al., in prep.) as well as the detailed analysis

410

in this study (Table 1, Figures 1, S13) indicate more irregularity within this system and an

411

unpredictability of the pattern in the individual segments (Table 1, Figures 1, S13).

412
413

Distribution of neuropeptidergic cells in the central nervous system shows a high degree of variation

414

within three closely related dinophilids

415

Location and number of specific neuropeptidergic cells varied remarkably among the three

416

representatives of Dinophilidae (Figures S3-S8). Most of the previous morphological studies
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417

investigating the nervous system in these species employed tubulinergic and commercial neural

418

(mainly serotonin and FMRFamide) markers, which are suggested to label a substantial portion of the

419

nervous system. A similar pattern was recovered with the antibodies against allatotropin in D.

420

gyrociliatus, EP in D. gyrociliatus and D. taeniatus, FVRIamide in D. gyrociliatus and T. axi and

421

DLamide in D. taeniatus (Table 2, Figures 5, 6, 7, 8, S3-S8). The IR of these antibodies labels fibres

422

and perikarya in mainly the brain and the ventral nervous system, but can also be detected in the

423

stomatogastric nervous system and peripheral nerves. In contrast to the broad expression of these

424

neuropeptides, IR against vasotocin and RGWamide in D. gyrociliatus, SIFamide in all three

425

dinophilid species or calcitonin in D. gyrociliatus and D. taeniatus, is localized in few cells (less than

426

ten) in the brain and few fibres and perikarya in the remaining nervous system (Table 2, Figures 3, 4,

427

6, S3-S8). Specific neuropeptides in one species are also found in only few cells of the other species.

428

It can thereby be assumed that neuropeptides can reveal more details on specific structures such as

429

probably functional circuits in the brain by more detailed labelling than the more general transmitters.

430
431

Our finding of different distribution within the dinophilid nervous system indicates that the

432

neuropeptidergic landscape is subject to dynamic evolutionary processes and can be remodelled in

433

closely related species. This stand in stark contrast to the previously reported

434

conserved expression of serotonin-LIR presenting similar numbers and distribution of serotonergic

435

perikarya and nerve fibres in the nervous system of these animals (Müller and Westheide, 2002,,

436

Kerbl et al., in prep.). The question why peptidergic neurotransmitters seem to be changing faster than

437

other molecules needs further investigations.

438
439

CONCLUSION

440

Although the patterns of the different neuropeptides often are superficially similar between the three

441

closely related species, more detailed analysis of the labelled perikarya in the brain highlights

442

unexpected variation in patterns. The highest abundance in most neuropeptides as well as the highest

443

number of different neuropeptides is found in D. gyrociliatus, while D. taeniatus and T. axi show only

444

half the number of labelled cells, by similar number of nerve cells forming the brain.
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445

Interestingly, there does not seem to be any overlap between the individual neuropeptides within each

446

brain, which was also suggested by (Conzelmann and Jekely, 2012) for a subset of the antibodies

447

tested here in other invertebrate species. We therefore support the hypothesis of each neuropeptide

448

being specifically expressed in only one cell. Especially in meiofaunal annelids this answer implies

449

fascinating consequences to the question on how microscopic animals are able to cope with small,

450

compact brains with low cell number: Both the reduction of the size of functional or morphological

451

compartments within the brains by reducing the number of involved cells as well as the combination

452

of several functions (and therefore probable the combination of several neurotransmitters within

453

individual cells) are valid hypotheses. Our data lend more support to the former, although the

454

identification of (function and morphological) areas within the brain is further aggravated by the

455

compact arrangement of nerve cells around the neuropil. The finding of the dynamic arrangement of

456

neuropeptides in the brain is another major finding of this study. Findings within meiofaunal species

457

therefore advance our understanding about how plastic the patterns in the nervous system are and

458

subsequently reveal information about the evolution of these organ systems.

459
460
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609

TABLES

610

Table 1. Main characteristics of the dinophilid nervous system. Several traits described in the

611

nervous system of these three species are noted here; the characters used by (Worsaae et al.) were

612

supplement by additional information about the number of commissures in the dorsal and ventral root

613

of the circumesophageal connective as well as the distribution pattern of the commissures along the

614

ventral nervous system. More detailed descriptions can be found in the Supplementary Material S10.
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Peripheral
nervous
system

Ventral
nervous
system

Brain

9
3
2 (anterior one four to five
times thicker than the
posterior one)
2 (anterior one four to five
times thicker than the
posterior one)
1

18
6
3 (median bundle thickest)
3 (median bundle thickest)
2
1

10. Number of paramedian nerves (between the
two ventral cords)
11. Total number of commissures
11a. Number of commissures in the first complex
(segment 1-2)
11b. Number of commissures in segment 3

11c. Number of commissures in segment 4

11d. Number of commissures in segment 5

11e. Number of commissures in segment 6

12. Dorsal longitudinal nerves
13. Lateral longitudinal nerves
14. Transverse peripheral nerves per segment
(nerves associated with ciliary bands in bold)

present
present
present
1 pair
present (completely fused
in adults)
1 pair

present
present
present
1 pair
present (partly fused in adults)

present (1 pair)
8
4 (ncb, nacb, npcb, nis)

present
8
3 (ncb for each of the two
ciliary band, nis)

1

4

4

2 pairs

Dinophilus taeniatus
dorsal
present
present
8-9
4-5

Dinophilus gyrociliatus
dorsal
present
present
9
5

Characters/Taxa
1. Supraesophageal ganglion (brain)
2. Subesophageal ganglion
3. Circumesophageal connectives
4. Number of dense fibre bundles in the neuropile
4a. Number of dense fibre bundles associated with
the ventral root
4b. Number of dense fibre bundles associated with
the dorsal root
5. Dorsal perikarya
6. Ganglionated ventral nervous system
7. Ventral cords with commissures
8. Number of ventral cords
9. Median nerve (between the two ventral cords)

2 (anterior one half the
thickness of the posterior one)
2 (anterior one half the
thickness of the posterior one)
present
8
4-6 (1-2 ns, 2 ans, 1-2 nis)

4 (one prominent one with two
thin anterior and one thin
posterior one)
2 (anterior one half the
thickness of the posterior one)

15
6

present
present
present
1 pair
present (completely fused in
adults)
1 pair

7

Trilobodrilus axi
dorsal
present
present
10
4

Stomatogastric
nervous
system

15. Nervous ring around the esophagus
16. Nervous ring around the midgut-hindgut
transition
17. Nervous net around the digestive tract

present
present
present

present
present
present

present

present
present
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616

Table 2. Neuropeptides identified with the respective antibodies in adults of Dinophilus

617

gyrociliatus, Dinophilus taeniatus and Trilobodrilus axi. The presence of nervous elements labelled

618

by specific neuropeptide-like immunoreactivity (IR) is shown as distributed between the brain (BR),

619

the ventral nervous system (VNS), the peripheral nervous system (PNS) and the stomatogastric

620

nervous system (SNS). 8 of the neuropeptides tested in this study have been found in the

621

transcriptome of Dinophilus gyrociliatus with rather similar sequences to Platynereis dumerilii

622

(indicated by “+”). Either the CGWamide- or CRGWamide-antibody (indicated by “*”) is suggested

623

to label their equivalent in Dinophilidae, since these sequences show significant overlap (G. Jékely,

624

personal communication). Neuropeptides labelling a high number of perikarya and fibres and

625

therefore representing putative additions to FMRFamide- and serotonin IR for nervous system

626

comparisons are highlighted with grey boxes. Not all neuropeptides have been studies in regards of

627

their function within invertebrates so far, but available information and appropriate references are

628

given wherever possible. The number of perikarya labelled by neuropeptidergic-like IR in the brain is

629

based on three individuals investigated in D. gyrociliatus and T. axi, while only one or two specimens

630

could be investigated in D. taeniatus. These numbers show that D. gyrociliatus has approximately

631

twice as many specific neuropeptidergic cells in the brain than the other two dinophilid species.

632

Besides elements labelled with DLamide (which are missing only in D. gyrociliatus), this species also

633

apparently uses the broadest repertoire of neuropeptides as compared to the other dinophilids.

634
635
636
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Crossreactions
with other
neuropeptides
in the brain

Observations

CATESAASVADQWHYL
NSPLSPamide – calcitonin
CMLDEVGSSLL –
MLD/pedal-peptide

+

X(20)

CGGNamide – EP
(excitatory peptide)

+

X(2)

CEPLEDQLPDTTGLFFam
ide – SIFamide

+

X(6)
X(26)
-

CFLamide

CFVamide

CDLamide

210

X(22)

CFVRIamide

X(28)

CLPPDFFRNamide –
RNamide/sCAP

+

X(26)

CGFRTGAYDRFSHGFami
de – allatotropin

X(10)

X(4)

X(4)

X(4)
X(4)

BR
X(54)

+

+

CRGWamide

CPPGamide - vasotocin
CVWamide-MIP

+

+

FMRFamide

Neuropeptide

Total number of neuropeptidergic cells in the brain

Morpholino
gene
knockdown
Whole mount in
situ
hybridization
Whole mount in
situ
hybridization
Whole mount in
situ
hybridization

Morpholino
gene
knockdown
Whole mount in
situ
hybridization
Morpholino
gene
knockdown

Morpholino
gene
knockdown

Specificity
tested in P.
dumerilii by

-

-

-

X
(VLNC+
MVN+C
OM)
X
(COM)

-

X
(VLNC+
PMVN+
MVN)
X
(VLNC+
MVN)
-

-

-

-

-

-

-

-

-

X

X

X

-

-

Dinophilus gyrociliatus
VNS
PN
X
X
(VLNC+
MVN+P
MVN+C
OM)
-

-

X

-

X

X

-

X

X

-

X

-

X

SNS
X

100

X(4)

X(10)

X(2)

X(8)

X(14)

X(4)

X(12)

X(12)

-

X(2)

-

X(4)

BR
X(26)

X
(VLNC+
PMVN+
MVN+C
OM)

-

-

X
(VLNC+
MVN+C
OM)
X
(COM)

-

-

-

-

-

X

-

-

X

-

-

-

-

-

-

Neuropeptide presence
Dinophilus taeniatus
VNS
PN
X
X
(VLNC+
PMVN+
MVN+C
OM)
X
(VLNC)
-

X

X

-

-

X

-

-

-

-

-

-

X

SNS
X

101

X(8)

X(6)

X(4)

X(16)

X(2)

X(2)

X(7)

X(7)

X(6)

-

-

X(4)

BR
X(39)

-

-

X

X
(COM)

X
(VLNC+
MVN)

-

-

X
(VLNC)

-

-

-

-

-

-

-

-

-

-

X

-

-

-

-

-

Trilobodrilus axi
VNS
PN
X
X
(VLNC+
MVN+C
OM)

X

-

X

X

-

-

X

-

-

-

-

-

SNS
X
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FIGURES

639

Figure 1. Reconstruction of the nervous system in three dinophilid species. A-B) Brain and

640

ventral nervous system of Dinophilus gyrociliatus, C-D) brain and ventral nervous system of D.

641

taeniatus, E-F) brain and ventral nervous system of Trilobodrilus axi, in ventral view. Details of the

642

nervous configuration based on studies of anti-acetylated alpha-tubulin IR (S11-13) and described in

643

detail in S10. The components of the dorsal root in D. taeniatus and T. axi are shifted posteriorly to

644

facilitate orientation, for more details on the arrangement of fibres bundles in D. gyrociliatus see S11.

645

Abbreviations: acom 1-3 – anterior commissure 1-3, addr – anterio-dorsal commissure of the dorsal

646

root, advr – anterio-dorsal commissure of the ventral root, apdr – anterioposterior lateral nerve of the

647

dorsal root, avdr – anterio-ventral commissure of the dorsal root, avvr – anterio-ventral commissure of

648

the ventral root, dln – dorsolateral nerve, dn – dorsal nerve, dcvr – dorsal component of the ventral

649

root, drcc – dorsal root of the circumesophageal connective, lpmn – lateral paramedian nerve, madr –

650

medioanterior commissure of the dorsal root, mcom 1-3 – median commissure 1-3, mddr – medio-

651

dorsal, longitudinal nerve of the dorsal root, mn – median nerve, mpdr – medioposterior commissure

652

of the dorsal root, mpmn – median paramedian nerve, mpv – medioposterior commissure of the

653

ventral root, mtdr – median transverse nerve of the dorsal root, mvvr – medio-ventral commissure of

654

the ventral root, ncb – nerve innervating the ciliary band, ncc - nerve innervating the compound cilia,

655

n2 – nephridium of the second segment, nis – intersegmental nerve of the peripheral nervous system,

656

nno – nerve innervating the nuchal organ, pcom 1-3 – posterior commissure, pddr – posterior-dorsal

657

commissure of the dorsal root, pdvr – posterior-dorsal commissure of the ventral root, pvdr –

658

posterior-ventral commissure of the dorsal root, pvvr – posterio-ventral commissure of the ventral

659

root, stnr – stomatogastric nerve ring, vcvc – ventral component of the ventral root, vlnc –

660

ventrolateral nerve cord, vrcc – ventral root of the circumesophageal connective.

661
662
663
664
665
26

NEUROPEPTIDERGIC VARIATION IN DINOPHILIDAE

667

Figure 2. FMRFamide-like IR in Dinophilus gyrociliatus (A-D), Dinophilus taeniatus (E-G) and

668

Trilobodrilus axi (H-K). 56 perikarya can be shown with FMRFamide IR in the brain of D.

669

gyrociliatus, with only few of them being ventral (A), but an increasing number is found in the

670

median (B) and dorsal (C) region (28 of 54 cells marked). As already shown in previous studies, also

671

the ventral nervous system is labelled by FMRFamide (D). A similar pattern is found in D. taeniatus,

672

though with fewer perikarya in the brain (E, 9 of 26 cells marked), at the level of the first

673

commissures (F) and in the third segment (G). In Trilobodrilus, many labelled perikarya are detected

674

in the mediodorsal (H) and dorsal (I) region of the brain (25 of 39 cells marked) as well as at the

675

midgut-hindgut transition (J). Similar to D. gyrociliatus, T. axi has more neuropeptidergic perikarya

676

in the region of the first commissures (K), while the commissures themselves are not always labelled.

677

Neuropeptidergic cells (as well as background) are seen in red or “glow”, DAPI-signal (A-C) and

678

tubulinergic elements (E-K) in white, neuropeptidergic perikarya are highlighted by arrowheads on

679

one side of the animal, where they are not easily separated from the background (in overview images,

680

they are only labelled on one side of the body).

681

Abbreviations: acom – anterior commissure, addr – anteriodorsal commissure of the dorsal root, advr

682

– anteriodorsal commissure of the ventral root, apdr – anterioposterior nerve of the dorsal root, br –

683

brain, com – commissure/ commissural set (acom, mcom, pcom), dln – dorsolateral nerve of the

684

peripheral nervous system, dn – dorsal nerve of the peripheral nervous system, drcc – dorsal root of

685

the circumesophageal connective, mcom – median (main) commissure, mddr – mediodorsal nerve of

686

the dorsal root, mht – midgut-hindgut-transition, mn – median nerve, mpmn – median paramedian

687

nerve, mtdr – median transverse nerve of the dorsal root, n – nephridium, nis – intersegmental nerve

688

of the peripheral nervous system, nno – nerve innervating the nuchal organs, pcb – prostomial ciliary

689

band, pcom – posterior commissure, pddr – posteriodorsal commissure of the dorsal root, pdvr –

690

posteriodorsal commissure of the ventral root, pft – peripheral FMRFamidergic transverse nerve, pmn

691

– paramedian nerve, stnr – stomatogastric nerve ring, svln – split of the ventrolateral nerve cord, vcf –

692

ventral ciliary field, vdr – ventral part of the dorsal root, vlnc – ventrolateral nerve cord, vrcc – ventral

693

root of the circumesophageal connective.

694
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696

Figure 3. Vastocin-like IR in Dinophilus gyrociliatus (A, B); MIP-like IR in D. gyrociliatus (C), D.

697

taeniatus (D), and Trilobodrilus axi (E-F). Vasotocin IR labelled one pair of perikarya in the posterior

698

(A) and one pair in the anterior region of the brain (B, 2 of 4 cells marked), MIP IR labelled perikarya

699

in the dorsal region of the brain in D. gyrociliatus (C, 2 of 4 cells marked), but a bigger portion of the

700

neuropile and the stomatogastric nervous system in D. taeniatus (D, 2 of 4 cells marked). In T. axi,

701

two pairs of dorsolateral perikarya are labelled in the brain (E, 2 of 4 cells marked) next to one pair of

702

dorsoventrally connecting fibres (F, indicated by asterisks). Neuropeptidergic cells (as well as

703

background) are seen in red or “glow”, musculature (A-C) and tubulinergic elements (E, F) in white,

704

neuropeptidergic perikarya are highlighted by arrowheads, where they are not easily separated from

705

the background.

706

Abbreviations: addr – anteriodorsal commissure of the dorsal root, advr – anteriodorsal commissure

707

of the ventral root, amdr – anteriomedian commissure of the dorsal root, apdr – anterioposterior nerve

708

of the dorsal root, avvr – anterioventral commissure of the ventral root, cm2-3 – circular musculs of

709

the prostomium, cso – ciliated sensory organ, dlca - contralatero-anterior branch of the dorsolateral

710

longitudinal muscle, dlcb – contralateral branch of the dorsolateral longitudinal muscle, dlia –

711

ipsilatero-anterior branch of the dorsolateral longitudinal muscle, dllm – dorsolateral longitudinal

712

muscle, dlm – dorsal longitudinal muscle, dln – dorsolateral longitudinal nerve of the peripheral

713

nervous system, drcc – dorsal root of the circumesophageal connective, dvcn – dorsoventral

714

connecting nerve, mddr – mediodorsal nerve of the dorsal root, mvvr – medioventral commissure of

715

the ventral root, nno – nerve innervating the nuchal organ, np – neuropile, phb – pharyngeal bulb,

716

phm – pharyngeal muscles, pstn – perikaryon of the stomatogastric nervous system, stnr –

717

stomatogastric nerve ring around the esophagus, vca – contralatero-anterior branch of the ventral

718

longitudinal muscle, vcb – contralateral dorsal branch of the ventral longitudinal muscle, vlia –

719

ipsilaterial branch of the ventrolateral longitudinal muscle, vlib – ipsilatero-anterior branch of the

720

ventrolateral longitudinal muscle, vrcc – ventral root of the circumesophageal connective.

721
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723

Figure 4. RGWamide-like IR in Dinophilus gyrociliatus (A); calcitonin-like IR in D. gyrociliatus

724

(B, C) and D. taeniatus (D); MLD/pedal-peptide-like IR in D. gyrociliatus (E, F) and Trilobodrilus

725

axi (G. H). Four RGWamide-positive cells are found in the anterior tip of the brain in D. gyrociliatus

726

(A, 2 of 4 cells marked), but not in one of the other species. Calcitonin-like IR is detected in the brain

727

(B, 2 of 4 cells marked) and some perikarya possibly associated to the ventral nervous system (C) in

728

D. gyrociliatus, while only two dorsal perikarya and several fibres are labelled with this IR in D.

729

taeniatus (D, both cells marked). More perikarya and fibres are revealed with MLD/pedal-peptide IR

730

in the ventral nervous system (E) and the brain (F, 5 of 10 cells marked) in D. gyrociliatus, as well as

731

in the dorsal (G) and median region of the brain (H, 3 of 6 cells marked) in T. axi. Neuropeptidergic

732

cells (as well as background) are seen in red or “glow”, nuclei (A, C-E), musculature (F) and

733

tubulinergic elements (G, H) in white, neuropeptidergic perikarya are highlighted by arrowheads,

734

where they are not easily separated from the background.

735

Abbreviations: apdr – anteroposterior nerve of the dorsal root, br – brain, cbg – ciliary band gland,

736

cm2-3 – circular muscles 2-3, com – commissure, cso – ciliated sensory organ, dlca - contralatero-

737

anterior branch of the dorsolateral longitudinal muscle, dlcb - contralateral branch of the dorsolateral

738

longitudinal muscle, dlib - ipsilateral branch of the dorsolateral longitudinal muscle, dll – dorsolateral

739

lobe, dml – dorsomedian lobe, dn – dorsal nerve of the peripheral nervous system, drcc – dorsal root

740

of the circumesophageal connective, dvcn – dorsoventral connecting nerve, 4226mddr – mediodorsal

741

nerve of the dorsal root, mo – mouth opening, nis – intersegmental nerve of the peripheral nervous

742

system, nno – nerve innervating the nuchal organ, pcb – prostomial ciliary band, pdvr – posteriodorsal

743

commissure of the ventral root, stnr – stomatogastric nerve ring, vca - contralatero-anterior branch of

744

the ventral longitudinal muscle, vlia - ipsilaterial branch of the ventrolateral longitudinal muscle, vlib

745

– ipsilatero-anterior branch of the ventrolateral longitudinal muscle, vlnc – ventrolateral nerve cord,

746

vlvb - ventral branch of the ventrolateral longitudinal muscle, vrcc – ventral root of the

747

circumesophageal connective.

748
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750

Figure 5. allatotropin-like IR in Dinophilus gyrociliatus (A, B), D. taeniatus (C, D) and

751

Trilobodrilus axi (E, F); RNamide/sCAP-like IR in D. gyrociliatus (G), D. taeniatus (H) and T. axi

752

(I). Several cells and fibres are labelled with allatotropin-like IR in the brains of D. gyrociliatus (A, 8

753

of 26 cells marked), D. taeniatus (C, 5 of 12 cells marked) and T. axi (E, 2 of 7 cells marked), mostly

754

in the dorsal part of the brain. While additional perikarya and fibres are labelled in the ventral nervous

755

system of D. gyrociliatus (B) and T. axi (F), while this specific IR can only be recovered in the region

756

of the copulatory organ in D. taeniatus (D). RNamide/sCAP-like IR is strongest in the brain in all

757

three species (D. gyrociliatus G, 8 of 28 cells marked, D. taeniatus H, 7 of 14 cells marked, T. axi I, 4

758

of 7 cells marked). Neuropeptidergic cells (as well as background) are seen in red or “glow”, nuclei

759

(C, D, G, H) and tubulinergic elements (E, F, I) in white, neuropeptidergic perikarya are highlighted

760

by arrowheads, where they are not easily separated from the background.

761

Abbreviations: acom – anterior commissure, addr – anteriodorsal commissure of the dorsal root, advr

762

– anteriodorsal commissure of the ventral root, ans – angulated segmental nerve of the peripheral

763

nervous system, apdr – anterioposterior nerve of the dorsal root, br – brain, com2 – commissural

764

complex of segment 2, dll – dorsolateral lobe, dln – dorsolateral nerve of the peripheral nervous

765

system, dml – dorsomedian lobe, dn – dorsal nerve of the peripheral nervous system, drcc – dorsal

766

root of the circumesophageal connective, dvcn – dorsoventral connecting nerves, ey – eye, mcom –

767

median (main) commissure, mddr – mediodorsal nerve of the dorsal root, mn – median nerve, mo –

768

mouth opening, ncc – nerve innervating the compound cilia, nis – intersegmental nerve of the

769

peripheral nervous system, nno – nerve innervating the nuchal organ, np – neuropile, ns – segmental

770

nerve of the peripheral nervous system, pcb – prostomial ciliary band, pmn – paramedian nerve, pns –

771

penial nervous system, st – stomach, stnr – stomatogastric nervous system, vlnc – ventrolateral

772

nervous system, vrcc – ventral nervous system of the circumesophageal connective.

773
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775

Figure 6. SIFamide-like IR in Dinophilus gyrociliatus (A), D. taeniatus (B) and Trilobodrilus axi

776

(C); EP-like IR in D. gyrociliatus (D, E), D. taeniatus (F, G) and T. axi (H, I). While SIFamide-like

777

IR are strictly restricted to the brain in D. gyrociliatus (A, both cells marked), D. taeniatus (B, all 4

778

cells marked) and T. axi (C, both cells marked). EP-like IR on the other hand is broadly distributed in

779

the entire ventral and stomatogastric nervous system in all three species (D. gyrociliatus D, D.

780

taeniatus F, weakest signal in T. axi H) as well as in the brain (D. gyrociliatus E, 11 of 20 cells

781

marked, D. taeniatus G, 7 of 14 cells marked, T. axi I, both cells marked). Neuropeptidergic cells (as

782

well as background) are seen in red or “glow”, nuclei (B), musculature (A) and tubulinergic elements

783

(C, H, I) in white, neuropeptidergic perikarya are highlighted by arrowheads, where they are not

784

easily separated from the background.

785

Abbreviations: addr – anteriodorsal commissure of the dorsal root, advr – anteriodorsal commissure

786

of the ventral root, apdr – anterioposterior commissure of the dorsal root, br – brain, cc –

787

circumesophageal connective, cm2 – circular muscle 2, com – commissure, com1 – commissural

788

complex 1, cso – ciliated sensory organ, dlca - contralatero-anterior branch of the dorsolateral

789

longitudinal muscle, dlia - ipsilatero-anterior branch of the dorsolateral longitudinal muscle, dn –

790

dorsal nerve of the peripheral nervous system, drcc – dorsal root of the circumesophageal connective,

791

dvcn – dorsoventral connecting nerve, mddr – mediodorsal nerve of the dorsal root, mn – median

792

nerve, mo – mouth opening, n – nephridium, ncc – nerve innervating the compound cilia, nno – nerve

793

innervating the nuchal organ, np – neuropile, pcb – prostomial ciliary band, pcc – prostomial

794

compound cilia, pvdr – posterioventral commissure of the dorsal root, st – stomach, stnr –

795

stomatogastric nerve ring, vca - contralatero-anterior branch of the ventral longitudinal muscle, vcb -

796

contralateral branch of the ventral longitudinal muscle, vlib - ipsilatero-anterior branch of the

797

ventrolateral longitudinal muscle, vlnc – ventrolateral nerve cord, vlvb - ventral branch of the

798

ventrolateral longitudinal muscle, vrcc – ventral root of the circumesophageal connective.

799
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801

Figure 7. FVRIamide-like IR in Dinophilus gyrociliatus (A, B), D. taeniatus (C, D) and

802

Trilobodrilus axi (E, F); FLamide-like IR in D. gyrociliatus (G), D. taeniatus (H), T. axi (I, J);

803

FVamide-like IR in D. gyrociliatus (K), D. taeniatus (L) and T. axi (M). FVRIamide-like IR is

804

strongest in cells of the brain (A, 9 of 22 cells marked) and stomatogastric nerve ring around the

805

pharynx (A) and midgut-hindgut-transition (B) in D. gyrociliatus. A similar pattern, but fewer

806

involved cells are recovered in the brain (C, 4 of 8 cells marked) and entire nervous system (D) of D.

807

taeniatus, while this number still decreases in the brain of T. axi (E, 6 of 16 cells marked), but

808

increases in the posterior part of the digestive system (F). FLamidergic cells in the brains of D.

809

gyrociliatus (G, 3 of 6 cells marked) and D. taeniatus (H, both cells marked) are only weakly labelled,

810

while exhibit strong signal in T. axi (I, 2 of 4 cells marked), which also shows additional labelled

811

perikarya along the ventral nervous system (J). FVamide-like IR is recovered stronger in the brains of

812

D. gyrociliatus (K, 10 of 26 cells marked) and D. taeniatus (L, 6 of 10 cells marked), while it is only

813

faint in T. axi (M, 2 of 6 cells marked).

814

Neuropeptidergic cells (as well as background) are seen in red or “glow”, musculature (A, B, G, K)

815

and tubulinergic elements (E, F, I, J) in white, neuropeptidergic perikarya are highlighted by

816

arrowheads, where they are not easily separated from the background. Abbreviations: apdr –

817

anterioposterior nerve of the dorsal root, cc – circumesophageal connective, cm – circular muscle,

818

com – commissure/commissural complex, dlca - contralatero-anterior branch of the dorsolateral

819

longitudinal muscle, dlcb - contralateral branch of the dorsolateral longitudinal muscle, dlia -

820

ipsilatero-anterior branch of the dorsolateral longitudinal muscle, dlib - ipsilateral branch of the

821

dorsolateral longitudinal muscle, dlm – dorsal longitudinal muscle, drcc – dorsal root of the

822

circumesophageal connective, hg – hindgut, mddr – mediodorsal nerve of the dorsal root, mdvr –

823

mediodorsal nerve of the ventral root, mg – midgut, mht – midgut-hindgut transition, mo – mouth

824

opening, nno – nerve innervating the nuchal organ, np – neuropile, phb – pharyngeal bulb, phm –

825

pharyngeal muscle, pn – peripheral nerves, pvdr – posterioventral commissure of the dorsal root, sm –

826

sigmoid muscle, stnr – stomatogastric nerve ring, vcb - contralateral branch of the ventral longitudinal

827

muscle, vllm – ventrolateral longitudinal muscle, vlm – ventral longitudinal muscle, vlnc –

828

ventrolateral nerve cord, vrcc – ventral root of the circumesophageal connective.
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830

Figure 8. DLamide-like IR in Dinophilus taeniatus (A, B) and Trilobodrilus axi (C). Although no

831

DLamidergic elements were found in D. gyrociliatus, this specific IR labels big parts of the brain,

832

ventral and stomatogastric nervous system in D. taeniatus (A, B) as well as in the brain and

833

stomatogastric nervous system of T. axi (C). Neuropeptidergic cells (as well as background) are seen

834

in red or “glow”, tubulinergic elements (B, C) in white, neuropeptidergic perikarya are highlighted by

835

arrowheads, where they are not easily separated from the background.

836

Abbreviations: acom – anterior commissure, cc – circumesophageal connective, dn – dorsal nerve of

837

the peripheral nervous system, drcc – dorsal root of the circumesophageal connective, mcom –

838

median (main) commissure, mn – median nerve, n – nephridium, nno – nerve innervating the nuchal

839

organ, np – neuropile, ph – pharynx, pmn – paramedian nerve, stnr – stomatogastric nerve ring, vlnc –

840

ventrolateral nerve cord, vrcc – ventral root of the circumesophageal connective.

841
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843

SUPPLEMENTARY MATERIAL

844

Supplementary Material S1. List of neuropeptides identified in the transcriptome of D.

845

gyrociliatus. Neuropeptides used in this study are indicated by dark-grey shading.

846

1.

847
848

2.

849
850

3.

851
852

4.

853
854

5.

855
856

6.

857
858

7.

859
860

8.

861
862

9.

863
864

MIP/allatostatin-B

870

Locus_11964.0_Transcript_4

871

WI peptide

872

Locus_4056.0_Transcript_1

873

Vasotocin

874

Locus_20304.0_Transcript_1

875

NPY

876

Locus_19137-0_Transcript-1

877

NPY

878

Locus_3671.0_Transcript_1

879

NPY

880

Locus_11302.0_Transcript_1

881

RGWamide

882

Locus_18839.0_Transcript_1

883

AKH

884

Locus_18773.0_Transcript_1

885

FLamide)

Calcitonin

886

Locus_15189.1_Transcript_1

Locus_9944.0_Transcript_1

887
888

10. Pedal peptide 1

865

Locus_11404.0_Transcript_1

866

890

11. Pedal peptide 2

867

Locus_18751.0_Transcript_1

868

891
892

12. Allatotropin

869

889

13. RNamide/sCAP
Locus_4026.0_Transcript_1
14. Allatostatin-A
Locus_13673.0_Transcript_1
15. Allatostatin-C
Locus_18845.0_Transcript_1
16. SIFamide
Locus_18810.0_Transcript_1
17. Leucokinin
Locus_16399.0_Transcript_1
18. Myomodulin
Locus_9170.0_Transcript_2
19. Whitnin
Locus_18565.0_Transcript_1
20. similar to MLamide (similar to P. dumerilii

21. EFLGamide
Locus_17328.3_Transcript_6
22. FVRIamide
Locus_4594.0_Transcript_1
23. QERAS proneuropeptide
Locus_18907.0_Transcript_1

Locus_19106.0_Transcript_1

893
894
895
896
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897

Supplementary Material S2. Concentration and pretreatment for the antbodies against specific

898

neuropeptides used in this study. All antibodies used in this study are listed next to their suggested

899

working concentration (suggested by M Conzelmann and G Jékely, personal communication, given in

900

mg/ml) and the appropriate fixation. While it was possible to acquire images with labelled perikarya

901

of nearly all neuropeptide antibodies after fixation of the specimen with the regular 3.7% PFA-

902

solution, the results from the antibody against MLD/pedal-peptide were more stable in the tested

903

animals when using the modified fixative. All primary antibodies were mixed with 200µl of 0.1%

904

PBT (PBS + 0.1% Triton-X, 0.05% NaN3, 0.25% BSA, and 10% sucrose) with 1µl anti-acteylated

905

tubulin (mouse in Trilobodrilus axi, or chicken in Dinophilus gyrociliatus and Dinophilus taeniatus)

906

added. 8 of the neuropeptides tested in this study have been found in the transcriptome of Dinophilus

907

gyrociliatus with similar sequences to Platynereis dumerilii (indicated by “+”), with either

908

CGWamide- or CRGWamide-antibody (indicated by “*”) suggested to label their equivalent in

909

Dinophilidae.
Neuropeptide
FMRFamide
CPPGamide - vasotocin
CVWamide – MIP (Molluscan Insulin-related Peptide)
CGWamide
CRGWamide
CATESAASVADQWHYLNSPLSPamide – calcitonin
CMLDEVGSSLL – MLD/pedal-peptide
CGFRTGAYDRFSHGFamide – allatotropin
CLPPDFFRNamide – RNamide/sCAP (small CardioActive
Peptide)
CEPLEDQLPDTTGLFFamide – SIFamide
CGGNamide – EP (Endorphin)
CFVRIamide
CFLamide
CFVamide
CDLamide

Phylogenetic
classification
Eumetazoa
Eumetazoa
Eumetazoa
Bilateria
Bilateria
Bilateria
Bilateria
Bilateria
Bilateria
Bilateria
Bilateria
Lophotrochozoa/
Spiralia
Lophotrochozoa/
Spiralia
Lophotrochozoa/
Spiralia
Annelid

Fixation
3.7% PFA
3.7% PFA
3.7% PFA
3.7% PFA
3.7% PFA
3.7% PFA
4% PFA +
0.05%GA
3.7% PFA
3.7% PFA

Conc.
[mg/ml]
1:200
1:1000
1:240
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000

3.7% PFA
3.7% PFA
3.7% PFA

1:1000
1:800
1:1000

3.7% PFA

1:500

3.7% PFA

1:120

3.7% PFA

1:170
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911

Supplementary Material S3. Neuropeptidergic cells in the brain of adult Dinophilus gyrociliatus

912

females. A minimum of three specimens was analysed per specific antibody directed against all 15

913

neuropeptides tested in this study (13 of them labelling perikarya and fibres in the nervous system, see

914

Table 2) and information was manually registered into one model „head“, using both musculature and

915

DAPI-labelled cell nuclei for orientation. For each of the individual neuropeptides, a dorsal, lateral

916

(dorsal side to the left, ventral side to the right) and ventral view is shown, while the combined image

917

with all neuropeptides is in dorsal view. The majority of the neuropeptidergic cells is associated with

918

the dorsal root and its commissures,
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920

Supplementary Material S4. 3D-Model of the neuropeptidergic cells in the brain of

921

adult Dinophilus gyrociliatus females. This model is the base of the pictures shown in Suppl.

922

Fig. 4. It can be activated in the PDF by clicking on the picture in Adobe Reader.

923

Subsequently, individual neuropeptidergic cells can be activated and deactivated and the

924

entire brain can be observed from different angles.
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926

Supplementary Material S5. Neuropeptidergic cells in the brains of adult Dinophilus

927

taeniatus. A minimum of three specimens was analysed per specific antibody directed

928

against all 15 neuropeptides tested in this study (11 of them labelling perikarya and fibres in

929

the nervous system, see Table 2) and information was manually registered into one model

930

„head“, using both musculature and DAPI-labelled cell nuclei for orientation. For each of the

931

individual neuropeptides, a dorsal, lateral (dorsal side to the left, ventral side to the right) and

932

ventral view is shown, while the combined image with all neuropeptides is in dorsal view.
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934

Supplementary Material S6. 3D-Model of the neuropeptidergic cells in the brain of

935

adult Dinophilus taeniatus. This model is the base of the pictures shown in Suppl. Fig. 6. It

936

can be activated in the PDF by clicking on the picture in Adobe Reader. Subsequently,

937

individual neuropeptidergic cells can be activated and deactivated and the entire brain can be

938

observed from different angles.

939

50

NEUROPEPTIDERGIC VARIATION IN DINOPHILIDAE

940

NEUROPEPTIDERGIC VARIATION IN DINOPHILIDAE

51

941

Supplementary Material S7. Neuropeptidergic cells in the brain of adult Trilobodrilus

942

axi. A minimum of three specimens was analysed per specific antibody directed against all

943

15 neuropeptides tested in this study (11 of them labelling perikarya and fibres in the nervous

944

system, see Table 2) and information was manually registered into one model „head“, using

945

both musculature and DAPI-labelled cell nuclei for orientation. For each of the individual

946

neuropeptides, a dorsal, lateral (dorsal side to the left, ventral side to the right) and ventral

947

view is shown, while the combined image with all neuropeptides is in dorsal view.
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949

Supplementary Material S8. 3D-Model of the neuropeptidergic cells in the brain of

950

adult Trilobodrilus axi. This model is the base of the pictures shown in Suppl. Fig. 8. It can

951

be activated in the PDF by clicking on the picture in Adobe Reader. Subsequently, individual

952

neuropeptidergic cells can be activated and deactivated and the entire brain can be observed

953

from different angles.

954
955
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957

Supplementary Material S9: Manual image registration and model creation

958

The steps described in the following were conducted for all three species investigated in this study, but are only

959

described in high detail for D. gyrociliatus. This documentation includes steps conducted to prove assumptions

960

(e.g. no variation in nerve cell number in the brains), which are prerequisites for the further processes such as

961

identification of neuropeptidergic perikarya in the brain.

962

Establishing a constant cell number (and overall morphology) of the brain

963

Prior to mapping the individual neuropeptides, the number of cells in the brains and their consistency between

964

several specimens had to be assessed to allow for the creation of a model based on one animals’s nerve cell

965

arrangement. Therefore, the detailed confocal image stacks focussing on the head of D. gyrociliatus (including

966

DAPI-labelling of the nuclei, one neuropeptide marker and one reference reference structutre such as

967

musculature (phalloidin-labelling) or tubulinergic structures (acetylated alpha tubulin-labelling), exported as

968

oib-files from the Fluoview Viewer software version 4.2 (Olympus, Tokyo, Japan)) were imported into the

969

software package IMARIS 7.0 equipped with the Measurement Pro-plugin (Bitplane Scientific Software, Zürich,

970

Switzerland). The Spot-tool provided by the Measurement Pro-plugin was used to automatically detect the

971

spherical and/or ellipsoid DAPI-signal after setting the region of interest (ROI, extending anteriorly, dorsally,

972

ventrally and laterally to the epidermis of the animals and posteriorly to approximately the middle of the mouth

973

opening) respective channel (DAPI), the minimal diameter of the round or oval structures to be recognized

974

(1.0µm, after measurements of at least 20 nuclei in Slice-view (ranging between 1.25-3.2µm). We chose to set

975

the recognizing-distance smaller than the smallest measurement to account for all cells in the brain and

976

corrected possible double-labelling (one oval cell being recognized as two by the programme) by hand. These

977

settings labelled all nuclei in the predefined region, including nuclei of nerve cells, epithelial cells, gland cells,

978

etc. and created up to 2970 spots in their respective centres, which were displayed as spheres with a diameter of

979

1µm for optimal subsequent working steps. These spots are formed as Surface-element in IMARIS and can

980

therefore be activated and deactivated independent from the Volume-element (which is a virtual 3D-

981

representation of the entire stack). Both colour as well as transparency can be adjusted in Surface-elements,

982

although all spots are treated as one big surface. To distinguish certain subgroups of a Surface-element or delete

983

them, they have to be labelled and in the Pencil-function of the Surface menu can be “deleted”, duplicated”, etc.

984

Two Surface-elements also can be merged, which was used later for labelling specific neuropeptidergic cells.

985

All spots representing nuclei not directly associated with the brain have to be manually deleted. Therefore, the

986

IMARIS ObiqueSlicer-tool was used to scroll through the entire stack via displaying virtual sections with all
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987

channels (and therefore all labelled structutres) overlaying the surface with the created spots. The remaining

988

nuclei were automatically counted by the Statistics-tool in IMARIS (only available with the Measurement Pro-

989

plugin). Thereby, a number of 639-720 cells remained, which are from now on referred to as “brain cells”.

990

This procedure was performed on ten randomly chosen confocal stacks focussing on the prostomium. The

991

approximate number of nervous cells forming the brain is 650 (639-655), with only one in ten experiments

992

differing remarkably by having 720 cells. Based in these numbers as well as on the arrangement of the nuclei in

993

the brain observed we therefore assumed the brains to be sufficiently conserved to use one of the treated

994

specimens as representative of the D. gyrociliatus female brain fro the subsequent procedure.

995
996

Manually registering neuropeptidergic perikarya onto the template of brain nuclei

997

All neuropeptide patterns are based on triple-labelling experiments, including the specific neuropeptide, either

998

acetylated alpha-tubulin (tubulinergic structures = ciliary structures and nerve bundles) or phalloidin (actin-

999

filaments, musculature) and DAPI (cell nuclei). All structures are used in virtual sections of the specimens to

1000

locate the perikarya within the brain by identifying for example distinctive muscular bifurcations, crossings,

1001

emerging nerves, specific nerve fibre bundles, etc. These structures have to be identified in the stack which was

1002

the base for the brain nuclei map created previously, which was done by using the ObliqueSlicer-tool in

1003

IMARIS. Once a nucleus was positively identified, the Surface-element containing the spots representing the

1004

nuclei of brain nerve cells was activated, the spot representing the question was marked, duplicated and assigned

1005

to a folder created for the respective neuropeptide. This procedure was repeated for all neuropeptidergic

1006

perikarya in at least three specimens in D. gyrociliatus (the same number in T. axi, one or two reference

1007

specimens in D. taeniatus), always deactivating already labelled perikarya to avoid assigning perikarya

1008

symmetrical to the previously set ones rather than based on their morphological location. All stacks were

1009

double-checked for their orientation, to avoid the labelling of cells on the right side of the neuropil on the left

1010

side of the model and vice versa. Once the pattern for one neuropeptide was completely established, all Surfaces

1011

containing neuropeptidergic cells are merged, duplicated and replaced by spheres with a diameter of 3µm to

1012

facilitate differentiation before being deactivated to avoid possible effects on the assignment of other

1013

neuropeptides. The number of cells per neuropeptide was both counted manually and by using the Statistics-tool

1014

in IMARIS.
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1015

Supplmentary Material S10: Detailed analysis of the nervous systems in three dinophilid

1016

species

1017

The data of the nervous system are based on acetylated alpha-tubulin IR, but supplemented by information from

1018

the more specific IRs of serotonin and neuropeptides. The descriptions are obtained by analyses of adult

1019

specimens (in Dinophilus gyrociliatus adult females).

1020

Nervous system in adult Dinophilus gyrociliatus

1021

Brain

1022

The circumesophageal connective branches into a ventral root (closer adjacent to the mouth opening, emerging

1023

from the brain mass posterior-median, more anterior to the dorsal root) and a dorsal root (more lateral, emerging

1024

from the brain more lateral, Figure S1A, B, F). Three dense commissures are visible in the most ventral portion

1025

of the ventral root (Figure S1A, F, Table 1): the median commissure (mvvr, Figure S1A, F, most ventral and

1026

most prominent component), the anterioventral commissure of the ventral root (avvr, Figure S1A, F, thinnest

1027

component) and the posterioventral commissure of the ventral root (pvvr, Figure S1A, F). Lateral fibres of the

1028

ventral root extend anterior and innervate the compound cilia (ncc, Figure S1A, F), or other probable sensoria

1029

(nar, Figure S1A, F), while additional fibres also radiate to the prostomial ciliary bands (ncb, Figure S1B, F).

1030

The dorsal part of the ventral root forms an anterior and a posterior commissure (advr, pdvr, respectively, Figure

1031

S1B, F, Table 1) and a dense meshwork between them (Figure S1B, F) as well as the prominent stomatogastric

1032

nerve ring (stnr, Figure S1B, F). The dorsoventral connecting nerves (dvcn, Figure S1B, C, F) seem to link

1033

nerves from both roots and give rise to the anterioposterior (apdr) and mediodorsal nerves (mddr, Figure S1B-D,

1034

F) of the dorsal root.

1035

The dorsal part of the ventral root and the ventral part of the dorsal root are closely adjacent to each other,

1036

demonstrated by the close proximity of the posterior commissures of these two components (pdvr and pvdr,

1037

respectively, Figure S1C, F). The dorsal part of the dorsal root is formed by an anteriodorsal (addr) and

1038

posteriodorsal commissure (pddr, Figure S1C, D, F, Table 1) as well as by anterioposterior (apdr),

1039

medioposterior nerves (mddr) and anteriolateral nerves (aldr, Figure S1D, F), the latter extending posteriorly.

1040

The dorsal root gives rise to the pair of nerves innervating the nuchal organs (nno, Figure S1D-F), the pair of

1041

dorsal and dorsolateral longitudinal nerve of the peripheral nervous system (dn and dln, respectively, Figure

1042

S1D-F, Table 1) and nerves innervating the prostomial ciliary bands (ncb, Figure S1D-F).

1043

Ventral nervous system
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1044

The two ventrolateral main nerve cords (vlnc, Figure S3A-C, Table 1) extend through the entire body as most

1045

prominent and most lateral portion of the ventral nervous system. One pair of median nerves (mn) is formed

1046

anterior to the first commissure (Figure S3A, C) and converges towards the body midline (Figure S3A), where

1047

they extend parallel to each other along the ventral side (Figure S3B, C). The two pairs of paramedian nerves,

1048

which extend posteriorly between the median nerves and ventrolateral nerve cords, emerge ventral to the median

1049

nerves, at the level of the second and third commissure (Figure S3A, C). A total of 18 commissures (Figure

1050

S3A-C, Table 1) can be found along the ventral nervous system in an seemingly irregular pattern: i) six

1051

commissures are found at approximately the intersegmental border between the second and the third segment

1052

(Figure S3A, C, Table 1), ii) a set of three commissures at the intersegmental borders from the third to the forth

1053

and the forth to the fifth segment (Figure S3B, C, Table 1), iii) a set of two commissures approximately at the

1054

level of the ciliary bands in the fifth and sixth segment (Figure S3C, Table 1).

1055

Peripheral neres

1056

The peripheral nervous system is constituted by eight longitudinal (one pair of ventrolateral, lateral, dorsolateral

1057

and dorsal nerves) and by a series of transverse nerves in the trunk: i) nerves along the intersegmental border

1058

(nis, Figure S3C), ii) nerves anterior to each ciliary band (nacb, Figure S3C), iii) nerves underneath each ciliary

1059

band (ncb, Figure S3C), and iv) nerves posterior to each ciliary band (npcb, Figure S3C, Table 1).

1060

Stomatogastric nervous system

1061

The stomatogastric nervous system as revealed by acetylated alpha-tubulin IR consists of a nervous ring around

1062

the pharynx, connected to the dorsoposterior portion of the neuropil (Figure S1B, G, Table 1).

1063
1064

Nervous system in adult Dinophilus taeniatus

1065

Brain

1066

The perikarya are not arranged in a bell-like shape such as in Dinophilus gyrociliatus and Trilobodrilus axi, but

1067

in a broad, flat ellipsoid with a rigid posterior side (Figure S2G). It also seems to show compartmentalization

1068

into at least one pair of dorsomedian “lobes” (dml, dorsomedian lobe-like formations, Figure S2G) tracing the

1069

dorsal longitudinal nerves extending from the dorsal root (Figure S2D, G), one pair of lateral protrusions

1070

(probably correlated with the dorsal and ventral roots emerging laterally from the brain, Figure S2A-D, G) and a

1071

pair of dorsolateral lobe-like cell accumulations (dll, Figure S2G) between the former two. The neuropil shows a

1072

similar organisation into a ventral and a dorsal root with several commissures (Figure S2A-G) to its dinophilid

1073

relatives, though the region between the two roots seems to be less differentiated (Figure S2B, C, Table 1). In
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1074

the ventral portion of the dorsal root is an additional pair of nerves extending from the anteriormost dorsoventral

1075

connecting nerve lateroposteriorly (as lateroventral nerve of the dorsal root, lvdr, Figure S2D) and gives rise to

1076

the nerves innerbating the nuchal organs (nno, Figure S2D, E, G) and the second prostomial ciliary band.

1077

Ventral nervous system

1078

Similar to the state observed in Dinophilus gyrociliatus, the ventrolateral nerve cords seem to split briefly at the

1079

level of the first commissure (Figure S3B), with the most median fibres contributing to both the median (mn)

1080

and the single pair of paramedian nerves (pmn, Figure S3D). The two components of the median nerve fuse at

1081

the third commissure and continue until the posterior part of the body as unpaired structure (Figure S3D). 11

1082

commissures are distributed along the entire length of the ventral nervous system in a more regular pattern than

1083

in D. gyrociliatus (Figure S3D-F, Table 1): i) three commissures are found at approximately the intersegmental

1084

border between the second and the third segment (Figure S3D, Table 1), ii) a set of two commissures at the

1085

intersegmental border from the third to the forth and the forth to the fifth segment (the posterior bundle is five to

1086

six times as prominent as the anterior one, Figure S3E, Table 1), iii) one commissure approximately at the level

1087

of the ciliary bands in the fifth and sixth segment (Table 1).

1088

Peripheral nerves

1089

The peripheral nervous system is similar to the one described in Dinophilus gyrociliatus, however, only one

1090

transverse nerve per segment emerges from the ventrolateral nerve cord and bifurcates after crossing the lateral

1091

longitudinal peripheral nerves. Therefore, one branch traces the tract of each of the two ciliary bands (ncb,

1092

Figure S3F).

1093

Stomatogastric nervous system

1094

The alpha-tubulinergic stomatogastric nervous system does not differ from the one described in Dinophilus

1095

gyrociliatus (Figure S2A, Table 1).

1096
1097

Nervous system in adult Trilobodrilus axi

1098

Brain

1099

The brain in Trilobodrilus axi closely resembles the brain in Dinophilus gyrociliatus both in overall shape as

1100

well as in the configuration of the ventral root (Figure S2H-J, N, Table 1): Two ventral and two dorsal

1101

commissures are developed (Figure S2H, I, N, Table 1), the medioventral commissure of the ventral root is not

1102

present. However, a thick nerve bundle extends from the anterior to the posterior end of the neuropil in the

1103

dorsal area of the ventral root (mdvr, Figure S2J, N). The dorsal root seems to be more elaborate (Figure S2J-
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N): An additional nerve strand can be detected in close proximity to the anterior commissure in the ventral

1105

region (madr, Figure S2J, N), and an additional nerve is found close to the posterior commissure

1106

(medioposterior commissure of the dorsal root, mpdr, Figure S2K, N). Most remarkably is the transverse,

1107

dorsalmost nerve strand (mtdr, Figure S2M, N), which is not present in D. gyrociliatus and D. taeniatus. In

1108

contrast to D. gyrociliatus, the nerve innervating the nuchal organ (nno, Figure S2K-N) is more dorsal than the

1109

nerves forming the dorsal and dorsolateral longitudinal nerves of the peripheral nervous system, with the later

1110

emerging more lateral (at the base of the dorsal commissures of the dorsal root) from the neuropil.

1111

Ventral nervous system

1112

The ventral nervous system in Trilobodrilis axi consists of one pair of prominent ventrolateral nerve cords

1113

(vlnc), one pair of paramedian nerves (pmn) and one median nerve (mn), which originats by fusion of portions

1114

from both ventrolateral nerve cords (Figure S3G-I, Table 1). Similar to the other two species, the ventrolateral

1115

nerve cord splits in the anterior part of the ventrolateral nerve cords at the level of the second to third

1116

commissure and afterwards the median component gives rise to the paramedian nerves (Figure S3G, I). The

1117

median nerve, however, emerges from the ventrolateral cords more anterior to the paramedian nerves (Figure

1118

S3G, I). 15 commissures are distributed along its length (Figure S3G-I, Table 1): i) six commissures are found

1119

at approximately the intersegmental border between the second and the third segment (Figure S3G, I, Table 1),

1120

ii) four commissures are detected at the intersegmental border from the third to the forth segment, with the

1121

bundle at the intersegmental border being twice to three times as prominent as the other ones (Figure S3H, I,

1122

Table 1), iii) a set of two commissures approximately at the intersegmental border of the fifth and sixth segment

1123

(Figure S3I, Table 1) and iv) one commissure in the posterior part of the sixth segment (Figure S3I, Table 1).

1124

Peripheral nerves

1125

Peripheral transverse fibres emerge from the ventral nerve cords at the level of all commissures with only few

1126

(1-3) fibres included (nis, Figure S3I). These bundles irregularly are also represented as pair of thin nerve

1127

strands lateral to the commissure. A thicker nerve bundle emerges in the middle of the segment between two

1128

prominent commissures and later on splits into at least two fibres traversing perpendicular to the main cord

1129

(segmental nerves, ns) and 1-3 fibres branching off in an approximate 45°-angle both to the anterior and the

1130

posterior (angulated segmental nerves, ans). The later also bifurcate into two portions upon meeting the

1131

ventrolateral longitudinal nerves of the peripheral nervous system, which extend as thin bundles (1-2 fibres)

1132

from the brain towards the posterior end of the body (ln).

1133

Stomatogastric nervous system
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1134

The stomatogastric nerve ring innervated by nerves emerging from the ventral root of the neuropil (Figure S2I-J,

1135

Table 1). In contrast to the state described in (Müller and Westheide, 2002), a commissure can be seen clearly

1136

separated from the neuropile (stc, Figure S2I).

1137
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1139

Supplementary Material S11. Details and reconstruction of the commissures in the brain in

1140

adult females of Dinophilus gyrociliatus. A-E) Virtual sections of an acetylated alpha-tubulin

1141

labelled brain with details of the ventral (A, B) and dorsal root (C-E) and their respective

1142

commissures and emerging nerves starting on the ventral side. F) Reconstruction of the neuropil with

1143

all commissures detected and traced from acetylated alpha-tubulin labelled stacks.

1144

Abbreviations: addr – anterio-dorsal commissure of the dorsal root, advr – anterio-dorsal commissure

1145

of the ventral root, aldr – anterio-lateral nerve of the dorsal root, apdr – anterioposterior lateral nerve

1146

of the dorsal root, apn – anterio-posterior nerve, asc – anterior stiff cilia, avdr – anterio-ventral

1147

commissure of the dorsal root, avvr – anterio-ventral commissure of the ventral root, dln –

1148

dorsolateral nerve, dn – dorsal nerve, drcc – dorsal root of the circumesophageal connective, dvcn –

1149

dorsoventrally connecting nerves, gd – glandular duct, mddr – medio-dorsal, longitudinal nerve of the

1150

dorsal root, mo – mouth opening, mvvr – medio-ventral commissure of the ventral root, n1 –

1151

nephridium 1, nar – nerves innervating the anterior rim, ncb – nerve innervating the ciliary band, ncc -

1152

nerve innervating the compound cilia, nno – nerve innervating the nuchal organ, no – nuchal organ,

1153

pcb – prostomial ciliary band, pcc – prostomial compound cilia, pddr – posterior-dorsal commissure

1154

of the dorsal root, pdvr – posterior-dorsal commissure of the ventral root, phg – pharyngeal gland,

1155

pvdr – posterior-ventral commissure of the dorsal root, pvvr – posterio-ventral commissure of the

1156

ventral root, stnr – stomatogastric nerve ring, tcb – trunk ciliary band, vrcc – ventral root of the

1157

circumesophageal connective.

1158
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Supplmentary Material S12. Details and reconstruction of the commissures in the brain in

1161

adult Dinophilus taeniatus (A-G) and Trilobodrilus axi (H-N). A-F; H-M) Virtual sections of an

1162

acetylated alpha-tubulin labelled brain with details of the ventral (A, B; H, I) and dorsal root (C-F; J-

1163

M) and their respective commissures and emerging nerves starting on the ventral side. G; N)

1164

Reconstruction of the neuropil with all commissures detected and traced from acetylated alpha-tubulin

1165

labelled stacks.

1166

Abbreviations: addr – anterio-dorsal commissure of the dorsal root, advr – anterio-dorsal commissure

1167

of the ventral root, aldr – anterio-lateral nerve of the dorsal root, apdr – anterioposterior lateral nerve

1168

of the dorsal root, apn – anterio-posterior nerve, asc – anterior stiff cilia, avdr – anterio-ventral

1169

commissure of the dorsal root, avvr – anterio-ventral commissure of the ventral root, cec –

1170

circumesophageal connective, cso – ciliated sensory organ. ddr – dorsal part of the dorsal root, dln –

1171

dorsolateral nerve, dn – dorsal nerve, drcc – dorsal root of the circumesophageal connective, dvcn –

1172

dorsoventrally connecting nerves, dvr – dorsal part of the ventral root, lvdr – lateroventral nerve of the

1173

dorsal root, madr – medioanterior commissure of the dorsal root, mddr – medio-dorsal, longitudinal

1174

nerve of the dorsal root, mo – mouth opening, mpdr – medioposterior commissure of the dorsal root,

1175

mtdr – median transverse nerve of the dorsal root, mvvr – medio-ventral commissure of the ventral

1176

root, n1 – nephridium 1, nar – nerves innervating the anterior rim, nas – nerves innervating anterior

1177

sensoria, ncb – nerve innervating the ciliary band, ncc - nerve innervating the compound cilia, nno –

1178

nerve innervating the nuchal organ, no – nuchal organ, pcb – prostomial ciliary band, pcc –

1179

prostomial compound cilia, pddr – posterior-dorsal commissure of the dorsal root, pdvr – posterior-

1180

dorsal commissure of the ventral root, phg – pharyngeal gland, pvdr – posterior-ventral commissure

1181

of the dorsal root, pvvr – posterio-ventral commissure of the ventral root, stnr – stomatogastric nerve

1182

ring, vdr – ventral part of the dorsal root, vrcc – ventral root of the circumesophageal connective, vvr

1183

– ventral branch of the ventral root.

1184
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1186

Supplmentary Material S13. Details and reconstruction of the ventral central nervous system

1187

with focus on the longitudinal nerves and commissures in adult Dinophilus gyrociliatus (A-C),

1188

Dinophilus taeniatus (D-F) and Trilobodrilus axi (G-I). For a detailed comparison, the anteriormost

1189

region of the ventral nervous system with the first two sets of commissures (A, D, G) and the second

1190

set of commissures (B, E, H) are shown in all three species.

1191

Abbreviations: acom 1-3 – anterior commissure 1-3, lpmn – lateral paramedian nerve, mcom 1-3 –

1192

median commissure 1-3, mn – median nerve, mpmn – median paramedian nerve, n2 – nephridium of

1193

the second segment, nis – intersegmental nerve of the peripheral nervous system, pcom 1-3 –

1194

posterior commissure, vlnc – ventrolateral nerve cord.

1195
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19

ABSTRACT

20

Background: Annelida is a morphologically diverse animal group that exhibits a remarkable variety

21

of configurations of nerve bundles and accumulations of perikarya in their nervous systems. Despite

22

this heterogeneity of neural arrangements, the molecular profiles related to central nervous system

23

patterning seem to be conserved between even distantly related annelids. However, previous

24

molecular comparative studies have focused on indirect-developing macrofaunal taxa, which has

25

hampered attaining a general picture of the evolutionary events underlying the vast diversity of

26

annelid neuroanatomy.

27

Results: We have analyzed the expression domains of 11 evolutionarily conserved genes involved in

28

brain and anterior neural patterning in adult females of the direct-developing meiofaunal annelid

29

Dinophilus gyrociliatus. The small, compact brain shows expression of dimmed, foxG, goosecoid,

30

homeobrain, nk2.1, orthodenticle, orthopedia, pax6, six3/6 and synaptotagmin. Although most of the

31

studied markers localize to specific brain areas, the genes six3/6 and synaptotagmin are expressed in

32

nearly all perikarya of the brain, but not in any other part of the nervous system. All genes except for

33

goosecoid, pax6 and nk2.2 overlap at the anterior brain region, while the expression domains are more

34

separated in the posterior brain.

35

Conclusions: Our findings reveal a molecular regionalization in the compact adult brain of D.

36

gyrociliatus, which is not obvious from its uniform gross morphology. Importantly, the expression

37

patterns of the genes foxG, orthodenticle, orthopedia and six3/6 correlate with those described in the

38

pelagic larva of the macrobenthic annelid Platynereis dumerilli. The molecular similarities between

39

direct developing microscopic annelids and the larvae of macroscopic annelids indicate the

40

conservation of the molecular mechanisms patterning the anterior neural regions, regardless of the

41

developmental and ecological strategies, and nervous system sizes and configurations.

42
43

KEYWORDS

44

Meiofauna, direct development, brain, nervous system, Annelida, larva, animal evolution
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47

BACKGROUND

48

Several detailed studies on the nervous systems of various groups within Annelida (“segmented

49

worms”) demonstrate that this organ system displays a remarkable variability in the arrangement and

50

structure of the brain and neuropil, number of ventral nerve cords and nerves, as well as layout of the

51

stomatogastric nervous system and peripheral nerves [1, 2]). Even the configuration and position of

52

the brain varies strongly among annelids, most commonly being dorsal and subdivided into several

53

ganglia [1, 3-5], but being occasionally ventral (e.g. Siboglinidae, Worsaae K., pers. comm., [6-9]),

54

anterior [6], lobular (e.g. Lobatocerebridae, or Nereidae [5, 10]), or compact and uniform [1, 11].

55

Despite this morphological diversity, the underlying molecular patterns are analyzed only in a handful

56

of annelid taxa [12-17], but seem to be generally conserved with those reported in other members of

57

the Protostomia (e.g. mollusks, platyhelminthes, nemerteans, nematodes, arthropods, and brachiopods

58

e.g. [13, 18-26]) and Deuterostomia (e.g. hemichordates and chordates, e.g. [3, 27-32]). The genes

59

six3/6 and synaptotagmin for example have been shown to pattern the presumptive neurectoderm as

60

well as the larval brain in Platynereis dumerilli and Capitella teleta [13, 15, 16], while domains of the

61

gene foxG, but also orthodenticle, were found in close proximity to the locomotory cilia of the

62

prototroch [13, 25, 26, 33]. However, most of the annelid species investigated so far (e.g. C. teleta

63

and P. dumerilii) are characterized by exhibiting indirect development comprising a planktonic

64

microscopic larva and a macroscopic adult [13, 18, 26, 34-36]. Both juvenile and larval stages

65

sometimes develop largely independent nervous systems, which not necessarily get included in the

66

adult nervous system [13, 15, 35, 37, 38]. In this context, our understanding of the adult brains and

67

their molecular patterning in the most prominent annelid model organisms is limited [36, 39] when

68

compared to their respective larval and juvenile stages [13, 18, 35, 40, 41]. Therefore, investigations

69

in members of annelid lineages with alternative life cycles, ecological strategies, and neuroanatomies

70

are essential to attain a better understanding of the diversification of the nervous system in Annelida.

71
72

Dinophilidae is a small meiofaunal group that occupies interstitial habitats such as the crevices of

73

sandy sediment or lives on biofilms on macroalgae in tidal marine regions [42]. It comprises two

74

clades – Dinophilus and Trilobodrilus –, whose representatives share their diminutive body size,
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75

being only few segments long and normally acoelomate, lacking chaetae, parapodia, and appendages,

76

but having a dense ventral ciliary field and direct development [11, 42, 43]. Within Dinophilus, two

77

morphotypes can be distinguished: one strongly pigmented, monomorphic group with prolonged life

78

cycle and encystment period [44, 45]; and a smaller, transparent, strongly dimorphic group with rapid

79

life cycle [46]. The latter is represented by D. gyrociliatus, whose females resemble the adults of the

80

other morphotype to a certain degree, while the males are extremely miniaturized and short-lived [46-

81

48]. The brain of Dinophilus gyrociliatus consists of an undifferentiated neuropil with well defined,

82

condensed fibrous bundles probably representing commissures surrounded by a dense layer of

83

perikarya [11]. This layer is prominent on the anterior, lateral, dorsal and posterior sides of the

84

neuropil and very weak on the ventral side. The entire brain is located closely adjacent to the dorsal

85

epidermis [11]. The eyes are sunken into the layer of brain perikarya and seemingly connected

86

directly to the neuropil without the formation of specified nerve tracks or bundles [11]. The

87

circumesophageal connective, which connects the dorsal brain with the ventral nervous system,

88

bifurcates anteriorly at approximately the middle of the mouth opening into a ventral and a dorsal

89

component. The ventral branch is connected to the stomatogastric nerve ring – a nervous ring around

90

the pharynx –, and also gives rise to several nerve fibres extending between the neuropil and anterior

91

sensoria and at least the ventral pair of compound cilia at the anterior tip of the prostomium. The

92

dorsal branch gives rise to the dorsal, dorsolateral and lateral longitudinal nerves and the nerves

93

extending between the neuropil and the nuchal organs [49]. Since its nervous system is

94

morphologically mapped in high detail, D. gyrociliatus emerges as a suitable meiofaunal candidate

95

for comparative morphological and gene expression studies within Annelida and other meiofaunal

96

animal lineages.

97
98

In this study, we characterize the molecular profile of the brain in adult females of the microscopic D.

99

gyrociliatus by using eleven genes related to the formation of the anterior nervous system in the

100

annelids C. teleta and P. dumerilii. We demonstrate that six3/6 and synaptotagmin are expressed in

101

the entire brain, while the other genes (dimmed, foxG, goosecoid, homeobrain, nk2.1, orthodenticle,

102

orthopedia and pax6) are only expressed in demarcated brain regions. Their patterns show extensive

4
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103

overlap in the anterior part of the brain, but the expression domains of foxG, homeobrain,

104

orthodenticle and orthopedia are more separated in the posterior region of the brain. Our findings

105

thereby indicate a possible molecular substructure in the brain, which could not be observed in the

106

morphological arrangement of nerve fibres and perikarya.

107
108

RESULTS

109

Gene identification and orthology analyses

110

To gain a better understanding of the molecular regionalization of the D. gyrociliatus brain, we

111

isolated by gene-specific PCR (S1) the transcription factors dimmed (dim), foxG, goosecoid (gsc),

112

homeobrain (hbn), nk2.1, nk2.2, orthodenticle (otx), orthopedia (otp), pax6 and six3/6, as well as the

113

membrane-trafficking protein synaptotagmin-1 (syt). We performed Bayesian analysis to confirm

114

their orthology (S2-8) and referred to D. gyrociliatus ortholog genes as Dg-dim, Dg-foxG, Dg-gsc,

115

Dg-hbn, Dg-nk2.1, Dg-nk2.2, Dg-otx, Dg-otp, Dg-pax6, Dg-six3/6 and Dg-syt.

116
117

Expression of Dg-syt

118

The gene synaptotagmin (Dg-syt) recently got recognized as a broad nervous system marker [15].

119

Compared to other annelids such as C. teleta [15] and P. dumerilii [17], which express syt in both the

120

brain and the ventral nerve cords, we only detected expression of Dg-syt in the majority of perikarya

121

of the brain in females of D. gyrociliatus (Figure 1A-C, E). Seemingly all perikarya, with the

122

exception of the most median posteroventral ones, expressed Dg-syt, leaving a gap of unlabeled cells

123

extending approximately at the level of the nerves connected to the stomatogastric nerve ring around

124

the pharynx (Figure 1B, E). Therefore, Dg-syt is a suitable brain-specific marker in D. gyrociliatus.

125
126

Expression of the neural PRD class genes Dg-gsc, Dg-hbn, Dg-otp, Dg-otx and Dg-pax6

127

The transcription factor goosecoid (Dg-gsc) was expressed in a narrow region in the posterioventral

128

neuropil (Figure 2A-C) and the tissue between the neuropil and the pharyngeal epithelium (Figure

129

2A-C). Additionally, four distinct cells (or pairs of cells) were labeled anterior to the broad line in the

130

posterior region of the brain (Figure 2A-C). The gene homeobrain (Dg-hbn) showed a weaker
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131

expression in the anterodorsal region of the neuropil (Figure 2D-F) and two spots with stronger

132

expression lateroventral to the emerging point of the ventral root of the circumesophageal connective

133

(Figure 2D, F). The transcription factor orthopedia (Dg-otp) had a very narrow expression pattern

134

(Figure 2G, I), which consisted of a strongly labeled spot in the anteroventral region of the neuropil

135

(Figure 2G-I), between the nerves emerging from the neuropil to innervate the prostomial compound

136

cilia, and a pair of less prominent, but more extended patches ventral to the eyes, on the dorsal side of

137

the neuropil (Figure 2G-I). This pattern superficially resembled the one found with orthodenticle (Dg-

138

otx). However, Dg-otx was expressed more ventrally in the posterior part of the brain (Figure 2J-L), in

139

one pair of patches at the base of the ventral root of the circumesophageal connective (Figure 2J-L).

140

The anterior expression pattern of Dg-otx was similar to the anterior domain in Dg-hbn, although

141

located more ventrally (Figure 2J-L). Finally, the gene pax6 (Dg-pax6) was detected in one pair of

142

lateral, elongated domains, roughly ventral to the eyes (Figure 2M, O). However, the expression was

143

deeper in the brain and not on the dorsal surface (Figure 2N, O), where the eyes are found.

144
145

Expression of the Fox class gene Dg-foxG

146

The forkhead transcription factor G (Dg-foxG) was expressed in one pair of strongly labeled

147

posteromedial patches anterolateral to the emergence of the ventral root of the circumesophageal

148

connective (Figure 3A-C). Additionally, a series of small dot-like patches formed a sickle-shaped,

149

narrow line in the anteromedian region of the brain, approximately spanning between the nerves

150

innervating the anterior prostomial ciliary band (Figure 3A-C).

151
152

Expression of the SIX class gene Dg-six3/6

153

The SIX class gene six3/6 (Dg-six3/6) had a rather broad expression pattern (Figure 3D-F) when

154

compared to the genes described above (Figure 2, 3A-C). Dg-six3/6 showed a nearly continuous

155

dorsoventral pattern anterior and posterior to the neuropil, which was connected by strongly

156

expressing lateral regions, forming a dorsolateral clasp around the neuropil (Figure 3E, F). On the

157

ventral side, only the elongated patches anterior and the posterior to the neuropil were detected

158

(Figure 3D, F). Additionally, a pair of elongated, bean-shaped expression domains localized to the
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anterolateral edge of the mouth, in some animals extending posteriorly to the posterior edge of the

160

mouth (Figure 3D, F).

161
162

Expression of the neurosecretory differentiation factor Dg-dim

163

The gene dimmed is a neurosecretory differentiation factor present in the apical organ of Platynereis

164

dumerilli [50], and in specific neural populations in the brain and ventral nerve cord in the larvae and

165

adult of Drosophila melanogaster [51-53]. In female D. gyrociliatus, Dg-dim described a complex

166

pattern in the brain, forming a pair of U-shaped, dorsomedially fused clasps (Figure 3G-I). While the

167

pattern on the ventral side was dominated by a series of spot-like patches along the anterior and

168

lateromedian edge of the brain (Figure 3G, I), this broad anterior line converged into a single

169

mediodorsal region, which spread out posteriorly towards the eyes and bended ventrally with two

170

finger-like processes (Figure 3H, I).

171
172

Expression of the NK-homeobox genes Dg-nk2.1 and Dg-nk2.2

173

Differently from other brain markers, such as Dg-six3/6, Dg-dim and Dg-syt, the transcription factor

174

Dg-nk2.1 exhibited a stronger expression on the anterioventral and posteriodorsal side of the neuropil

175

(Figure 3J-L). Additionally, a pair of spot-like domains was located laterally to the eyes and

176

medioventrally to the neuropil (Figure 3J, L). The three anterior patches (ventromedian and

177

mediolateral) were connected in a brace-like area, which bulged anterodorsally to the neuropil (Figure

178

3J-L). The dorsal region of the brain did not show any additional labeling with Dg-nk2.1 (Figure 3J-

179

L). Remarkably, we did not detect any expression of Dg-nk2.2 in the brain (Figure 3M-O), but in the

180

mid- and hindgut (S9).

181
182

DISCUSSION

183

Molecular patterning of the brain in adult females of D. gyrociliatus

184

Nine out of the eleven evolutionarily conserved neural genes analyzed in this study show expression

185

patterns limited to the brain (Figures 1-4, S9). The only exceptions are Dg-nk2.1 and Dg-nk2.2: the

186

gene Dg-nk2.1 is expressed in the fore- and hindgut in addition to the domains in the brain (Figures 3,
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187

4, S9), and Dg-nk2.2 is not detected in the brain, but only in the mid- and hindgut (Figures 4, S9).

188
189

The expression of Dg-syt and Dg-hbn in the brain of adult D. gyrociliatus, but not in the ventral

190

nervous system (Figures 1, 4, S1) differs from the situation found in other annelids [15, 17]. In C.

191

teleta and the trochophore larva of P. dumerilii, synaptotagmin is expressed in individual cells of the

192

brain and in the ventral nerve cords, which is correlated with the developing ganglia lateral to the

193

nerve cords in larval stages [15, 17]. Similarly, the gene hbn is expressed in lateral, paired domains

194

accompanying the ventral nerve cord in C. teleta. Remarkably, the ventral nerve cord ganglia are not

195

prominently developed in the anterior portion of the ventral nervous system of D. gyrociliatus [11,

196

54] and they are completely missing in the posterior part of the body. Therefore, the differences in the

197

expression of syt and hbn between the annelid species tested so far could be related to the specific

198

organization of nervous system components such as ganglia. Subsequently, these two genes could

199

probably be used as ganglionic markers in the nervous system of at least annelids to complement

200

studies of its architecture.

201
202

Dg-gsc is not exclusively expressed in the brain, but also in two condensed domains close to the

203

second prostomial ciliary band (Figures 2A-C, 4). In contrast to the expression in the posteriormost

204

region of the brain in D. gyrociliatus, the transcription factor gsc is expressed in ectodermal cells

205

anterior to the brain and additional cells lateroventral to the late larval brain in C. teleta [55].

206

However, in early larval stages (trochophora-larva in P. dumerilii as well as early larvae in C. teleta)

207

this gene is closely associated with the stomodeum and foregut region [55, 56]. Based on these

208

findings, the gene gsc does not seem to be conserved in patterning the anterior neural region – or

209

specific regions within it – in annelids, which has to be confirmed in developmental studies in

210

D.gyrociliatus.

211
212

Dg-otp is expressed both in a demarcated median domain on the ventroanterior side of the brain and

213

one pair of lateral patches in the ventroposterior region of the brain in D. gyrociliatus. The anterior

214

domain (within a weakly labeled Dg-six3/6-region of the brain) resembles the situation found in
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invertebrate apical organs and especially in the apical organ of P. dumerilii, where orthopedia is

216

present in presumptive serotonergic cells [13, 26]. In adult females of D. gyrociliatus, however, Dg-

217

otp in the anterior part of the brain does not seem to be related to any serotonergic component, which

218

are restricted to the dorsoposterior region of the brain (pers. obs.). More posteriorly otp is expressed

219

in cells that are probably involved in regulating the cilia of the prototroch in the trochophore larvae of

220

P. dumerilii [13]. The expression of otp in cilia of the second prostomial ciliary band in D.

221

gyrociliatus is thus more intriguing, indicating the involvement of this transcription factor in

222

determining ciliary structures for locomotion and feeding.

223
224

Dg-otx is expressed broadly in the ventroanterior region of the brain as well as in one pair of lateral

225

domains in the posterior region of the brain and therefore overlapping with Dg-six3/6 in D.

226

gyrociliatus. This is in contrast to the expression detected in stages of P. dumerilii trochophore larvae,

227

(Figure 4): There, otx demarcates the ventral expression range of six3/6 anterior to the cells

228

expressing the PRD class gene otp and the prototroch in a patch-like domain [13, 16, 25]. It also is

229

only partly in concordance with the pattern in C. teleta, which develops domains of this transcription

230

factor anterolateral and posteromedian in the brain, but also in the foregut, posterior region of the

231

midgut, hindgut and the medioventral ectoderm [55]. Domains of the PRD class gene otp thereby

232

seems to be less conserved within the anterior neural regions of annelids than some of the other genes

233

analyzed in this study.

234
235

Dg-pax6 is expressed in extended patches in the regions of the eyes dorsally in the brain of D.

236

gyrociliatus, which is in line with a role in eye development across Bilateria Metazoa [40, 57, 58].

237

The transcription factor pax6 often specifies bilateral brain regions, which occasionally harbor

238

photoreceptors [3, 17]. The pattern found in adult females of D. gyrociliatus indicates its role in

239

patterning the mediolateral axis of the central nervous system as it has been suggested for the

240

bilaterian ancestor [17]. However, functional studies in D. gyrociliatus are needed to further

241

determine the specific developmental role.

242
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243

Similar to Dg-otp and Dg-otx, Dg-foxG is expressed in domains in the anterior and the posterior

244

region of the brain. The anterior domain shows a spotted pattern, while there is a pair of dorsolateral,

245

demarcated regions in the posterior part of the brain. However, in trochophore larvae of P. dumerilii

246

this gene is related to the developing cerebral ganglia and especially the mushroom bodies [3] and

247

thereby labeling more central neural structures (Figure 4). The different patterns in the annelids

248

studied so far might either be related to the developmental stage the animals are in (trochophore

249

larvae in P. dumerilii vs. adults in D. gyrociliatus) or to the different organization of the nervous

250

system (compartmentalized in P. dumerilii vs. compact and seemingly unstructured in D.

251

gyrociliatus).

252
253

The entire brain with the exception of the ventrolateral sides also expresses Dg-six3/6 (Figures 3, 4,

254

S9), which therefore shows broad overlap with the other genes used in this study. This supports

255

previous findings about six3/6 playing a major role in demarcating the anterior or anteromedian

256

region of the brain in several invertebrate groups [16, 26, 59], and especially in patterning the larval

257

apical organ and cerebral ganglia in the annelids C. teleta and P. dumerilii (Figure 4, [13]).

258
259

The most elaborate dorsal pattern is formed by Dg-dim, which is strongest along the midline while

260

broadening anterior and dorsal in the brain (Figures 3, 4, S9). The transcription factor dimmed, which

261

is suggested to be involved in patterning neurosecretory cells during early and larval development, is

262

detected in several cells of both the brain and the ventral nerve cord in the ecdysozoan D.

263

melanogaster [51, 52] and in few cells in the apical organ of the trochophore larva of the annelid P.

264

dumerilii [50]. In Drosophila, DIMMED directly activates the neuropeptide-amidating enzyme PHM

265

[52]. Since amidated neuropeptides are more conserved throughout a broader range of e.g. spiralian

266

groups [60], the domains expressing dimmed possibly are also conserved and therefore an important

267

addition to the molecular toolkit in comparative approaches.

268
269

Dg-nk2.1 and Dg-nk2.2 are not exclusively patterning the brain, since Dg-nk2.1 is also expressed in

270

the roof of the foregut and the entire hindgut, and Dg-nk2.2 labels the midgut and is completely
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absent from the adult brain of the female D. gyrociliatus. In P. dumerilii, nk2.1 was also found

272

associated with the mouth opening and the ventral side of the trochophore larva of P. dumerilli, where

273

it extends from approximately the apical organ (where is has a broad expression domain) towards the

274

mouth opening, overlapping with six3/6 (Figure 4, [13, 21, 26]). C. teleta shows anterolateral and

275

posteromedian expression domains of nk2.1 in the brain, which are supplemented by strongly labeled

276

regions in the fore- and hindgut as well as spotlike expression in the remaining digestive tract [55].

277

The latter pattern resembles the labeled regions observed in D. gyrociliatus adults more closely,

278

emphasizing the need for developmental studies to confirm the expression domains and thereby also

279

the probable function in differentiating the ventral region of the brain and the digestive system in

280

annelids.

281

The transcription factor nk2.2 strictly complements the pattern of pax6 in the developing nervous

282

system in the trochophore larva of P. dumerilii [17]. It does not have domains anterior to the

283

prototroch, but is expressed in a slender region of midline cells, thereby labeling the medial edges of

284

the fusing neuroectoderm, and possibly lining the prototroch lateral to the stomodeum [17]. In later

285

stages, the domain is associated to the midventral region between the prominent nerve cords. Its

286

absence from the brain in adult D. gyrociliatus probably indicates that Dg-nk2.2 is mainly involved in

287

modulating neural patterning in the ventral nervous system and only active in earlier developmental

288

stages, what has to be tested in future studies.

289
290

Altogether, our findings indicate that the overall patterning of the brain in adult females of D.

291

gyrociliatus resembles the molecular regionalization observed in larval stages of previously examined

292

annelids (e.g. [13, 18, 34, 40, 61-63]). However, more detailed investigations of the embryonic and

293

juvenile stages in D. gyrociliatus as well as the molecular profiling of adult brains of macroscopic

294

annelids will provide a better insight into the role of these genes during development.

295
296

Miniaturization and the molecular patterning of the brain in Annelida

297

Meiofaunal species and their organ systems have been largely neglected in previous studies on

298

annelid and spiralian diversity. In this context, it is still unclear whether neural genes broadly
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299

conserved in macroscopic representatives of Protostomia and Deuterostomia [64-66] maintain their

300

relative expression domains in brains of microscopic size and limited cell number, as those found in

301

interstitial animals. Our findings demonstrate that the relative position of genes such as foxG, otp,

302

hbn, six3/6, syt seems to be similar between D. gyrociliatus and other annelids and spiralians (Figures

303

1-4, [13, 15, 17, 18]), although the approximate number of positive expressing cells is lower.

304

Importantly, these observations uncover underlying substructures in the small, compact brain of D.

305

gyrociliatus. Although the brain appeared to be uniform when analyzed morphologically, the genes

306

tested in this study (with the exception of synaptotagmin and six3/6, which label broad domains) are

307

demarcating rather narrow regions, which we could not link to any specific morphological structures

308

in the brain ([49, 67], pers. obs.). The fact that we observed similar molecular domains in D.

309

gyrociliatus as in other annelid taxa suggests that the relative extend of the expression areas is

310

maintained regardless of the life stage of the animal. This furthermore suggests that the cells in the

311

brain of D. gyrociliatus do not show a higher degree of multifunctionality, but that in these

312

microscopic brains probably fewer cells are assigned to certain functions. Further studies unravelling

313

the earlier developmental stages of D. gyrociliatus as well as the dwarf male with an even smaller

314

brain consisting of only 42 cells [47, 48] are therefore highly warranted. They will not only help to

315

generate a broader base for comparisons between annelid or spiralian taxa in general, but also deepen

316

our understanding of the conservation of genetic patterning of the brain in species with different

317

neuroanatomies adapted to particular ecological niches and possibly varying requirements in different

318

life stages (encapsulated embryos, free-swimming larvae, adults).

319
320

CONCLUSIONS

321

Adult females of D. gyrociliatus express dim, foxG, gsc, hbn, otp, otx, nk2.1, pax6, six3/6 and syt

322

almost exclusively in the brain, and their pattern is consistent with the domains described in early and

323

late larval stages in the macrobenthic annelid species P. dumerilli and C. teleta (e.g. [13, 18, 25]).

324

Although the brain does not show elaborate morphological substructures, PRD box and FOX genes,

325

as well as nk2.1 and the transcription factor dimmed are expressed in specific areas in the brain, with

326

moderate overlap between their patterns. We therefore suggest that the adult brain in this meiofaunal
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annelid is (probably functionally?) substructured, and possibly shows more similarities with late

328

larval stages in C. teleta [15, 18]. The overall expression pattern in the anterior nervous system as

329

described previously in several annelid species [13, 26] is also observed in the adult brain of D.

330

gyrociliatus, despite the interspecific differences in the organ size and development mode. Therefore,

331

we propose that the underlying patterning mechanism of the brain is independent of whether the

332

animals show direct or indirect development and of the final complexity of this anterior neural region.

333
334

MATERIALS & METHODS

335

Specimen rearing and fixation

336

Adult specimens of Dinophilus gyrociliatus Schmidt, 1848 are kept in culture in plastic boxes with 28

337

per mille salinity water at 18 degrees in the dark; water was exchanged once every two weeks.

338

Spinach and fish food (TetraMin flakes for Aquarium fish) was added to the cultures every 14 days.

339

Mature animals were separated from the main cultures in small petri dishes and starved overnight for

340

24 hours. The specimens were fixed with 4% paraformaldehyde (PFA) for 1 hour at room temperature

341

directly after anesthetization with isotonic MgCl2. The fixative was removed several rinses in 0.1%

342

PTw (PBS + 0.1% Tween-20) before storing in 100% Methanol at -20°C for later use.

343
344

Gene cloning and orthology assignment

345

Putative orthologs of the genes of interest were identified by BLAST searches in the mixed stage

346

transcriptome of D. gyrociliatus using known sequences from other species as query. The orthology

347

of the genes was assigned by Bayesian phylogenetic analyses. Amino acid sequences of D.

348

gyrociliatus genes and orthologous proteins from other animals (S2, [26]), were aligned with

349

MUSCLE [68] and the Bayesian phylogenetic analyses were performed on each dataset using

350

MrBayes 3.2.6 [69, 70], with settings described in [26]. Each analysis was run for 30,000,000

351

generations. A consensus tree and posterior probabilities for each branch were calculated, visualized

352

in FigTree (http://tree.bio.ed.ac.uk/software/figtree/). Tracer (http://tree.bio.ed.ac.uk/software/tracer/)

353

was used to test whether the trees of the four runs converged (S3-8). A pair of gene-specific primers

354

(S1) was designed to clone fragments (ranging between 700 and 1400bp) of each of the candidate
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355

genes, which were subsequently used to transcribe Digoxigenin-labeled RNA probes (AMBION

356

MEGAscript T7/SP6 Transcription Kit).

357
358

Whole mount in situ hybridisation

359

Whole-mount in situ hybridization was performed using Digoxigenin-labeled antisense RNA probes,

360

which were detected using a combination of 5-bromo-4-chloro-3-indolyl phosphate 4 toluidine salt

361

(BCIP) and 4-nitro blue tetrazolium (NBT), otherwise following the described procedure in [71].

362

Once signal was developed, specimens were stored in 70% Glycerol in PTw at 4°C.

363
364
365

Imaging
The specimens were mounted either in 70% Glycerol in PTw or in Vectashield with DAPI and stored

366

at 4°C. Pictures were taken using an Zeiss Axio Imager 2 Microscope, with mounted Zeiss AxioCam

367

MRc5 and the software package Zeiss ZEN 2 or an Olympus IX 70 and a mounted Olympus DP73

368

microscope camera in combination with the software cellSens. Brightness and contrast were adjusted

369

in Adobe Photoshop CC2015 and plates assembled in Adobe Illustrator CC2015.
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564

FIGURES

565

Figure 1. Morphology of the nervous system with focus on the expression pattern of Dg-syt in

566

Dinophilus gyrociliatus females. Dg-syt is only expressed in the brains of adult D. gyrociliatus

567

females (a), and thereby labeling a big portion of the nuclei (detail of the head in ventral view (b) and

568

in lateral view (c)). DAPI-labeling of the head shows the strong accumulation of approximately 500-

569

700 nuclei with less dense areas in the region of the eyes (d, inverted maximum intensity projection of

570

a confocal image stack). They surround the central neuropile, which – among a series of wildly

571

extending nerve fibres – are forming commissures in both the dorsal (light grey) and ventral (dark

572

grey) root of the circumesophageal connective (e). These schematic drawings will furthermore be

573

used to illustrate the gene expression patterns based on the dorsoventral and lateral views shown.

574

Abbreviations: br – brain, cb – ciliary band, drcc – dorsal root of the circumesophageal commissure,

575

eso – esophagus, ey – eye, fg – frontal gland, mo – mouth opening, np – neuropile, pcb – prostomial

576

ciliary band, pcc – prostomial compound cilia, phb – pharyngeal bulb, pyg – pygidium, sto – stomach,

577

stnr – stomatogastric nerve ring, vcf – ventral ciliary field, vrcc – ventral root of the circumesophageal

578

connective.
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580

Figure 2. Expression pattern of paired class genes Dg-gsc (a-c), Dg-hbn (d-f), Dg-otp (g-i), Dg-otx

581

(j-l) and Dg-pax6 (m-o) in adult females of Dinophilus gyrociliatus. The expression pattern of the

582

respective gene is shown in ventral (a, d, g, j, m) and lateral (ventral side to the left, b, e, h, k, n) view

583

as well as in schematic drawings in ventral view (c, f, i, l, o). Dg-gsc is expressed mainly in the

584

mesodermal layer, few cells are labeled in the posterioventral region of the brain (a-c). Dg-hbn shows

585

a spot-like expression, though these form a continuous patch in the anterior region and two

586

posterioventral spots (d-f). A similar split into an anterior and posterior region of expression is also

587

found in Dg-otp (g-i) and Dg-otx (j-l), although they differ in the constrictions of the pattern: While

588

Dg-otp shows a narrow region of expression in the anterior region of the brain (g-i), the posterior

589

spots are more precise in Dg-otx (j-l). Dg-pax6 is found to not only pattern the area of the eyes, but

590

also extend further along the brain surface as well as into the brain (m-o). Abbreviations: br – brain,

591

cbg – ciliary band gland, ey – eye, fg – frontal gland, mo – mouth opening, np – neuropil, pcb –

592

prostomial ciliary band, phb – pharyngeal bulb, vrcc – ventral root of the circumesophageal

593

connective.
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595

Figure 3. Expression pattern of fox gene Dg-foxG (a-c), six class gene Dg-six3/6 (d-f),

596

neuropeptidergic differentiation factor Dg-dim (g-i) and NK-genes Dg-nk2.1 (j-l) and Dg-nk2.2

597

(m-o) in adult females of Dinophilus gyrociliatus. The expression pattern of the respective gene is

598

shown in ventral (a, d, g, j, m) and lateral (ventral side to the left, b, e, h, k, n) view as well as in

599

schematic drawings in ventral view (c, f, i, l, o). Dg-foxG strongly resembles the pattern of Dg-hbn,

600

but shows more prominent labeling in the anteriomedian region and the posteriolateral patches, which

601

are shifted anterior to the centres of Dg-hbn (a-c). Dg-six3/6 labels cells in the entire brain though the

602

ventral side show gaps between the anterior and posterior continuous patches. Additionally, the

603

anteriolateral ectodermal regions of the mouth and pharynx are labeled (d-f). Dg-dim shows a

604

complex pattern with a dorsomedian expression, which ventrally bifurcates in the anterior and

605

posterior region, forming a clasp embracing the neuropil (g-i). Dg-nk2.1 is expressed strongest in the

606

anterior region of the brain and only weakly in the posterior part. However, Dg-nk2.1 also labels the

607

foregut in adult females (j-l) as well as the hindgut, which is complemented by Dg-nk2.2, which does

608

not label the brain (m-o), but the midgut. Abbreviations: br – brain, cbg – ciliary band gland, fg –

609

frontal gland, mo – mouth opening, np – neuropil, pcb – prostomial ciliary band, phb – pharyngeal

610

bulb, vrcc – ventral root of the circumesophageal connective.
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612

Figure 4. Axial patterning in the brain of adult females of Dinophilus gyrociliatus and

613

comparison of orthologous gene expression in stage-8 larva of Capitella teleta and trochophore-

614

larva in Platynereis dumerilii. a-c) Schematic interpretation based in single probe NBT/BCIP

615

precipitation patterns acquired in this study, in dorsal (a, d), midsagittal (b, e, ventral side to the left)

616

and ventral (c, f) view. The position of the labeled regions as well as the extend of the overlap is

617

inferred relative to morphological markers established in previous studies (Kerbl A, Conzelmann M,

618

et al., in prep.), the patterns were separated between two templates for a better, more detailed

619

interpretation and relation of the data. a-c) Dg-dim, Dg-otp, Dg-otx, Dg-pax6 and Dg-syt , d-f) Dg-

620

foxG, Dg-gsc, Dg-hbn, Dg-nk2.1 and Dg-six3/6, g) ventral view of the anterior region in C. teleta

621

inferred from [15, 18]. h) ventral view of the trochophore larva in P. dumerilii inferred from [13, 17,

622

72]. Abbrevations: mo – mouth opening, np – neuropile, pcc – prostomial compound cilia, pcb –

623

prostomial ciliary bands, ptr – prototroch, vnc – ventral nerve cord.
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625

ADDITIONAL FILES

626

Additional file S1. Primer sequences used for the respective genes in Dinophilus gyrociliatus.

627

Matching primer pairs were designed using MacVector (MACVECTOR, INC., Cambridge, UK) and

628

the “Sequencing Primers/Probes”-tool. Pairs were chosen based on their length (20-25bp), G-C-

629

content (45-55%, manually checked for not more than 3 C or G in a row) and similar working

630

temperature.
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Gene
Dg-dim
Dg-foxg
Dg-gsc

Dg-hbn
Dg-nk2.1
Dg-nk2.2

Sense
5'- ATCGTTTGTCGTTCCGTG -3'
5'- TAGAGATGACGAGAGACGGCAG -3'
Race primer 1 5'TTCTCGCCTTTTCTTCTCCTGTTCTTCACG
-3'
Race primer 2 5'TGTTCGGTGTCTTCGTTTCCTCTTGTGACC
-3'
5'- CAAAGCGAACTAAACGACAG -3'
5'- CCCTCCCTCCTCGGTTTTAC -3'
5'- TAGAGATGACGAGAGACGGCAG -3'

Dg-otp
Dg-otx
Dg-pax6
Dg-six3/6
Dg-syt

5'- CTAAACGCTGATTGGTGTG -3'
5'- ATTGAGGCCAGCGAAATGAC -3'
5'- CAAGCCTGAAGAACCAAAG -3’
5'- TTACCCCGCCTCAAATAGCT -3'
5'- GAGTTAGCAAAGGAGCCAG -3'

Antisense
5'- TGAGAGGCAATAGGTGTGC -3'
5'- CGACGATTCAATGCTGAC -3'

5'- GCACTCTTTGTCACACCAAG -3'
5'- AGCGCCTATACAACTCTGGA -3'
5'- TAGAGATGACGAGAGACGGCAG
-3'
5'- AAATCCACTGTGACCCATC -3'
5'- GACAACACCGCTCTTTTCCA -3'
5'- TGATGTATGGGCGAATAGAC -3’
5'- CGGCATTGGTATTGTAGCGT -3'
5'- ACCGTAATGATAAGCGTCAC -3'

632

Additional file S2. Sequences for gene orthology assignment. Amino acid sequences for

633

Dinophilus gyrociliatus genes used in this study as well as related proteins from other animals,

634

retrieved from NCBI (html://http://ncbi.nlm.nih.gov; accession numbers listed in Table 2) and Joint

635

Genome

636

http://genome.jgi-psf.org/Lotgi1/Lotgi1.home.html

637

psf.org/Nemve1/Nemve1.home.html

638

psf.org/Triad1/Triad1.home.html for Trichoplax adhaerens are listed in this table, including all

639

information for the Additional files S2-7.
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Gene

Animal

Length

SYNAPTOTAGMIN
Syt
Dinophilus gyrociliatus
816(414)aa
Dblc2
Capitella telata
411aa
Esyt2
Capitella telata
825aa
Rabphilin
Capitella telata
672aa
Syt12
Capitella telata
454aa
Syt15
Capitella telata
307aa
Syt16
Capitella telata
424aa
Syt17
Capitella telata
483aa
Syt1var1
Capitella telata
437aa
Syt1var2
Capitella telata
437aa
Syt4
Capitella telata
416aa
Syt44
Capitella telata
414aa
Syt7
Capitella telata
336aa
Syt9
Capitella telata
468aa
sytalpha
Capitella telata
323aa
Dblc2
Lottia gigantea
405aa
Esyt2var1
Lottia gigantea
807aa
Esyt2var2
Lottia gigantea
798aa
Syt12
Lottia gigantea
411aa
Syt15a
Lottia gigantea
537aa
Syt15b
Lottia gigantea
353aa
Syt16
Lottia gigantea
501aa
Syt 17
Lottia gigantea
437aa
Syt18
Lottia gigantea
394aa
Syt1var1
Lottia gigantea
424aa
Syt1var2
Lottia gigantea
424aa
Syt21
Lottia gigantea
354aa
Syt4
Lottia gigantea
423aa
Syt47
Lottia gigantea
430aa
Syt7
Lottia gigantea
446aa
Syt9
Lottia gigantea
452aa
Sytalpha
Lottia gigantea
486aa
Dblc2
Mus musculus
405aa
Rph3A
Mus musculus
681aa
Syt1, isoform Mus musculus
421aa
1
Syt11
Mus musculus
430aa
Syt10
Mus musculus
523aa
Syt12
Mus musculus
421aa
Syt13
Mus musculus
426aa
Syt14,
Mus musculus
555aa
isoform 2
Syt15,
Mus musculus
418aa
isoform a
Syt16
Mus musculus
549aa
Syt17
Mus musculus
470aa
Syt2
Mus musculus
422aa
Syt3
Mus musculus
587aa
Syt4
Mus musculus
425aa
Syt5
Mus musculus
386aa
Syt6, isoform Mus musculus
511aa
1
Syt7, alpha
Mus musculus
403aa
isoform
Syt8, isoform Mus musculus
395aa
a
Syt9
Mus musculus
491aa
Syt1
Terebratalia transversa
341aa
PAIRED CLASS GENES: OTP, OTX, GSC and HBN
Otp
Dinophilus gyrociliatus
425(253)aa
Otx
Dinophilus gyrociliatus
766(266)aa
Gsc
Dinophilus gyrociliatus
223(184)aa
hbn
Dinophilus gyrociliatus
465(237)aa
Pax6
Dinophilus gyrociliatus
562(458)aa
Pitx
Crepidula fornicata
369aa
PREDICTED Ciona intestinalis
284aa
: otx1
TF: otp?
Ciona intestinalis
492aa
otx
Ciona intestinalis
425aa
EBX
Capitella telata
355aa
gsx
Capitella telata
149aa
Pax3/7
Capitella telata
416aa
Xlox
cdx

Capitella telata
Capitella telata

278aa
338aa

GenBank
Accession Number

Reference

ELT93877.1
ELU09670.1
ELT93620.1
ELT99116.1
ELU10846.1
ELU17232.1
ELU18173.1
ELT99110.1
ELT99111.1
ELT89176.1
ELT95572.1
ELT91365.1
ELU04478.1
ELT91518.1
XP_009066759.1
XP_009052922.1
XP_009052923.1
XP_009064408.1
XP_009056107.1
XP_009060412.1
XP_009055193.1
XP_009061942.1
XP_009061817.1
XP_009065902.1
XP_009065903.1
XP_009052921.1
XP_009048108.1
XP_009058888.1
XP_009065399.1
XP_009048259.1
XP_009063446.1
NP_034199.1
NP_035416.1
NP_033332.1

[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[1]
[2]
[3]
[4]

NP_061274.2
NP_061273.1
NP_598925.1
NP_109650.1
NP_853524.1

[5]
[6]
[7]
[8]
[9]

NP_852682.1

[10]

NP_766392.2
NP_619590.1
NP_033333.2
NP_057872.3
NP_033334.2
NP_058604.1
NP_061270.2

[10]
[11]
[12]
[10]
[13]
[14]
[10]

NP_061271.1

[15]

NP_061272.2

[10]

NP_068689.2
AEZ03834.1

[10]
[16]

ADI48168.1
XP_002119699.1

[17]

NP_001072023.1
NP_001027662.2
ABC58683.1
AAZ23124.1
ABC68267.1

[18]
[18]
[19]
[19]
Seaver et al. (2005):
Expression of Pair-Rule Genes in a Polychaete. Unpublished
[20]
[20]

AAZ95509.1
AAZ95508.1

Ptx1, isoform
A
Vsx1,
isoform A
Vsx2,
isoform A
aristaless
Dll, isoform
A
Gsc, isoform
C
hbn
otd
otp
repo
rx
otx
arx
paraHox, cdx
paraHox, gsx
Pax6
ParaHox,
Xlox
Distalless,
Dlx-1
Homeobox
tf, gsc

Drosophila melanogaster

509aa

NP_733410.2

[21]

Drosophila melanogaster

837aa

NP_572232.2

[21]

Drosophila melanogaster

640aa

NP_001033832.1

[21]

Drosophila melanogaster
Drosophila melanogaster

408aa
327aa

NP_722629.1
NP_523857.1

[21]
[21]

Drosophila melanogaster

415aa

NP_476949.2

[21]

Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Hydroides elegans
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii

409aa
542aa
409aa
612aa
904aa
368aa
283aa
170aa
307aa
449aa
254aa

NP_788420.1
P22810.2
P56672.2
NP_477026.1
NP_726006.3
ABK76302.1
ADG26723.1
ACH87546.1
ACH87540.1
CAJ40659.1
ACH87551.1

[21]

Platynereis dumerilii

367aa

CAJ38799.1

[25]

Platynereis dumerilii

279aa

CAC19336.1

otp
Homeobox
transcription
factor, otx
rx
gsc
otp
otx
Prop
PREDICTED
: arx
otx
otp
Rx1

Platynereis dumerilii
Platynereis dumerilii

267aa
205aa

ABR68849.1
CAC19028.1

Arendt et al. (2000): Polychaete brachyury and goosecoid locate
trochophora-type larvae to the base of the Bilateria evolutionary tree.
Unpublished
[26]
Arendt,D., Technau,U. and Wittbrodt,J. (2000): Evolution of
trochophora-type larvae in Bilateria. Unpublished

Platynereis dumerilii
Patella vulgata
Patella vulgata
Patella vulgata
Saccoglossus kowalevskii
Saccoglossus kowalevskii

304aa
251aa
254aa
287aa
262aa
379aa

AAU20320.1
CAD45551.1
AAM33145.1
AAM33144.1
NP_001161635.1
XP_002731203.1

[27]
[28]
[29]
[29]

Saccoglossus kowalevskii
Saccoglossus kowalevskii
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus

307aa
322aa
446aa

NP_001158360.1
NP_001158374.1
XP_781057.2

[30]
[30]

365aa

XP_784599.1

Strongylocentrotus
purpuratus
Terebratalia transversa
Terebratalia transversa
Terebratalia transversa
Terebratalia transversa

371aa

NP_999753.2

[31]

433aa
323aa
302aa
270aa

ADZ24784.1
AEZ03833.1
AEZ03829.1
ADZ24785.1

[32]
[16]
[16]
[32]

Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Dinophilus gyrociliatus
Clytia hemisphaerica
Clytia hemisphaerica
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata

433(339)aa
837(430)aa
329(299)aa
503(343)aa
464(241)aa
2069(1184)aa
780(444)aa
691(441)aa
1558(433)aa
2069(300)aa
700(254)aa
331(249)aa
387aa
380aa
253aa
254aa
118a
110aa
117aa
105aa
157aa
326aa
253aa
528aa
144aa
389aa
102aa

ABG21224.1
ABG21225.1
ABV25953.1
ELT97594.1
ELU18648.1
ELU02638.1
ELT88034.1
ELT88831.1
ELT94106.1
ELT94108.1
ELU09837.1
ELT89986.1
ELU06126.1
ELU13569.1
ELU02639.1

[33]
[33]
[34]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[36]
[36]

PREDICTED
: Otp,
isoform X2
Otx, isoform
alpha
Pax6
hbn
otp
otx
FOX-GENES
FoxG
Foxj1
foxQ2-1
foxD
foxB
foxN2/3
foxK
foxJ2/3
foxC
foxN1/4
foxL1
foxL2
foxQ2a
foxQ2b
foxA
foxB
foxAB
foxC
foxD
foxF
foxG
foxGa
foxI
foxJ1
foxJ2/3
foxK
foxL1

[21]
[21]
[21]
[22]
[23]
[24]
[24]
[25]
[24]

foxL2
foxM
foxN1/4
foxN2/3
foxO
foxP
foxQ1
foxQ2a
foxQ2b
110212
118122
120142
121754
123903
125256
132285
138488
150900
161006
165261
165603
18324
187332
19405
201028
213966
228732
38679
39596
39632
5001
58039
65438
67043
67209
88569
99317
96685
foxA
foxAB
foxB
foxC
foxD
foxF
foxG
foxH
foxJ1
foxJ1
foxJ2/3
foxK
foxL1
foxL2
foxN2/3
foxP
foxQ2
foxA1
(hepatocyte
nuclear factor
3-beta
isoform b)
foxA2
(hepatocyte
nuclear factor
3-beta
isoform b)
foxB1
foxB2
foxC1
foxC2
foxD2
foxD3
foxD4
foxE1
foxE3
foxF1
foxF2
foxG1
foxH1
foxI1

Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Lottia gigantea
Mus musculus

92aa
108aa
89aa
228aa
121aa
547aa
293aa
104aa
249aa
116aa
101aa
157aa
130aa
285aa
95aa
430aa
95aa
63aa
213aa
286aa
277aa
100aa
262aa
182aa
285aa
280aa
2503aa
87aa
97aa
101aa
86aa
98aa
94aa
104aa
95aa
101aa
101aa
92aa
437aa
105aa
110aa
106aa
107aa
151aa
105aa
72aa
98aa
85aa
151aa

ELU18532.1
ELU13054.1
ELT98166.1
ELU16338.1
ELU03603.1
ELT95700.1
ELT93183.1
ELU17556.1
ELU00476.1
XP_001631592.1
XP_001629014.1
XP_001628369.1
XP_001627842.1
XP_001627122.1
XP_001626709.1
XP_001623177.1
XP_001619589.1
XP_001638960.1
XP_001634555.1

[37, 38]
[36]
[39, 40]
[41]
[42, 43]
[41]
[41]
[43]
[41, 43]
[42]
[41]
[43]
[36, 38]
[42, 44, 45]
[46]
[42, 46]
[46]
[42, 46, 47]
[46]
[42]

XP_001630413.1
XP_001631625.1
XP_001631844.1

[44]
[46]
[47]

XP_001627679.1
XP_001626353.1
XP_001639907.1
XP_001637106.1
XP_001637167.1
XP_001624096.1
XP_001634717.1
XP_001636939.1
XP_001639875.1
XP_001641147.1
XP_001638891.1
XP_001637168.1
XP_001636048.1
XP_009063695.1
XP_009047947.1
XP_009048711.1
XP_009054250.1
XP_009045977.1
XP_009054244.1
XP_009046406.1
XP_009066217.1
XP_009059936.1
XP_009063460.1
XP_009058107.1
XP_009054249.1
XP_009066965.1
XP_009047023.1
XP_009057794.1
XP_009045446.1
NP_032285.2

[48]
[43]
[49, 50]
[51]
[52, 53]
[54]
[36]
[19, 20, 46, 55-58]
[19, 55, 59]
[19, 20, 60]
[43, 44, 46, 55, 59]
[61-63]
[64]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[35]
[65]

144aa
90aa
208aa
254aa
99a
468aa

Mus musculus

459aa

NP_034576.2

[66]

Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus

325aa
428aa
553aa
494aa
492aa
469aa
444aa
371aa
288aa
378aa
446aa
481aa
401aa
372aa

NP_071773.2
NP_032049.1
NP_032618.2
NP_038547.2
NP_032619.1
NP_034555.3
NP_032048.1
NP_899121.1
NP_056573.1
NP_034556.2
NP_034355.2
NP_032267.1
NP_032015.1
NP_076396.3

[67]
[68]
[69]
[70]
[14]
[71]
[72]
[73]
[74]
[75]
[75]
[76]
[77]
[78]

foxI2
foxJ1
foxJ2
foxJ3
isoform 1
foxK1
foxK2
foxM1
foxN1
isoform 1
foxN2
foxN4
foxO1
foxO3

Mus musculus
Mus musculus
Mus musculus
Mus musculus

329aa
421aa
565aa
623aa

NP_899016.1
NP_032266.3
NP_068699.1
NP_766287.1

[79]
[80]
[81]
[82]

Mus musculus
Mus musculus
Mus musculus
Mus musculus

719aa
651aa
757aa
648aa

NP_951031.2
NP_001074401.2
NP_032047.4
NP_032264.1

[83]
[81]
[84]
[85]

Mus musculus
Mus musculus
Mus musculus
Mus musculus

429aa
521aa
652aa
672aa

NP_851305.2
NP_683737.2
NP_062713.2
NP_062714.1

[86]
[87]
[88]
[89]

foxO6
foxP1
isoform 1
foxP2
foxP3
foxP4
isoform 3
foxQ1
foxS1
foxG
foxQ2
PREDICTED
foxR1
PREDICTED
foxR2
foxI

Mus musculus
Mus musculus

559aa
705aa

NP_918949.1
NP_444432.1

[90]
[91]

Mus musculus
Mus musculus
Mus musculus

714aa
429aa
672aa

NP_997600.1
NP_473380.1
NP_083043.2

[84]
[92]
[93]

Mus musculus
Mus musculus
Platynereis dumerilii
Ptychodera flava
Rattus norvegicus

400aa
329aa
328aa
247aa
384aa

NP_032265.3
NP_034356.1
ADG26725.1
ADZ61650.1
XP_243815.4

[94]
[95]
[23]
[96]

Rattus norvegicus

302aa

XP_228808.3

Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Stronglocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus

316aa

ABB89485.1

[97]

431aa

ABB89488.1

[97]

440aa

ABE68834.1

[97]

166aa

ABB89474.1

[97]

360aa

NP_999797.1

[97]

336aa

ABB89478.1

[97]

367aa

ABB89476.1

[97]

201aa

ABB89479.1

[97]

185aa

ABB89477.1

[97]

468aa

ABB89480.1

[97]

606aa

ABB89486.1

[97]

372aa

ABB89483.1

[97]

599aa

ABB89490.1

[97]

532aa

ABB89491.1

[97]

Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus
Terebratalia transversa
Terebratalia transversa

197aa

ABB89482.1

[97]

476aa

ABB89484.1

[97]

582aa

ABB89487.1

[97]

408aa

ABB89489.1

[97]

329aa

ABB89473.1

[97]

418aa
257aa

AEZ03828.1
AEZ03835.1

[16]
[16]

Dinophilus gyrociliatus
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Capitella telata
Drosophila melanogaster
Drosophila melanogaster

482(398)aa
314aa
242aa
346aa
371aa
506aa
487aa
416aa

ELU17224.1
ELU17225.1
ELU17231.1
ELU17226.1
ELT94068.1
NP_524695.2
NP_476733.1

[1]

foxL1
foxA
foxAB
foxB
foxC
foxD
foxF
foxG
foxJ1
foxK
foxL2
foxM
foxN1/4
transcript
variant 1
foxN2/3
foxO
foxP
foxQ1
foxQ2
foxG
foxQ2
SIX-Class
Six3/6
180297
180301
180303
226834
227938
optix
Sine oculis

[21]
[21]

Six4, isoform
A
115798
129577
179424
Six1
Six2
Six3
Six4
Six5
Six6
126214
130873
138693
Six2
Six3

Drosophila melanogaster

392aa

NP_649256.1

[21]

Lottia gigantea
Lottia gigantea
Lottia gigantea
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Nematostella vectensis
Nematostella vectensis
Nematostella vectensis
Platynereis dumerilii
Platynereis dumerilii

222aa
205aa
191aa
284aa
296aa
333aa
775aa
719aa
246aa
185aa
192aa
175aa
307aa
366aa

XP_009052787.1
XP_009063131.1
XP_009063129.1
NP_033215.2
NP_035510.1
NP_035511.2
NP_035512.1
NP_035513.1
NP_035514.1
XP_001626434.1
XP_001625159.1
XP_001623134.1
CAC86663.1
CAR66435.1

Six1
Six3
PREDICTED
: Six4-like
Six1

Saccoglossus kowalevskii
Saccoglossus kowalevskii
Saccoglossus kowalevskii

296aa
252aa
304aa

NP_001277017.1
NP_001158378.1
XP_002735606.1

[1]
[1]
[1]
[98]
[99]
[100]
[98]
[81]
[101]
[64]
[64]
[64]
[55]
Steinmetz et al. (2008): Evolution of the head in annelids and
arthropods. Unpublished
[102]
[30]

Strongylocentrotus
purpuratus
Strongylocentrotus
purpuratus

336aa

NP_001268684.1

324aa

XP_781696.1

Strongylocentrotus
purpuratus
Terebratalia transversa
Terebratalia transversa

565aa

XP_781616.2

199aa
348aa

AJV21321.1
AEZ03831.1

[103]
[16]

Dinophilus gyrociliatus
Drosophila melanogaster

1212(161)aa
390aa

AAF53991

[104]

Drosophila melanogaster

390aa

AGB93209.1

[104]

Leptinotarsa decemlineata

176aa

AKG92779.1

dimmed
Platynereis dumerilii
transcription
factor
Hypothetical
Lottia gigantea
protein
partial
mRNA
PREDICTED Crassostrea gigas
: neurogenic
differentiatio
n factor 4like, ...
Basic helixPediculus humanus
loop-helix
corporis
protein mist
1, putative
Dlx
Nematostella vectensis
Dlx
Paracentrotus lividus
Dlx
Convolutriba longifissura
Dlx
Saccoglossus kowalevskii
NK-Box GENES
Nk2.1
Dinophilus gyrociliatus
Nk2.2
Dinophilus gyrociliatus
Lbx
Capitella telata

205aa

AFV92894.1

Meng, Q. and Fu, K. (2014): Identification of bHLH genes in
Colorado potato beatle, Leptinotarsa decemlineata (direct
submission)
[51]

327bp

XM_009067111.1

[35]

2009bp

XM_011430741.1

300bp

XM_002432560.1

Kirkness, E. et al. 2007: Annotation of Pediculus humanus corporis
strain USDA (unpublished)

60aa
419aa
536aa
274aa

ABG67787.1
ADW95343.1
ACG70806.1
AAP79300.1

[105]
[106]
[107]
[108]

1360(210)aa
347(290)aa
367aa

ACI26672.1

NK-like2.2b

Capitella telata

221aa

ACH89433.1

NK-like-1a

Capitella telata

148aa

ACH70609.1

NK-like-1b

Capitella telata

165aa

ACI26669.1

NK-like-2.1a

Capitella telata

263aa

ACH89430.1

NK-like-2.2a

Capitella telata

256aa

ACH89432.1

NK-like-2.1b

Capitella telata

428aa

ACH89431.1

NK-like-3

Capitella telata

190aa

ACI26670.1

NK-like-4a

Capitella telata

237aa

ACH89434.1

Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished

PREDICTED
: Six6-like,
Six3?
PREDICTED
: Six4
Six1/2
Six3/6
DIMMED
dimmed
dimmed,
isoform A
dimmed,
isoform B
dimmed,

[31]

NK-like-4b

Capitella telata

297aa

ACH89435.1

NK-like-5

Capitella telata

402aa

ACH89437.1

NK-like-5b

Capitella telata

207aa

ACH88440.1

NK-like-6

Capitella telata

146aa

ACI26668.1

NK-like_7

Capitella telata

267aa

ACI26671.1

Tlx

Capitella telata

271aa

ACH89436.1

Bap
C15
Dll
drop
H6
Lbe, ladybird
early
Lbl, ladybird
late, isoform
A
Scro,
scarecrow,
isoform A
Slouch,
isoform A
tinman
Vnd (ventral
nervous
system
defective),
isoform B
Dlx-1
Dlx-2
Dlx-3
Dlx-4
Dlx-5,
isoform 1
Dlx-6
Hmx1
Hmx2
Hmx3
Lbx1
Lbx2
Msx-1
Msx-2
Msx-3
Nk2.5
Nkx-3.2
Nkx-3.1
Nkx-6.1
Nkx-6.2
Nkx-6.3
Nkx-1.1
Nkx-1.2
Nkx-2.1
Nkx-2.2
Nkx-2.3
Nkx-2.4
Nkx-2.6
Nkx-2.8
Tlx1
Tlx2
Tlx3
Dlx-1
Lbx
Msx
Nk1
Nk2.1
Nk2.2
Nk3
Nk4
Nk5
Tlx
Nk2.1

Drososphila melanogaster
Drososphila melanogaster
Drososphila melanogaster
Drososphila melanogaster
Drososphila melanogaster
Drososphila melanogaster

382aa
339aa
322aa
515aa
592aa
479aa

NP_732637.1
NP_476873.2
NP_726486.1
NP_477324.1
NP_732244.3
NP_524435.2

Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
Veatch,O.J. and Seaver,E.C.(2008): Genomic organization and
expression of NK-like gene families in Capitella sp. I. Unpublished
[21]
[21]
[21]
[21]
[21]
[21]

Drososphila melanogaster

372aa

NP_524434.2

[21]

Drososphila melanogaster

468aa

NP_001015473.1

[21]

Drososphila melanogaster

659aa

NP_476657.1

[21]

Drososphila melanogaster
Drososphila melanogaster

416aa
577aa

NP_524433.1
NP_001036253.1

[21]
[21]

Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus

255aa
332aa
287aa
240aa
289aa

NP_034183.1
NP_034184.1
NP_034185.1
NP_031893.3
NP_034186.2

[109]
[110]
[111]
[14]
[112]

Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Platynereis dumerilii
Terebratalia transversa

297aa
332aa
273aa
356aa
282aa
195aa
303aa
267aa
204aa
318aa
333aa
237aa
365aa
277aa
262aa
440aa
305aa
372aa
273aa
362aa
354aa
289aa
235aa
333aa
284aa
291aa
367aa
497aa
389aa
333aa
362aa
200aa
387aa
374aa
171aa
325aa
323aa

NP_034187.1
NP_034575.1
NP_666110.1
NP_032283.3
NP_034821.2
NP_034822.1
NP_034965.2
NP_038629.2
NP_034966.1
NP_032726.1
NP_031550.2
NP_035051.1
NP_659204.1
NP_899071.2
NP_083278.1
NP_035450.1
NP_033149.1
NP_033411.3
NP_035049.1
NP_032725.1
NP_075993.1
NP_035050.2
NP_032727.2
NP_068701.1
NP_033418.1
NP_064300.2
CAJ38799.1
ABQ10642.2
CAJ38810.1
CAJ38797.1
CAJ38809.1
ABO93209.1
ABQ10641.1
ABQ10640.1
ABQ10644.1
ABQ10643.1
AEZ03832.1

[112]
[113]
[114]
[114]
[115]
[116]
[117]
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Additional file S3. Phylogenetic analysis of Dg-syt. Phylogenetic tree of the membrane-trafficking

642

protein synaptotagmin with emphasis on Dg-syt (which is highlighted in the tree), supporting its

643

orthology assignment. Protein alignments were made using MUSCLE [68]and Bayesian phylogenetic

644

analysis was performed using MrBayes [69, 70], with settings according to [26]. Each analysis was

645

run for 30,000,000 generations sampled every 1000 generations in four runs. A consensus tree and

646

posterior probabilities for each branch were calculated prior to visualization of the tree with FigTree

647

and edition in Adobe Illustrator 2015CC. All sequences used are listed in Additional File 2.
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649

Additional file S4. Phylogenetic analysis of PRD class genes Dg-gsc, Dg-hbn, Dg-otp, Dg-otx and

650

Dg-pax6. Phylogenetic tree of the paired box genes with emphasis on the genes used in this study

651

(which are highlighted in the tree), supporting their orthology assignments. Protein alignments were

652

made using MUSCLE [68]and Bayesian phylogenetic analysis was performed using MrBayes [69,

653

70], with settings according to [26]. Each analysis was run for 30,000,000 generations sampled every

654

1000 generations in four runs. A consensus tree and posterior probabilities for each branch were

655

calculated prior to visualization of the tree with FigTree and edition in Adobe Illustrator 2015CC. All

656

sequences used are listed in Additional File 2.
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658

Additional file S5. Phylogenetic analysis of Dg-foxG. Phylogenetic tree of the forkhead box genes

659

with emphasis on Dg-foxG (which is highlighted in the tree), supporting its orthology assignments.

660

Protein alignments were made using MUSCLE [68]and Bayesian phylogenetic analysis was

661

performed using MrBayes [69, 70], with settings according to [26]. Each analysis was run for

662

30,000,000 generations sampled every 1000 generations in four runs. A consensus tree and posterior

663

probabilities for each branch were calculated prior to visualization of the tree with FigTree and

664

edition in Adobe Illustrator 2015CC. All sequences used are listed in Additional File 2.
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666

Additional file S6. Phylogenetic analysis of Dg-six3/6. Phylogenetic tree of the six class genes with

667

emphasis on Dg-six3/6 (which is highlighted in the tree), supporting its orthology assignments.

668

Protein alignments were made using MUSCLE [68]and Bayesian phylogenetic analysis was

669

performed using MrBayes [69, 70], with settings according to [26]. Each analysis was run for

670

30,000,000 generations sampled every 1000 generations in four runs. A consensus tree and posterior

671

probabilities for each branch were calculated prior to visualization of the tree with FigTree and

672

edition in Adobe Illustrator 2015CC. All sequences used are listed in Additional File 2.
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674

Additional file S7. Phylogenetic analysis of Dg-dim. Phylogenetic tree of the dimmed genes with

675

emphasis on Dg-dim (which is highlighted in the tree), supporting its orthology assignments. Protein

676

alignments were made using MUSCLE [68]and Bayesian phylogenetic analysis was performed using

677

MrBayes [69, 70], with settings according to [26]. Each analysis was run for 30,000,000 generations

678

sampled every 1000 generations in four runs. A consensus tree and posterior probabilities for each

679

branch were calculated prior to visualization of the tree with FigTree and edition in Adobe Illustrator

680

2015CC. All sequences used are listed in Additional File 2.
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682

Additional file S8. Phylogenetic analysis of Dg-nk2.1 and Dg-nk2.2. Phylogenetic tree of the NK-

683

homeobox genes with emphasis on the genes used in this study (which are highlighted in the tree),

684

supporting their orthology assignments. Protein alignments were made using MUSCLE [68]and

685

Bayesian phylogenetic analysis was performed using MrBayes [69, 70], with settings according to

686

[26]. Each analysis was run for 30,000,000 generations sampled every 1000 generations in four runs.

687

A consensus tree and posterior probabilities for each branch were calculated prior to visualization of

688

the tree with FigTree and edition in Adobe Illustrator 2015CC. All sequences used are listed in

689

Additional File 2.
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691

Additional file S9. Brain-specificity of gene expression patterns for the genes tested. Dg-syt, Dg-

692

gsc, Dg-hbn, Dg-otp, Dg-otx, Dg-pax6, Dg-foxG, Dg-six3/6 and Dg-dim, while Dg-nk2.1 also labels

693

the fore- and hindgut and Dg-nk2.2 is only expressed in the posterior midgut. The light staining in

694

Dg-otx and Dg-dim is an artefact, since precipitation was retained between the stomach content of the

695

animals. Dg-otx and Dg-pax6 are not shown in strict dorsoventral orientation, since the pharyngeal

696

bulb is too extruded to balance the animals in high magnification.
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SUMMARY

Despite rapid advances in the study of metazoan
evolutionary history [1], phylogenomic analyses
have so far neglected a number of microscopic lineages that possess a unique combination of characters and are thus informative for our understanding
of morphological evolution. Chief among these
lineages are the recently described animal groups
Micrognathozoa and Loricifera, as well as the two
interstitial ‘‘Problematica’’ Diurodrilus and Lobatocerebrum [2]. These genera show a certain resemblance to Annelida in their cuticle and gut [3, 4]; however, both lack primary annelid characters such as
segmentation and chaetae [5]. Moreover, they show
unique features such as an inverted body-wall
musculature or a novel pharyngeal organ. This and
their ciliated epidermis have led some to propose relationships with other microscopic spiralians, namely
Platyhelminthes, Gastrotricha, and in the case of
Diurodrilus, with Micrognathozoa [6, 7]—lineages
that are grouped by some analyses into ‘‘Platyzoa,’’
a clade whose status remains uncertain [1, 8–11].
Here, we assess the interrelationships among the
meiofaunal and macrofaunal members of Spiralia using 402 orthologs mined from genome and transcriptome assemblies of 90 taxa. Lobatocerebrum and
Diurodrilus are found to be deeply nested members
of Annelida, and unequivocal support is found for Micrognathozoa as the sister group of Rotifera. Analyses using site-heterogeneous substitution models
further recover a lophophorate clade and position
Loricifera + Priapulida as sister group to the remaining Ecdysozoa. Finally, with several meiofaunal
lineages branching off early in the diversification of
Spiralia, the emerging concept of a microscopic,

acoelomate, direct-developing ancestor of Spiralia
is reviewed.
RESULTS
Understanding metazoan evolutionary history requires resolving
the phylogenetic positions of not only the major animal groups
but also of more obscure lineages showing unique character
combinations. Examples of such important ‘‘Problematica’’ are
Lobatocerebromorpha [3, 12, 13], Diurodrilida [4, 5], Micrognathozoa [6, 7], and Loricifera [14], representing among the smallest animals ever discovered, which have received phylum-level
affiliations or remain of uncertain position within Protostomia.
We present here the first nuclear protein-coding data from representatives of all four clades, incorporating these and other new
and published protein-coding surveys into a 402-ortholog, 90taxon supermatrix comprising all free-living lineages of Spiralia
(Table S1). Phylogenetic analyses of this matrix were performed
using maximum likelihood (ML; Figures 1 and S1), with partitioned analyses of the full-size matrix (Figure 1A) and unpartitioned analyses of two submatrices constructed to investigate
putative long-branch attraction (LBA) artifacts (Figures 1B and
1C). To further control for other potential systematic artifacts,
we also undertook analyses using Bayesian inference (BI) under
a site-heterogeneous mixture model (CAT + GTR + G4; [15]),
using a matrix groomed of unstable taxa and sites showing evidence of compositional non-stationarity (Figure 2). Bayesian analyses of the complete matrix were also performed (Figure S2).
The ML and BI analyses differ, at least superficially, in the
topology they present for deep spiralian interrelationships. Our
ML trees from partitioned analyses of the full matrix (Figure 1A)
and from analyses of a slow-evolving subset of the full matrix
(Figure 1B) are nearly identical and recapitulate results found in
previous large-scale ML investigations of spiralian phylogeny
[10, 11], e.g., monophyly of Trochozoa, Platyzoa, and Polyzoa
[1, 15]. In contrast, analyses of a fast-evolving subset (Figure 1C)
of this matrix do not recover the monophyly of Platyzoa, Polyzoa,
or even Ecdysozoa. In general, however, few relevant clades
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Figure 1. Maximum Likelihood Inference of Spiralian Interrelationships from the Complete Matrix and Two Submatrices Stratified by
Evolutionary Rate
Maximum likelihood (ExaML v.3.0.0) phylograms inferred from the 402-gene, 79,954-amino-acid (aa) supermatrix (57.57% missing data).
(A) Partitioned analysis (from PartitionFinderProtein v.1.1.1) inferred from the total matrix.
(B) LG4M + F analysis from a submatrix comprising all but the fastest-evolving quartile of variable sites (20,167 aa).
(C) LG4M + F analysis from a submatrix comprising all but the slowest-evolving quartile of variable sites (20,293 aa).
Nodal values (given only to show support for the monophyly and interrelationships of the labeled major clades, i.e., not depicting support for intra-phylum
relationships) reflect frequency of clades in a set of 100 bootstrap trees; clades with full support are not labeled. For labeled terminal taxa and full support values,
refer to Figure S1 and the data Dryad accession.

find strong support in any ML analysis, with even several uncontroversially monophyletic taxa (e.g., Annelida, Gastrotricha)
failing to see strong support (Figure 1). In contrast, the BI analyses under a site-heterogeneous model (CAT + GTR + G4) find
strong support for many spiralian clades, including all those
that are also supported in the ML analyses, but also for Spiralia,
Gnathifera, and Lophotrochozoa, among others (Figure 2). Thus,
while the ML trees and BI consensus phylograms topologically
differ, there is no evidence of strongly supported incongruence
between ML and BI. Most importantly, BI places both Diurodrilus
and Lobatocerebrum as deeply nested members of Annelida
(as does ML, although with lesser support). Finally, BI also finds
strong support for the non-monophyly of ‘‘Platyzoa,’’ with Gnathifera forming the earliest-diverging branch (Figures 2 and S2).
Platyzoan non-monophyly is also recovered under ML in our
fastest-evolving matrix subset (Figure 1C), but support for basal
relationships is poor in this analysis.
The BI analyses of the trimmed (Figure 2) and untrimmed (Figure S2) matrices differ in only few respects. Platyhelminthes +
Gastrotricha (called Rouphozoa in [11]) and Lophotrochozoa (in
the sense of its original definition by [16] and not the looser common usage introduced by [17]) are supported in the trimmed
matrix, but not the untrimmed matrix. Mixture model inference
on both matrices, in sharp contrast to our ML analyses, also recovers the monophyly of the lophophorate phyla with high support, with Phoronida (here as in [18]) forming the sister group of
Bryozoa. Mollusca was recovered as the sister group to the other
Lophotrochozoa (in marked contrast to recent studies [11, 18]),
albeit with weak support in the complete matrix (Figure S2).
Indeed, the only strongly supported deep topological difference
observed between analyses of the trimmed versus complete
matrix concerns the position of Nemertea, which forms the sister

taxon of Annelida in the untrimmed matrix (Figure S2), or of the
lophophorate clade in the trimmed matrix (Figure 2). Remarkably, in the complete matrix, we see no support for the hypothesis previously suggested by both molecules and morphology
[18–20] of a sister-group relationship between Cycliophora and
Entoprocta (the latter being instead recovered as sister group
to Bryozoa; [21]); here, Cycliophora falls, but with low posterior
probability (pp; pp = 0.5), as the sister group of Lophotrochozoa
(Figure S2), a result perhaps related to the poor sequencing
depth of this transcriptome.
Within Ecdysozoa, we find strong support under BI analysis of
the untrimmed matrix (Figure S2) only for Onychophora + Arthropoda and Tardigrada + Nematoda, as found in a recent study
focused on Ecdysozoa [22]. However, in the trimmed matrix (Figure 2), support (pp = 0.98) also emerges for a scenario in which
the meiofaunal Loricifera fall together with our other scalipdophoran representative, Priapulida, as the sister group to other
members of Ecdysozoa. Although evidence for Scalidophora
itself is poor (pp = 0.78), and we lack a representative of Kinorhyncha, this is the first time molecular data have recovered a
clade of Loricifera + Priapulida, two taxa that share many common morphological traits [23].
DISCUSSION
Diurodrilus and Lobatocerebrum Are Miniaturized
Annelids
The deeply nested positions of Diurodrilus and Lobatocerebrum
within Annelida suggest independent miniaturizations of these
lineages from an indirect-developing, macrofaunal annelid
ancestor. Diurodrilus has traditionally been considered a member of Archiannelida [4, 24], a taxon of morphologically simple
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Figure 2. Bayesian Mixture Model Inference of Spiralian Interrelationships, with Special Reference to the Placement of Problematic Interstitial Taxa
Bayesian inference of the interrelationships among taxa of Spiralia in the 88-taxon ‘‘trimmed’’ matrix (72,243 aa, 58.17% missing data), made by PhyloBayes-MPI
v.1.4e, under the CAT + GTR + G4 mixture model. Nodal support values represent posterior probability; completely supported nodes are unlabeled. G, Gnathifera;
L, Lophotrochozoa; S, Spiralia. Inset at lower right: selected images of problematic interstitial meiofauna placed in this phylogenetic analysis.
(A) Adult Lobatocerebrum sp. from Bird Island, Bocas del Toro, Panama; differential interference contrast (DIC) optics.
(B) Adult Diurodrilus sp. from Bailey’s Rock, Nahant, Massachusetts; DIC optics.
(C) Adult Limnognathia maerski with egg from Isunngua Spring, Disko Island, Greenland; DIC optics.
(D) Adult of Armorloricus elegans from Roscoff, France; DIC optics.

interstitial annelids originally considered ‘‘ancestral’’ to the other
annelid taxa [25, 26], other members of which have recently been
shown to be non-monophyletic and derived from macrofaunal

ancestors [27, 28]. However, for Diurodrilus, several authors
have also proposed a relationship outside of Annelida, specifically to the recently discovered Micrognathozoa, with which
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they share, e.g., characteristic mid-ventral trunk ciliophores and
a ventral muscular plate of the pharynx [5–7]. Equally complicated is the case of Lobatocerebrum, originally described as
‘‘a turbellariomorph member of the annelid line of evolution’’
[3], i.e., an intermediate between Platyhelminthes and Annelida—a position maintained by Rieger [12] and Hazprunar et al.
[2] (who erected for it the phylum Lobatocerebromorpha), which
we aimed to test here.
None of these hypotheses are supported in the present study.
The precise position in which we recovered Diurodrilus within
Annelida—as sister taxon to the macrofaunal Orbiniidae—has
also been supported by ML analysis of mitogenomic data
(although curiously, orbiniids appear more distant in gene order
analyses) [29]. Remarkably, in previous rRNA-based phylogenetic studies orbiniids have been recovered as relatives of Parergodrilidae, another meiofaunal annelid lineage [30]. However,
Diurodrilus shows with its apomorphic pharyngeal organ, adhesive toes, and ventral ciliophores no close resemblance to any
known orbiniid, adult, larval or juvenile [29, 31]. Indeed, it represents the most ‘‘reduced’’ annelid to date, both sexes being of
microscopic size and lacking all common annelid traits such
as segmentation, coelomic cavities, chaetae, and nuchal organ
[26]. With respect to Lobatocerebrum, we find it strongly supported as the sister group of Sipuncula [32], constituting an
intriguing clade of unsegmented annelids; however, there are
no other obvious synapomorphies for the two groups.
Lobatocerebrum and Diurodrilus share gross anatomical characteristics with many interstitial annelids, most prominent among
these being an acoelomate or pseudocoelomate condition (with
coincident protonephridia and absence of a vascular system).
This organization may be related to small body size and can arise
homoplastically as the consequence of diverse processes,
such as an enlarged peritoneal lining and/or endoderm, or lack
of cavity formation within the mesoderm [26, 33–35]. These
different manifestations of an acoelomate condition, as well as
the apparent independent origin of Lobatocerebrum, Diurodrilus,
and most other interstitial annelid families [26, 28, 31] indicate
that their miniaturizations do not follow a predictable pattern.
Accordingly, it cannot easily be explained by the popular theory
of progenesis [31], especially considering their lack of specific
resemblance to larval or juvenile stages of macrofaunal relatives
(e.g., Orbiniidae). Regardless of the mechanism of their reduction, however, our recovered placement of Diurodrilus and
Lobatocerebrum within Annelida contributes to the enormous
morphological disparity of this taxon, together with the recent
positioning of other aberrant annelids such as Sipuncula,
Echiura, Myzostomida, and Pogonophora [27].
Micrognathozoa Is Sister Group to Rotifera within
Gnathifera
All our analyses supported monophyletic Gnathifera—a clade
composed of protostomes with a special type of cuticular
jaws—with Micrognathozoa as the sister group of Rotifera,
both constituting the sister group of Gnathostomulida (Figures 1
and 2). Despite the microscopic size and understudied biology of
most gnathiferan lineages (e.g., male micrognathozoans having
not been observed), this topology has been supported previously with morphological data [6, 36, 37], albeit not using conventional molecular markers [38]. The main synapomorphies of

Rotifera + Micrognathozoa have been uncovered in ultrastructural studies of the epidermis [39] and of the jaw apparatus
composed of rod-like structures [37], with Rotifera + Micrognathozoa having some common supporting musculature [7].
‘‘Platyzoa’’ Is Likely a Systematic Artifact
Our mixture model analyses reject the monophyly of Platyzoa [8],
a grouping of mainly interstitial taxa whose only shared characteristics, such as minute size (excepting some secondarily large
Platyhelminthes and the acanthocephalan Rotifera; [40]), direct
development, external ciliation, and an acoelomate or pseudocoelomate condition, are features also found in many other animals. The poorly supported division between Platyzoa/Polyzoa
and Trochozoa, which we recover only under ML (Figure 1), neatly
correlates (with the exceptions of Diurodrilus and Lobatocerebrum) with a division between fast-evolving and slow-evolving
spiralians, suggesting the possibility of an LBA artifact [11].
Further, even though under both phylogenetic methods the problematic Diurodrilus and Lobatocerebrum are recovered as deeply
nested annelids, the positions of these taxa within Annelida differ
between reconstruction methods, with ML (Figure 1) placing
these fast-evolving lineages in close proximity, consistent also
with an LBA effect. It is remarkable that even the use of a statistically well-justified partitioning scheme, as provided by the PartitionFinder algorithm [41], groups the fast-evolving interstitial
taxa into a clade (Figure 1). Only under the CAT + GTR + G4
mixture model do we recover non-monophyly of this longbranched assemblage, consistent with previous observations
that such flexible models better fit the substitution-pattern
heterogeneity characteristic of such large matrices, thereby
rendering them more robust to model misspecification and subsequent LBA [42]. Apparently the relevant substitution process
heterogeneities in such data may be occurring not between genes
but between sites within genes (at, e.g., the domain level; [43]).
Interestingly, a similar resolution of ‘‘Platyzoa’’ as non-monophyletic has also been proposed in another recent study [11],
also using RNA sequencing libraries as a source of phylogenetic
evidence (several of which we reanalyze here with distinct assembly and orthology assignment algorithms). However, in this
study, such a topology only emerged under consideration of
specific gene and taxon subsets, and even then, no single
analysis offered strong resampling support for all newly introduced clades (i.e., ‘‘Rouphozoa’’ and ‘‘Platytrochozoa’’). Indeed,
choosing to exclude specific data subsets may at times prove
positively misleading: for instance, ML analysis of our fastestevolving submatrix recovers a topology (albeit with low support)
similar to our BI analyses (Figure 1C). This may thus be seen as
an argument in favor of a ‘‘total evidence’’ approach to phylogenetics even at this scale of inference; although fast-evolving sites
and genes may indeed mislead simple reconstruction methods,
they may also retain valuable phylogenetic signal [44].
Was the Spiralian Ancestor a Microscopic, Acoelomate,
Direct-Developing Worm?
The colonization of the interstices of marine sediments is among
the most successful modes of life employed by metazoans, with
nearly every major animal clade having at least some interstitial representatives and some being known exclusively from
this habitat [45–47]. Animals that have adapted to such lifestyles,
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sometimes known as meiofauna, bear a common set of characteristics, being generally of microscopic size, direct developing, with
limited reproductive output and lifespan, and showing, relative to
larger metazoans, a simplified, often acoelomate body design.
Phylogenetic discussions regarding such meiofauna, including
the members of ‘‘Platyzoa’’ [34], interstitial Annelida [3, 31], and
other taxa such as the acoelomorph flatworms [48], have centered
on the question of whether these morphologically ‘‘simple’’ taxa
have originated via miniaturization from a macrofaunal ancestor,
or have instead inherited their simple morphology from ancestors
with similarly microscopic adults.
In this contribution, we aimed to address these themes within
the major metazoan clade Spiralia, by resolving the interrelationships between the meiofaunal and macrofaunal members of this
clade, including genome and transcriptome sampling of a range
of previously sparsely sampled (Gnathostomulida) or unsampled
microscopic taxa (Catenulida, Micrognathozoa, Chaetonotoida,
Lobatocerebridae, Diurodrilidae). Under a phylogenetic mixture
model (Figure 2), we find uniformly strong support for a topology
in which a monophyletic Gnathifera forms the sister group to all
other spiralians, with the remaining members of Spiralia split
between a clade of, on the one hand, Platyhelminthes and Gastrotricha, and on the other, Lophotrochozoa. A parsimonious
reading of this topology posits the common features of these
interstitial worms as plesiomorphies, implying an interstitial,
direct developing, unsegmented, acoelomate or pseudocoelomate condition for the spiralian ancestor. This further implies
multiple independent origins of, e.g., segmentation, coelomic
cavities, planktotrophic larvae, and other morphological structures across Bilateria.
However, under the topology recovered here, only two separate reductions in body size (miniaturizations) and transitions to
an acoelomate condition—perhaps, though not necessarily, via
progenesis—are required to derive Gnathifera and Rouphozoa
from a macrofaunal, coelomate spiralian ancestor. If miniaturized taxa such as Lobatocerebrum and Diurodrilus have
separate origins within Annelida, might not Gnathifera and Rouphozoa, clades that evince rather distinct manifestations of the
acoelomate condition [17], therefore also be the remaining survivors of two ancient miniaturization events [13, 48, 49]? The
principle of parsimony casts doubt on this scenario, as it posits
the existence and independent extinction of two separate
macrofaunal lineages related to both branches of ‘‘Platyzoa,’’
a suggestion for which there is no fossil evidence, despite the
widespread availability of exceptionally preserved Cambrian
fossils of most other soft-bodied macrofaunal bilaterian lineages. This being recognized, there are continued arguments
from comparative developmental genetic studies (reviewed by
[50]) for homology across Bilateria in traits seemingly specific
to macrofaunal animals, most recently extending to larval apical
organs [51], a complex, tripartite forebrain [52], and collagenous midline supportive structures [53]. Unfortunately, the
interpretation of such studies remains biased by the absence
of data on the expression and function of developmental genes
during the embryogenesis of gnathiferans, platyhelminths, and
gastrotrichs.
Comparisons to outgroup taxa are critical to understanding
the nature of the ancestor of Spiralia and earlier branches
(Protostomia, and Bilateria). Ecdysozoa, one of two possible out-

groups to Spiralia [1], encompasses substantial body plan diversity, and the relationships within this clade remain incompletely
understood. However, it is possibly suggestive in this context
that in this analysis as well as others [22], the members of Scalidophora, a clade of primarily interstitial, largely acoelomate or
pseudocoelomate animals, are supported as sister taxon to
other ecdysozoans. The precise placement of two other extant
vermiform taxa—the enigmatic chaetognaths, representing a
likely distinct branch of protostomes in their own right [54],
and the acoelomorph flatworms (with or without Xenoturbella),
representing either early-branching bilaterians or deuterostomes
of uncertain precise placement [1]—may also provide some
additional signal required to test the homology of the traits common to the ‘‘platyzoan’’ taxa. With the continued availability of
genomic and genome-informed datasets from representatives
of problematic taxa such as those presented here, we are approaching a clearer picture of the relationships, limits, and
shared derived characteristics of not only these microscopic
groups but also the most familiar branches of the metazoan
tree. The evidence presented here has yielded the first wellresolved spiralian phylogeny inclusive of all free-living groups
and hence provides clear hypotheses for future investigations
to test, not least among which is the supposition that the
ancestor of Spiralia was most probably a meiofaunal animal,
as this is the predominant lifestyle of the two earliest-branching
lineages within this diverse clade.
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Abstract
Background: The microscopic worm group Lobatocerebridae has been regarded a ‘problematicum’, with the
systematic relationship being highly debated until a recent phylogenomic study placed them within annelids (Curr
Biol 25: 2000-2006, 2015). To date, a morphological comparison with other spiralian taxa lacks detailed information
on the nervous and muscular system, which is here presented for Lobatocerebrum riegeri n. sp. based on
immunohistochemistry and confocal laser scanning microscopy, supported by TEM and live observations.
Results: The musculature is organized as a grid of longitudinal muscles and transverse muscular ring complexes in
the trunk. The rostrum is supplied by longitudinal muscles and only a few transverse muscles. The intraepidermal
central nervous system consists of a big, multi-lobed brain, nine major nerve bundles extending anteriorly into the
rostrum and two lateral and one median cord extending posteriorly to the anus, connected by five commissures.
The glandular epidermis has at least three types of mucus secreting glands and one type of adhesive unicellular
glands.
Conclusions: No exclusive “annelid characters” could be found in the neuromuscular system of Lobatocerebridae,
except for perhaps the mid-ventral nerve. However, none of the observed structures disputes its position within this
group. The neuromuscular and glandular system of L. riegeri n. sp. shows similarities to those of meiofaunal annelids
such as Dinophilidae and Protodrilidae, yet likewise to Gnathostomulida and catenulid Platyhelminthes, all living in
the restrictive interstitial environment among sand grains. It therefore suggests an extreme evolutionary plasticity
of annelid nervous and muscular architecture, previously regarded as highly conservative organ systems throughout
metazoan evolution.
Keywords: Nervous system, Musculature, Glandular system, Meiofauna, Annelida, Spiralia, CLSM, Immunohistochemistry,
Ultrastructure

Background
Although phylogenomic studies have increased our
knowledge of metazoan phylogeny significantly [1–4], a
few ‘Problematica’ [5, 6] remain unplaced. Chief among
those is the interstitial family Lobatocerebridae, which a
recent phylogenetic study based on transcriptomic data
positioned within Annelida, as sister group to Sipuncula,
albeit with moderate support [7]. This enigmatic group
of microscopic, thread-like, fully ciliated animals with
glandular epidermis, living interstitially between sand
* Correspondence: kworsaae@bio.ku.dk
1
Marine Biological Section, Department of Biology, University of
Copenhagen, Universitetsparken 4, 1st floor, 2100 Copenhagen E, Denmark
Full list of author information is available at the end of the article

grains in the subtidal sandy sea-floor, was described as
its own family, Lobatocerebridae, with one species,
Lobatocerebrum psammicola [8]. The morphological data
available have never indicated a relationship to Sipuncula,
although affinities to Annelida as well as to Platyhelminthes have been debated [8, 9]. Due to the ambiguity of the
morphological features pointed out by Rieger [8–11], this
group was suggested to be its own phylum Lobatocerebromorpha in 1991, alongside annelids, platyhelminthes, molluscs and other spiralians [6, 12]; a status now denied by
the recent phylogenomic analyses [7].
Lobatocerebrum psammicola was described from the
shallow waters off the Coast of North Carolina, USA,
based on TEM and LM section series [8–11]. The same
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articles mention two additional undescribed species
from the deep waters off North Carolina and from Eilat,
Israel, respectively [8–10]. Additional specimens have
been recorded by various authors from marine localities
in the Atlantic (for example in Denmark [13], Gran
Canaria (Spain) and Elba (Italy, W. Sterrer unpublished),
and the Atlantic coast of Panama [7]), but the detailed
morphology or taxonomy of these animals (besides L.
psammicola) has never been investigated. Lobatocerebridae are found in subtidal marine habitats with coarse
sand mixed with fine silt, but with limited organic and
terrestrial matter. Although found at shallow depths,
they are never abundant, and may be mistaken for platyhelminthes, juvenile nemerteans or gnathostomulids,
which might explain their understudied nature and lack
of additional records. Due to the inaccessibility of material, the explicit descriptions given by R. Rieger in his
series of articles [8–11] have remained the only source
for systematic and evolutionary discussions for decades
[5, 6, 12, 14].
Lobatocerebrids have been described by Rieger [8–10]
as having a thin, elongated body with circular cross
section and complete ciliation. The epidermis is furthermore interspersed with a high number of unicellular
glands. The ventral mouth opening is located one-third
of the length from the tip (delineating the rostrum from
the trunk), the dorsal male gonopore is positioned twothirds of the length from the tip, followed by one to several lateral openings of the seminal receptacles in the
posterior end of the body and the subterminal dorsal
anus. The most prominent and also eponymous character of the animal is the large, multi-lobed brain, which is
located anterior to the mouth opening, nearly taking up
the entire cross section of the animal. The intraepidermal, ventral nervous system is reported to consist of two
lateral nerve cords and two postpharyngeal commissures. The body wall musculature was described as outer
longitudinal and inner circular muscles. The animals are
simultaneous hermaphrodites [8–10]. Still, none of these
morphological characteristics have made a clear classification into or next to one of the existing nominal phyla possible at the end of the 20th century since the identification
of common traits has been ambiguous. However, especially Annelida, Gastrotricha, Gnathostomulida, Mollusca,
Nemertea, and Platyhelminthes have been discussed as
most likely relatives [6, 8, 11, 12]. Details of the epidermis
and other characters were examined by Rieger [8–11] with
ultrathin (40–70 nm) sections and transmission electron
microscopy (TEM), providing information of great ultrastructural detail. However, a detailed cohesive analysis of
several organ systems throughout the entire body, including the complete nervous and muscular system mapped
with immunostaining and confocal microscopy is still
warranted. This will not only enhance our understanding
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of their morphology but also facilitate a comparison with
morphological data on other interstitial groups gathered
within the last two decades [15–17].
Both muscular and nervous systems have been assumed to represent rather conserved organ systems
when it comes to their general architecture [18]. Annelids, however, have been found to be highly diverse in
their morphological characters, and the ancestral states
of musculature [19, 20] and nervous system [21] are still
debated. The muscular layout in Lobatocerebridae has
been described as internal circular and external longitudinal muscles [8, 10], which contradicts the arrangement
found in the majority of annelids [22, 23]. However,
cases are known where external circular muscles are
reduced [24, 25] and several other muscle sets such as
transverse, dorsoventral or bracing muscles have been
proposed to functionally represent the circular muscles
[22]. Nervous system organization has been suggested to
be of high systematic importance, revealing synapomorphies of larger clades within e.g., Crustacea [26],
which may be undetectable within other organ systems
[21, 27, 28]. However, the nervous system in Annelida
varies between being intraepidermal to subepidermal [29],
in the number of commissures in the brain (2–4, [29]), the
number of circumesophageal commissures (1–2, [29]), the
number and arrangement of ventral nerve cords (1–7,
medio- to lateroventral [15, 21, 29]) and the number and
arrangement of commissures in the ventral nervous system (regularly and mid-segmental to irregularly spread
along the entire ventral nervous system [15, 21, 29]).
Based on the previously available information [8, 10] none
of the few characteristics of the musculature or nervous
system of Lobatocerebridae could be ascribed to annelids
only, since they also show similarities to the pattern
described especially from interstitial Gnathostomulida,
Plathelminthes, and Mollusca [6, 8–10].
Lobatocerebridae belongs to the meiofauna (animals
between 2 mm and 0.06 mm in size [16]), together with
exclusively microscopic lineages such as Gastrotricha,
Acoelomorpha, Rotifera, Gnathostomulida, Platyhelminthes (except for parasitic forms), Tardigrada, Loricifera,
Kinorhyncha, as well as miniaturized forms of macrofaunal lineages such as Annelida, Mollusca and Crustacea
[16, 30, 31]. The apparent lack of distinct morphological
synapomorphies with other clades, the presence of many
autapomorphies, and the inaccessibility of material are
the main reasons for why the phylogenetic positioning
of these interstitial lineages has been so challenging; and
why we only most recently have obtained more
information on their evolution [7, 32, 33]. Interstitial
fauna (living in the interstices between sand grains) all
have a microscopic diameter size and most forms are
also categorized as meiofaunal. Besides their small size,
these interstitial animals often display simple-looking,
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worm-like, highly ciliated and glandular, acoelomate
bodies with no or few appendages; traits that generally
seem to be favored in their confined interstitial environment [16, 34–36]. Several of these seemingly shared
traits of interstitial fauna may either have originated as
convergent adaptations to their restrictive environment
and size, or reflect the recently proposed ancestral meiofaunal condition of Spiralia [7]. Hence, new detailed
anatomical investigations of Lobatocerebridae should be
evaluated in comparison not only with Annelida, discussing heritage and character evolution, but also with other
relevant interstitial metazoans, in order to uncover possible convergent anatomical adaptations to the interstitial
space-restricted environment.
The present study will evaluate the recent molecular
placement of Lobatocerebridae within Annelida [7], in
the light of detailed morphological investigation of nervous, muscular and glandular system with state-of-theart immunohistochemistry in combination with confocal
laser scanning microscopy (CLSM) and transmission
electron microscopy (TEM). Hereby, we attempt to unravel and discuss possible resemblances with relevant
interstitial spiralians, and whether these common traits
may represent annelid synapomorphies, annelid or spiralian plesiomorphies, or convergent adaptations to the
space restricted interstitial environment. Furthermore,
with the description of Lobatocerebrum riegeri n. sp., we
are adding another species to this enigmatic, otherwise
monotypic group.

Results
Specimens of Lobatocerebrum riegeri n. sp. overall resemble the body plan described by Rieger [8] for Lobatocerebrum psammicola. More details of the nervous,
muscular and glandular systems could be detected in
this study, as described in the following (Figs. 1, 2, 3, 4,
5, 6, 7, 8, 9).
Musculature

Examined in live and preserved specimens in LM; with
phalloidin staining in CLSM and ultrathin sections in
TEM; Figs. 1, 2.
Body wall

Longitudinal musculature As observed by Rieger [8, 10],
all muscles of Lobatocerebridae are smooth muscles
(confirmed by both CLSM and TEM); no striated musculature was detected in the present study. The longitudinal
musculature is organized in six pairs of loose bundles,
extending from the rostral tip to the posteriormost end of
the body (Figs. 1, 2a–h). Five pairs of these, the dorsal
(dlm), dorsolateral (dllm), two pairs of lateral (llm) and one
pair of ventrolateral muscle bundles (vllm), lie dorsal to the
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two prominent ventral nerve cords, whereas the ventral
longitudinal muscles are located ventral to those (Fig. 1a–g).
Each of these muscle bundles consists of three to five
muscle fibres (Fig. 2a–f) and has a diameter of 1.2–2.4 μm
(measurements based on: number of specimens (n) = 3,
region of body (r) = 1–4, measurements (m) = 5), deeply
embedded into the epidermal cells distal to the transverse
muscular ring complexes (see below, tmr). The twelve
bundles are regularly distributed along the entire body
length (spaced 7.2–10.1 μm apart, n = 3, r = 1–4, m =
5, Figs. 1b–g, 2a–e), except around the mouth opening,
where the ventralmost pair (vlm) is shifted closer to the
adjacent ventrolateral pair (vllm). The male gonopore or
the openings of the seminal receptacles do not cause any
similar distortions. All twelve longitudinal muscle bundles
extend to the posterior end of the body, inserting subterminally around the anus. While the dorsal, dorsolateral
and lateral muscles insert directly, the ventrolateral and
ventral bundles first trace the epidermis to the terminal
end, before bending antero-dorsally and inserting subterminally around the anus (Fig. 2c).

Transverse muscular ring complexes Transverse muscular ring complexes (tmr) are distributed in a regular
pattern (spaced 14.5–16.9 μm apart) from the pharynx
to the ovary (Fig. 2a), and spaced 6.8–8.9 μm apart posterior of the ovary to the sixth sphincter (n = 3, r = 2, 3,
m = 5, Figs. 1, 2b–c). They have previously been misidentified as internal circular musculature [8]. This
study, however, could detect that each muscular ring is
formed by a series of individual transverse muscle fibres
(diameter 0.8–1.3 μm, n = 3, r = 2, 3, m = 5); each of
them only spanning the distance between one to three
longitudinal bundles (7.6–35.7 μm, n = 3, r = 2, 3, m = 5,
Fig. 2j). Up to nine individual transverse fibres are found
to constitute one transverse muscular ring complex between all 12 longitudinal muscles (Fig. 2i–j).
Transverse muscles do not form transverse muscular
ring complexes in the rostrum, but instead appear as
contralateral fibres between longitudinal muscle bundles
of opposite sides of the body, hereby creating a star-like
structure of individual fibres (star-shaped muscles, ssm,
diameter of individual fibres 0.5–1.1 μm, length 10.5–
45.2 μm, n = 3, r = 1, m = 5, Fig. 2d, g–h). Their abundance
is highest close to the rostral tip (spaced 2.4–5.7 μm apart,
n = 2, r = 1, m = 5), where the ducts of the posterior
frontal glands are ramifying, and farther separated towards the middle region of the rostrum (spaced 10.3–
20.6 μm apart, n = 2, r = 1, m = 5, Fig. 2g–h). The
glandular ducts are not muscularized and no closing
or constricting mechanism could be detected in this
or previous studies [8, 9, 11]. The transverse muscles
might therefore be involved in regulating the flow of
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Fig. 1 Anatomy of Lobatocerebrum riegeri n. sp. as inferred from immunohistochemistry and CLSM. Information is based on all specimens
investigated and all antibodies used. a Nervous system b Musculature, c–g cross sections in the middle of the rostrum (c), at the level of the
anterior end of the rostral lobes (d), at the level of the first commissure posterior to the pharynx of L. riegeri n. sp. (e), between the first and the
second commissure (f), at the level of the forth commissure (g) and the level of the subrectal commissure (h). Abbreviations: adnc: anterior dorsal
nerve cord, afg: anterior frontal gland, amf: anterior point of muscle fusion, an: anus, anc: anterior nerve cord, br: brain, bsm: brain supporting
muscle, c1–4: commissures 1–4, cmds: circular muscle of the digestive system, dcn: dorso-anterior commissure of the central neuropil, dfg: frontal
gland ducts, dllm: dorsolateral longitudinal muscle, dlm: dorsal longitudinal muscle, e1–3: egg 1–3, gd: opening of the frontal glands, hg: hindgut,
lca: major caudal lobe, lci: minor caudal lobe, llm: lateral longitudinal muscle, lmds: longitudinal muscle of the digestive system, ln: lateral nerve,
lpn: lateral peripheral nerve, lr: rostral lobe, lrl: lateral rostral lobe, mg: male gonopore, mgg: male gonopore gland, mnc: median nerve cord, mo:
mouth opening, mrn: median rostral nerve, nlca: nerve of the major caudal lobe, nlci: nerve of the minor caudal lobe, nlrl: nerve of the lateral
rostral lobe, nlr: nerve of the major rostral lobe, pfg: posterior frontal gland, pg1–2: postpharyngeal ganglion 1–2, phg: pharyngeal gland,
pp: posterior projection, rs: seminal receptacles, snr: stomatogastric nerve ring, spd: spermioduct, sph1–6: sphincter 1–6, ssm: star-shaped
muscle, t: testis, tc: terminal commissure, tmr: transverse muscle ring complex, tpn: transverse ring of the peripheral nervous system, vllm:
ventrolateral longitudinal muscle, vlm: ventral longitudinal muscle, vlnc: ventral longitudinal nerve cord

secretion, in addition to enhancing the flexibility of
the rostral tip as observed by behavioral observations
(Additional file 1).
Additional minor body muscles Specific musculature
is formed around the brain, emerging from the ventral
and ventrolateral muscles around the pharynx and extending towards the anterior. The lateral pair of these
muscles extends lateroventral to the brain, where the
fibres branch off around or into the frontal lobe complex
(Figs. 1b, 2e–f ). The median pair extends to the caudal
lobes, where they branch off into more individual fibres
and lead to the major, minor and lateral caudal lobes
(Figs. 1b, 2e). Due to the intricate network hereby
formed around the anterior and posterior regions of the
brain, we suggest these muscles to be a supportive structure for the brain, which is probably necessary due to a
lack of other structures securing its position in the
rostrum.
Intestinal musculature

Pharynx Although lacking a ventral or axial muscle bulb
as found in most annelids, the pharynx is still the most
prominent muscular structure in the body, showing five
sphincter muscles as already defined by Rieger [8] in
addition to the longitudinal body and gut musculature.
The first four sphincter muscles of the pharynx surround the mouth opening and mouth cavity (sph1-sph4,
adapted from Rieger’s sph0-3 [8]), while the fifth sphincter constricts the digestive tract in the transversal plane,
as a short esophagus delineating the pharynx from the
midgut (sph5, Figs. 1b, 2a, i–j). Sphincters 1–4 consist of
two to three fibres each (diameter 0.7–1.6 μm), which are
always external to the longitudinal muscles of the digestive
tract (Fig. 2j). The fifth sphincter (sph5), however, consists
of up to eight thin, serially aligned, muscle fibres (diameter
1.2–1.5 μm, n = 3, r = 2, m = 5). It marks the border to the
midgut through an elongated constriction to a diameter of

4.5–4,98 μm when relaxed (n = 3, r = 2, m = 5, Figs. 1b,
2a, j). Additionally, the individual fibres are interwoven with the longitudinal gut muscles, rather than
being located externally of these (Fig. 2j).
Digestive tract The intestinal musculature consists of
12 to 16 individual longitudinal fibres (lmds, diameter
0.66–0.74 μm, n = 3, r = 2, 3, 4, m = 5) arranged in
equal distance from each other (spaced 1.5–3.1 μm apart,
n = 3, r = 2, 3, 4, m = 5), and therefore resembling the
muscular pattern of the body wall musculature (Fig. 2a, i).
The circular muscles of the digestive system (cmds), however, are arranged external to the longitudinal muscles of
the gut (Fig. 2a, j), as is typical for gut musculature. These
true circular muscles (as compared to the transverse muscular ring complexes) are very thin (diameter 0.5–0.6 μm,
spaced 3.1–5.8 μm apart, n = 3, r = 2, 3, 4, m = 5) and
most consistent in the pharyngeal region anterior and
posterior to the fifth sphincter. In the posterior part of the
body the longitudinal muscle fibres are embraced by the
sixth, last sphincter, which consists of two short circular
fibres (diameter 1.35–2.1 μm, n = 3, r = 4, m = 3) and constricts the digestive tract to 6.4–6.6 μm when relaxed (n =
3, r = 4, m = 4, Fig. 2c). The longitudinal muscles of the digestive system fuse with the longitudinal muscles posterior
to this constriction (Fig. 2c).
Nervous system

Visualized with acetylated α-tubulin IR, serotonin IR,
FMRFamide-like IR, DAPI for cell nuclei and CLSM,
Figs. 1, 2, 3, 4, 5, 6, 7.
The brain in the rostrum of Lobatocerebrum riegeri n.
sp. is the most conspicuous part of the central nervous
system. A series of both anterior rostral and posterior
trunk nerve cords emerges from the central neuropil, and
some additional nerve bundles are found branching off
laterally to the brain (Fig. 4). The brain was described as
having one pair of lobes anterior to the neuropil (rostral
lobes) and two pairs of lobes (major and minor caudal
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Fig. 2 Muscular architecture in Lobatocerebrum riegeri n. sp. as seen with CLSM. Musculature (actin-filaments) in green, DAPI in purple, acetylated
alpha-tubulin in yellow. a, d, g and h) Maximum intensity projections of a juvenile specimen, b, c, e, f and i) Maximum intensity projections of
adult specimens. If not indicated otherwise, anterior is to the left and dorsal is up. a Lateral view of the body wall and digestive system musculature
in pharyngeal area with sphincters, b Lateral view of the body wall musculature in the median region (between the male gonopore and the female
ovary), c Lateral view of the body wall and digestive system musculature in the posterior tip of the animal, d Lateral view of the musculature in the
anterior tip, e Lateral view of the anterior region of the body wall musculature in a virtually cropped image stack, revealing the brain supporting
musculature, f Virtual view from inside of the animal towards the anterior tip posterior to the anterior portion of the brain supporting
muscles, g Virtually cropped view of an anterior tip with star-shaped muscles, h Virtual transverse section through the pharynx with
sphincters 1–4, i Virtual transverse section at the level of sphincter 5. Abbreviations: amf: anterior point of muscle fusion, bsm: brain
supporting muscle, cmds: circular muscle of the digestive system, dllm: dorsolateral longitudinal muscle, dlm: dorsal longitudinal muscle,
lca: major caudal lobe, llm: lateral longitudinal muscle, lmds: longitudinal muscle of the digestive system, lr: rostral lobe, np: neuropil,
pfg: posterior frontal gland, ph: pharynx, sph1–6: sphincter 1–6, ssm: star-shaped muscle, tmr: transverse muscle ring complex, vllm:
ventrolateral longitudinal muscle, vlm: ventral longitudinal muscle

lobes [8]) posterior to it. However, this study reveals a
more complex system of several sublobes both in the
anterior and posterior region (Fig. 4a, b). A total of four
main commissures in the ventral nervous system (two
posterior to the pharynx, one approximately half way
between the pharynx and the male gonopore, one anterior to the ovary) are recognized. The anterior two commissures, associated with ganglia, connect the two
lateral and the median posterior nerve cords with each
other (Figs. 1a, c–g, 4a–c, e). The three longitudinal
ventro-posterior cords fuse forming a subrectal commissure. Additionally, peripheral nerves are embedded
in the epithelial layer of the animal, forming a grid of
longitudinal and semicircular to circular nerves being
perpendicular to each other, and being related to the
central nervous system.
Acetylated α-tubulin-IR

Central nervous system: Brain The brain of Lobatocerebrum riegeri n. sp. consists of a large neuropil surrounded by impressive multi-lobed groups of perikarya
from where longitudinal nerves extend laterally, anteriorly
and posteriorly (Figs. 4, 5). The central neuropil comprises
several commissures, which seem to be connecting the
two main ventral cords in a pattern possibly resembling
the annelid dorsal and ventral root of the circumesophageal commissure. The dorsal, median and ventro-anterior
commissures are constituted as well defined nervous
bundles, consisting of more than 40 nerve fibres. The
ventroposterior commissures cannot always be resolved as
individual structures, but form a thin sheath of nervous
fibres (Figs. 3d, f, 4).
At least three pairs of characteristic large lobes (or ganglia) are arranged around the central neuropil, namely the
paired anterior rostral lobes anterior to the neuropil and
the pairs of posterior major and minor caudal lobes
(respectively lca and lci, Figs. 3a–b, 4b, 5b–d). The major
caudal lobes (lobus caudalis major according to Rieger [8],
lca) are located mid-ventrally between the minor caudal

lobes (lobus caudalis minor according to Rieger [8], lci,
Figs. 3a, 4a–b, 5b–d). The minor caudal lobes seem to be
subdivided into a lateral and a median sublobe (lcil and
lcim, respectively, Fig. 4b). No postcerebral ganglia as
described by Rieger [8] have been found, suggesting that
either the lateral sub-lobes of the minor caudal lobes or
the lateral ganglia, which were found lateral to the central
neuropil, have been mistaken for a postcerebral ganglion
by Rieger [8]. The rostral lobes (lobus rostralis according
to Rieger [8]) appear to be subdivided into one major (lra)
and one minor portion (lri) and one lateral sublobe (lrl,
Fig. 4a–b).
Although the nervous network of the neuropil is complex and intricate, some major connections could be reconstructed by means of CLSM. Four paired and one
unpaired anteriorly directed rostral nerves all originate
independently, but adjacent to each other from the anterolateral parts of the neuropil. In addition, several
short nerves project out ventrolaterally from the neuropil for 10 to 20 micrometers (lpnp, Figs. 4a–b, 5d). However, no putative specific structure innervated by them
could be identified in that region. The four paired and
one unpaired rostral nerves anterior to the brain comprise: 1) One pair of ventrolateral anterior nerve cords
extending ventro-laterally from the anterior neuropil
(avnc, Figs. 3a, d–f, 5d) as an anterior extension of the
posterior main ventral cords. Each of the ventrolateral
anterior cords splits into two thinner bundles to innervate
the tip and the sides of the rostrum (avnc and avlns,
respectively, Fig. 4a–b). 2) One pair of dorsolateral nerves
splitting up anteriorly (adnc, adlnc, Fig. 4a–b) originating
from the lateral neuropil and possibly connected to the
nerve stems of the major caudal lobes. 3) One pair of
lateral nerve bundles (nlrl, Fig. 4a–d) originating dorsomedially at the dorsal root commissure but bending ventrolaterally between the lateral and anterior rostral lobes,
where after they condense into a thick bundle continuing
ventrolaterally throughout the rostrum until they fan out
in the anterior end. 4) One loose pair of nerve bundles
(nlr, Figs. 3d, 4, 5b–c) originating from the anterolateral
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Fig. 3 General and detailed organization of the nervous system of Lobatocerebrum riegeri n. sp. as seen with CLSM. DAPI in cyan, FMRF in purple
and acetylated α-tubulin in yellow or “glow”. All images are maximum intensity projections of a subset of the original image stack on various
locations of the body if not specified below a Dorsal view of a juvenile specimen, b Lateral view of an adult, pharyngeal ganglia outlines in
red, details of the same specimen as (c), c Three different substacks of an adult specimen pieced together for an overview-picture. The specimen is
twisted and some portions are laterally oriented and others dorso-ventrally oriented , d Dorsal view of the details of the brain, e Juvenile showing the
general organization of the nervous system. Notice the presence of only three trunk commissures, f Dorsal view of the details of the brain in a juvenile.
Details of the same specimen as (e), g Dorsal view of details of the origin of the median nerve cord in a juvenile. Details of the same specimen as (e).
Abbreviations: avnc: anterior ventral nerve cord, br: brain, c1–4: commissure 1 - 4, dcn: dorso-anterior commissure of the neuropil, fg: frontal gland, hg:
hindgut, lc: caudal lobe, lca: major caudal lobe, lci: minor caudal lobe, lr: rostral lobe, mnc: median nerve cord, mo: mouth opening, nlca: nerve of the
major caudal lobe, nlr: nerve of the rostral lobe, np: neuropil, pfg: posterior frontal glands, pg1–2: postpharyngeal ganglia 1 - 2, pp: posterior
projection, spd: spermioduct, t: testes, tc: terminal commissure, vlnc: posterior ventro lateral nerve cord

neuropil with minor subbundles (nlri and nlra, respectively, Fig. 4a–d) leading medioventrally through the major
and minor rostral lobes, joining anteriorly of these, and
continuing into the anterior part of the rostrum, before
spreading out. 5) One unpaired median nerve (mrm)
originating middorsally from the dorsal commissure (dc)
between the two rostral lobes and extending dorsally
through the entire rostrum, until it eventually splits at the
tip to innervate the anterior edge (Figs. 4a–d, 5b–c). The
function of such a strong innervation of the rostrum is
unknown. However, some nerves connect directly to specific cilia, which are stiff and longer than the locomotory
cilia and therefore assumed to have sensory function.
Many nerves, however, do not seem to connect to any
specific epidermal structures and no multicellular sensory
organ could be found. Posterior to the neuropil, two pairs
of thick dorso-posterior nerve stems extend posteriorly
into the major (nlca) and minor caudal lobes (nlci,
Fig. 4a–d); again branching into the two median and
lateral parts of the minor lobes (nlci and nlcil, respectively,
Fig. 4a–d). The nerve stem of each major caudal lobe is
composed of nerves originating from the dorsal commissure (which is suggested to resemble the dorsal commissure of the dorsal root) as well as lateral nerves of the
neuropil, the latter being seemingly continuous with the
rostral dorsolateral nerves. If truly continuous, this may
indicate that the dorsolateral nerves are sensory nerves
transferring sensory inputs from the rostrum to be processed in the major caudal lobes.
Central nervous system: Ventral cords and commissures In all specimens investigated, the posterior parts
of the ventrolateral nerve cords emerge from the ventrolateral area of the central neuropil and extend to the
terminal commissure anterioventral to the anus (pc,
Figs. 3c, e). They are located dorsolateral to the third
(lateral) muscle bundle, although this position varies
slightly throughout the body, with the longitudinal
muscles sometimes being so deeply embedded within
the epidermis that they become more externally positioned than the nerve cords (Fig. 1e–h). The ventrolateral nerve cords consist of three to four times more

fibres than the median nerve and measure 3–4 μm in
diameter. The longitudinal ventromedian nerve is located intraepidermally, between the two most ventral
longitudinal muscle bundles (mnc, Fig. 3g). It is formed
by contralateral projections of the ventrolateral nerve at
the level of the first commissure, which fuse in the
ventral midline with their counterpart at the level of the
second commissure. Hereafter, the median nerve continues posteriorly to insert at the terminal commissure.
Two projections from the terminal commissure extend
for 10–15 μm dorso-posteriorly (pp, Fig. 3c).
Four trunk commissures are connecting the two
ventrolateral nerve cords and the median nerve with
each other (c1–4, Figs. 1a, c–h, 3b–c, e, 5a). Each commissure apparently consists of as many nerve fibres as
the ventro-lateral cords and measures 3–4 μm in diameter. The anteriormost two commissures are located
close to each other posterior to the mouth opening,
separated by 20–25 μm (c1, c2, Figs. 1a and 3e, g). Since
few of the perikarya of the commissures were showing
immunoreactivity against serotonin or FMRFamide, only
the large ganglia of the first and second commissures
could be detected by a few serotonergic cells and DAPIstaining, here showing densely grouped nuclei (Fig. 5a, e).
These ganglia are situated dorsoposterior to the commissures and each consists of 30–40 cells (pg1-2, Figs. 3a, b
and 5e). The third commissure is located between the
pharynx and the male gonopore, approximately 30-50 μm
anterior to the gonopore (c3, Fig. 3c). The fourth commissure (c4, Fig. 3c) is located between the testis and ovary.
Single, presumably sensory, cells are sparsely distributed throughout the epidermis of the entire body, but
connect to neither the ventral nerve cords nor the peripheral nerves (ss, Fig. 5f ). Normally, they consist of one
cell with a single cilium often surrounded by a circle of
microvilli (Fig. 5f ). There is no correlation between a
high abundance of these sensoria and specific organs or
body regions.
Peripheral nervous system The peripheral nervous
system is embedded in the epidermal cell layer and
consists of longitudinal and incomplete circular fibres.
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Fig. 4 Details of the nerves of the brain of Lobatocerebrum riegeri n. sp. as seen with CLSM, acetylated α-tubulin in grey. a, b Schematic drawings
based on confocal stacks, c, d maximum intensity projections of the original image stack. a Brain in dorsolateral view, with the major nerves of
the left side colour-coded, the nerves of the right side shaded in grey b Dorsal view of the brain with similar colour-coding and indication of the
nerves, c dorsal view of the central neuropil at the level of the main commissures in the brain; d dorsal view of the central neuropil with the
major nerve cords as shown in the schematic drawings. Abbreviations: adlnc: anterior dorsolateral nerve cord, adnc: anterior dorsal nerve cord, avc:
anterio-ventral commissure of the neuropil, avlnc: anterior ventrolateral nerve cord, avnc: anterior ventral nerve cord, dc: dorsal commissure of the
neuropil, lca: major caudal lobe, lcil: lateral minor caudal lobe, lcim: median minor caudal lobe, lpnp: lateral projection of the neuropil, lrl: lateral rostral
lobe, lra: major rostral lobe, lri: minor rostral lobe, mc: median commissure of the neuropil, mlca: medial nerve innervating the major
caudal lobe, mrm: median rostral nerve, nlca: nerve innervating the major caudal lobe, nlci: nerve innervating the median minor caudal lobe, nlcil:
nerve innervating the lateral minor caudal lobe, nlrl: nerve leading through the lateral rostral lobe, nlra: nerve leading through the major rostral lobe,
nlri: nerve leading through the minor rostral lobe, mvc: medioventral nerve cord, vlnc: ventral nerve cord, vc: ventral commissure of the neuropil

These nerves are thinner than the ones of the central
nervous system (0.5 μm in diameter) and consist of only
very few to individual nerve fibres. The longitudinal peripheral nerves (lpn, Figs. 5h–i) trace the longitudinal
muscle bundles throughout the body (lm, Fig. 5i). In the
most posterior part of the body, though, they could not
be detected with acetylated α-tubulin IR due to the
overlaying signal of the central nervous system and the
various glands. Their specific origin cannot be assessed,
though these thin nerves seem to descend from the
central neuropil rather than from the ventrolateral nerve
cords.
The incomplete circular nerves (tpn, Fig. 5h) are
closely associated with the commissures in the ventral
nerve cord, at the level of which they extend from the
ventrolateral nerve cords to the dorsal side of the
animal. Here, they connect to the longitudinal peripheral
nerves exterior to the longitudinal muscle bundles and
create a circular connection among these. Additionally
and independent of the commissures, one transverse
nerve anterior to the pharynx forms an incomplete circle
including only lateral and dorsal peripheral longitudinal
nerves and three closed rings include all longitudinal
peripheral nerves at the level of the seminal receptacles.
The latter are set 30–35 μm apart (Fig. 1a). Some
additional circular peripheral nerve rings are also found
scattered throughout the body. However, they could not
be related to any specific structures or reveal a consistent pattern in all specimens investigated.
Tyrosinated tubulin-IR

Immunoreactivity of the tyrosinated tubulin-antibody
did not reveal any additional structures adding to the
pattern already seen with acetylated α-tubulin-IR. On
the contrary, the commissure inside the brain as well as
the peripheral nerves could not be revealed using this
antibody.
Serotonin-IR

Serotonin-IR was not only labeling nervous structures,
but also glands (uni- and multicellular) and stomach
content, where the antibodies most likely got retained

between particles or in vesicles (Fig. 5e). However,
strong labeling of some but not all epidermal cells could
be found, with the IR being located in the entire cytosol,
but not in the nucleus, which made them therefore
resemble serotonergic perikarya (spc, Fig. 5e). Since
there was no connection to the nervous system, they
could also be specialized gland or epidermal cells with
so-far unknown function.
Serotonin-IR also labels all three longitudinal nerves
of the ventral nervous system, with one or two strands
inside the thick bundles. This pattern is also present in
all commissures, but serotonin-IR cannot be detected in
any of the peripheral nerves. In the ganglionic pairs
associated with the two pharyngeal commissures, four to
five perikarya show serotonin-IR, but do not display any
specific arrangement inside the ganglion: They seem to
be randomly spread between the other cells (spg1-2,
Fig. 5e). Additional perikarya with serotonin-IR are found
scarcely along the ventral nerve cord.

FMRFamide-like-IR

FMRFamide-like-IR was not consistent between the two
specimens investigated. This is mainly due to the rostral
glandular structures, which seem to be lying adjacent to
the nervous system in Lobatocerebrum, and to differences between the studied individuals. Similar to the
serotonin - IR described above, the three ventral nerves
of the central nervous system, the posterior projection
from the terminal commissure (pp, Fig. 5c), as well as
the commissures of the central nervous system are
revealed using FMRFamide-like-IR (Figs. 3c and 5a).
Interestingly, while several nerve fibres in the lateral
nerve cords seem to be FMRFamidergic, only one single
fibre in the median nerve cord shows this IR, most likely
emerging at the level of the pharyngeal commissures.
There are no FMRFamidergic perikarya along the ventral
nervous system. Only one FMRFamidergic perikaryon in
each of the two subpharyngeal ganglia was detected
seemingly contributing to the pharyngeal commissure
(fpg1-2, Fig. 5a), though its location does not seem to be
truly consistent between all specimens investigated.
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Fig. 5 Details of the nervous system of Lobatocerebrum riegeri n. sp. as seen with CLSM. DAPI in cyan, serotonin in red, FMRFamide in purple. The
use of “glow” depends on the figure and is indicated for each of them. All images are maximum intensity projections of a subset of the original
image stack on various locations of the body if not specified below. Anterior is to the left and posterior to the right a Dorsal view of the details
of the FMRFamidergic nervous system around the pharynx in “glow”. The background noise has been masked to highlight the nervous system.
b, c and d Single sagittal sections showing details of the brain. α-tubulin in “glow”, b–d Virtual sections through the median plane (b) the medio-lateral
plane (c) and the lateral plane (d) of the brain, e Coronal substack of the animal showing details of the epidermis and the postpharyngeal ganglia (the
outside of the animal is on the upper side of the picture), f Dorsal view of a sub-stack of the male gonopore (the outside of the animal is on the upper
side of the picture), g Dorsal view of a sub-stack of the spermioduct, h Dorsal view of a sub-stack of epidermis showing the peripheral nervous system
with α-tubulin in glow, i Sub-stack showing a longitudinal section of the epidermis with details on the peripheral nervous system associated to the
musculature (the outside of the animal is on the upper side of the picture). Abbreviations: avnc: anterior ventrolateral nerve cord, c1–2: commissure
1 - 2, fpg1–2: FMRFamidergic perikarya of the postpharyngeal ganglia 1 - 2, lca: major caudal lobe, lci: minor caudal lobes, lm: longitudinal
muscle, lpn: longitudinal peripheral nerve, lpnp: lateral projection of the neuropil, lr: rostral lobe, mcn: nuclei of the myocyte, mo: mouth opening,
mop: perikaryon associated with the male gonopore, mrn: median rostral nerve, nlca: nerve of the major caudal lobe, nlci: nerve of the minor
caudal lobe, nlra: nerve of the major rostral lobe, nlrl: nerve of the lateral rostral lobe, np: neuropil, nrmg: nerve ring around the male
gonopore, pfg: posterior frontal glands, pg1–2: postpharyngeal ganglia 1 - 2, snr: stomatogastric nerve ring, sp: perikarya of the stomatogastric
nerve ring, spc: serotoninergic cell, spd: spermioduct, spdp: FMRFamidergic perikarya associated to the spermioduct, spg1: serotoninergic perikarya of
the postpharyngeal ganglion 1, ss: sensoria, tpn: transverse ring of the peripheral nervous system, vlnc: ventral longitudinal nerve cord

Possibly as part of the stomatogastric nervous system,
two additional pairs of perikarya were revealed dorsal to
the mouth and lateral to the pharynx, respectively. Since
they are connected ventrally via a thin nerve strand, they
seem to constitute the stomatogastric nerve ring described
by Rieger ([8], snr, Fig. 5a). Surrounding this structure and
disguised by the strong IR of the pharyngeal glands,
additional perikarya with very weak FMRFamide-like-IR
(sp, Fig. 5a) are found. A further differentiation between
the perikarya of the stomatogastric nerve ring and the
immune-reactive glands is not possible with any antibody
employed in this study.
Though no evidence of the peripheral nervous system
could be detected with FMRFamide-like - IR, a FMRFamidergic nerve net is found around the male gonopore.
It consists of a thin nerve ring around the male gonopore (nrmg, Fig. 5f ) and several individual neurites projecting radially into the ring from their perikarya (mgp,
Fig. 5f ). Though they are found in all specimens, their
number and distribution pattern vary strongly. Additionally, four FMRFamidergic perikarya are distributed
scarcely along the spermioduct (spdp, Fig. 5f ). No nervous system could be found associated with the ovary or
the seminal receptacles.
Glandular structures

Studied in LM, with acetylated α-tubulin and DAPI
staining in CLSM, and in TEM, Figs. 6, 7. Acetylated
α-tubulin-IR of the glandular cell walls [37] proved useful
to identify and describe several types of glandular cells in
the epidermis.
Epidermal glands

Four types of unicellular epidermal glands were distinguished by acetylated α-tubulin-IR and CLSM: a) ciliated

glands; b) smooth flask-shaped glands; c) kidney-shaped
gland; and d) unicellular adhesive glands.
Ciliated glands The ciliated gland cells (cg, Figs. 6a–c,
7b ) are the largest of the unicellular epidermal glands
(diameter 6.9–8.1 μm, length 9.3–11.2 μm, n = 3, r =
1–4, m = 5), distally with a ring formed by shortened
stiff cilia around their external opening (sc, diameter
0.6–1.5 μm, n = 3, r = 1–4, m = 5, Fig. 6a, b) and proximally extending into a 30–50 μm long (n = 3, r = 1–4,
m = 5), thin tail-region lining the basal membrane.
The broad distal region of the gland cells containing
the nucleus is located intraepidermally, occasionally
alongside the longitudinal muscle bundles, since these
are sunken into the epidermal layer (Fig. 6a). The
gland cell membranes are lined by twelve to twenty
pairwise arranged tubulinergic filaments (tst, n = 3,
r = 1–4, m = 5). The cell nucleus has approximately
the same size and heterochromatin-content as the nuclei of the surrounding epidermal cells (Fig. 6a–b).
The gland cells are packed with non-electron-dense
to weakly-electron-dense vesicles (gv, Fig. 6c). They
are found scattered throughout the entire body,
though they are most abundant in the posterior region,
mainly from the midgut-hindgut-transition towards the
posterior end of the body. Although the cellular tail region
of the cell may tangent a nerve cord, no close connection
or direct nervous innervation of the glands, nor indications of muscular control, were found with CLSM or
TEM.
These cells most likely resemble the ‘mucous gland
type 1’ in L. psammicola described by Rieger [8, 10],
having a similar characteristic ring of shortened cilia
around the opening. This is further corroborated by the
similar shape and electron density of the vesicles of
these glandular cells [8, 10, 11].
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Fig. 6 Epidermal glands in Lobatocerebrum riegeri n. sp. as seen with CLSM and TEM. DAPI in cyan, acetylated α-tubulin in glow. b, d–e, g are
maximum intensity projections of a subset of the original image stack on various locations of the body, c, f, h ultrastructural details of the
epidermis. a Schematic cross section drawing of the epidermis with all three glandular cell types in their approximate abundance, b ciliated
gland cell with closed circle of shortened cilia (inset with details of the tubular strands in the cellular membrane), c Sagittal section of a ciliated gland
cell, d Tubular gland cell in the epidermis, e Tubular gland cell with long projection in the epidermis, f Sagittal section through the epidermis of the
rostrum, presenting a tubular epidermal gland adjacent to a duct of the posterior frontal gland and the brain, g Kidney-shaped glands in the epidermis
(inset with details of the glandular opening), h Cross section through a kidney-shaped gland. Abbreviations: afg; anterior frontal gland; bl: basal lamina,
brc: brain cell, c: cilium, cg: ciliated gland cell, dfg: duct of the frontal gland, go: glandular opening, gv: glandular vesicle, ksg: kidney-shaped gland cell,
lm: longitudinal muscle, n: nucleus, ne: nucleus of epidermal cell, pcg: projection of the ciliated gland cell, pfg: posterior frontal gland, pln: peripheral
longitudinal nerve, ptg: projection of the tubular gland cell, rsg: rod-shaped granule, sc: shortened cilium, ssn: sickle-shaped nucleus, tg: tubular gland
cell, tmr: transverse muscular ring complex, ts: tubulinergic sheath, tst: tubulinergic strand

Tubular glands Tubular gland cells (tg) do not have a ciliary ring around their opening, but a continuous lining of
acetylated α-tubulin IR in the membrane lining the cell
(diameter 1.5–3.2 μm, length 7.8–8.9 μm, n = 3, r = 1–4,
m = 5, Fig. 6d, e). They are generally characterized by a
slender distal neck-area before the cell widens proximally
(Fig. 6a, d, e). However, a few cells with wide distal openings have been found. A long, thin tail extends from the
basal part of the cell up to 30 μm along the basal lamina,
apparently without connecting to any other structure
(Fig. 6a). In contrast to the ciliated glands, the smaller
sized tubular gland cells mainly occupy the more distal
part of the epidermal layer, distal to the muscle bundles
(Fig. 6a). These gland cells are filled with electron-dense,
rod-shaped granules (0.8–1.5 μm in length, 0.2–0.5 μm in
width, n = 3, r = 1–4, m = 5), which are less densely packed
than the vesicles of the adhesive glands (Fig. 6e). They are
highly abundant throughout the entire body (10–15 cells
per 100 μm body length, n = 3, r = 1–4, m = 5), with the
densest distribution in the posterior region of the body.
Kidney-shaped glands Only one glandular cell type
(kidney-shaped gland cell, ksg) can be distinguished by
the shape of its nucleus: In contrast to all other epidermal cell nuclei, nuclei of kidney shaped gland cells are
strictly sickle-shaped (Fig. 6a, g, h) and their chromatin
denser than the also “deformed” nuclei of ciliated glands
(Fig. 6c). The cell membrane only contains very few tubulinergic elements; yet, dense acetylated α-tubulinergic-IR
can be detected around the cell opening (diameter 1.1–
1.7 μm, n = 3, r = 1–4, m = 5) and at its base. The overall
appearance of the cell is characteristically kidney-shaped
(diameter 3.3–4.7 μm, length 6.9–7.8 μm, n = 3, r = 4, m =
5, Fig. 6e). Kidney-shaped gland cells are mainly found in
the distal part of the epidermal layer similar to the tubular
gland cells (Fig. 6a). However, the basalmost part of the
cell, which contains the nucleus, can also be found close
to or even internal to the longitudinal muscle bundles
(Fig. 6a, g). These glandular cells are most likely imparting
the greenish speckled appearance of the animals in live
observations (Additional file 1) due to the refractive index
of their content, which consists of non- to weakly-electron

dense and tightly packed vesicles (diameter 0.6–1.2, n = 3,
r = 1–4, m = 5, Fig. 6h). In contrast to the ciliated gland
cells, the vesicles of the kidney-shaped gland cells are less
homogenous in the electron-density of their content, and
denser in their packing, possibly causing the sickle-shape
of the nucleus.
Unicellular adhesive glands The unicellular adhesive
glands are characterized by a ring of shortened cilia
around the opening, which was suggested to facilitate
mechanical loosening from the substrate instead of a second enzymatic gland with releasing function [8, 10] and
therefore morphologically resembles the ciliated glands
though their content and function differ (Fig. 7a, b). Their
secretion is granular, but shows a characteristic structure
with an inner, electron-dense area in a non-electron-dense
oval structure (Fig. 7a, b). Different to the adhesive glands
described in L. psammicola, the glands of L. riegeri n. sp.
do not have linear electron-dense structures in the middle
of the individual granules, but instead linearly arranged
electron-dense dots (Fig. 7a, b). Contrary to the abundance and distribution pattern of the other epidermal
glands cells mentioned above, adhesive gland cells are
restricted to the ventral surface of the body in lower
numbers (1–5 cells per 100 μm ventral body length, n = 3,
r = 1–4, m = 5).
Frontal glands

The main body of the paired posterior frontal glands
(pfg) is found posterior to the brain and anterior to
the pharyngeal region (Figs. 5b, c , 7c). This part of
the glands is difficult to detect with any of the antibodies described above, but can be found combining
the lack of DAPI-signal with overexposed phalloidinsignal to detect cell membranes and nuclei of voluminous cells in a large lobular structure posterior to
the brain lobes (Fig. 7c). The glandular nuclei are
slightly larger than the ones of the brain (diameter 4.3–
5.7 μm × 1.4–2.5 μm, n = 3, r = 1, m = 5). While the gland
body itself is inconspicuous in CLSM, its long ducts,
which are leading ventroanterior of the brain to the tip of
the rostrum, are showing distinct acetylated α-tubulin-IR
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Fig. 7 Specific glandular systems in Lobatocerebrum riegeri n. sp. as seen with CLSM and TEM. DAPI in cyan, acetylated α-tubulin in glow or yellow,
actin-filaments in green. c, g, h are maximum intensity projections of a subset of the original image stack on various locations of the body, a, b, d–f
ultrastructural details of glandular structures. a Sagittal section through the epidermis and an unicellular adhesive gland, b Sagittal section through
an unicellular adhesive and a ciliated gland in the epidermis, c brain and portions of the anterior and posterior frontal glands (indicated by white
dashed line), d Sagittal section through the anterior tip of the rostrum with ducts of the posterior frontal glands and nerves, e Sagittal section
through the mouth opening with glandular cells of the posterior frontal gland and the pharyngeal gland, f Sagittal section through the
pharyngeal region with distal parts of the pharyngeal glands, g Distal regions of the ducts of the pharyngeal glands, h Glands around the male
gonopore. Abbreviations: afg: anterior frontal gland, ag: adhesive granule, cg: ciliated gland cell, dfg: ducts of the frontal gland, dphg: ducts of the
pharyngeal gland, ec: cilia of an epidermis-cell, gg: glandular granules, gv: glandular vesicle, ksg: kidney-shaped gland, lca: major caudal lobe, lci: minor
caudal lobe, lrl: lateral rostral lobe, lra: major rostral lobe, mo: mouth opening, mg: male gonopore, mgg: male gonopore gland, np: neuropil, pfg:
posterior frontal gland, sc: shortened cilium, spd: spermioduct, ssn: sickle-shaped nucleus, uag: adhesive gland cell

(Fig. 3a–c, e, 7d). Posteriorly the ducts are straight and
grouped into two bundles; anteriorly they ramify into a
fan of duct openings framing the anterior edge
(Figs. 1a, 3b, c, e). Ramifying longitudinal nerves are found
accompanying these in the rostrum but possible nervous
innervation of the frontal glands could not be resolved.
The cellular content of the posterior frontal glands consist
of very small (diameter 0,2–0,3 μm, n = 1, r = 1, m = 10)
spherical, electron-dense granules, which seem to increase
in diameter towards the anterior tip of the animal and the
opening of the duct (Fig. 7d, e). This glandular content
can clearly be distinguished by their shape from the content of the epidermal cells described above (big vesicles)
and the granules of the anterior frontal glands (rod-shaped
granules, Figs. 6a, c, f, h, 7a, b, d–f).
An additional, smaller pair of frontal glands, located
anterior to the brain, has been reported by Rieger [10],
and is possibly also present in Lobatocerebrum riegeri n.
sp. (Fig. 7c). As for the posterior frontal glands, their
presence could be detected indirectly with CLSM by
paired, seemingly empty cavities filled by large cells with
elongated nuclei and distinctly tubulinergic ducts. Some
of these short ducts opening midventrally did show
acetylated alpha-tubulin-IR. However, not all ducts could
be traced with certainty to their external ventral openings, since they do not seem to possess the same high
density of tubulinergic elements as the ducts of the
posterior frontal glands. In the same ventral location of
the rostral tip of the animal, TEM showed several tubelike structures with more electron-dense and narrow
granules than detected in the tubular glands (Fig. 6f ),
which are assumed to constitute the secretion of the
anterior frontal glands (afg, Fig. 7d).

Pharyngeal glands

The major glandular structures of the digestive system
are the big, multicellular glands of the pharynx, whose
products are secreted in the area of the mouth opening
(Fig. 7e). 17–18 elongated ducts (diameter 1.8–3.5 μm,
length 70–100 μm, n = 3, r = 2, m = 5, Fig. 7g) of posteriorly located glands surround the mouth opening. They

are arranged in a denser pattern in its posterior third ,
while they are more loosely set anteriorly. The main
glandular body can be detected posterior to the mouth
opening, on the ventral side of the body dorsal to the
ventral nerve cords. It is seen as an elongated, baglike structure filled with spherical, electron dense granules (1.2–1.7 μm. n = 2, r = 2, m = 5) best detected with
FMRFamide-like-IR or TEM (Fig. 7e–g). These glands
are not epidermal, and their cell bodies are found inside both the longitudinal musculature and transverse
muscular ring complexes of the body wall.
Male gonopore glands

Acetylated tubulin-IR was recovered in cells surrounding
the dorsal male gonopore. The openings of 16–20 (n = 3,
r = 2–3, m = 5) gland cells constituting the complex
(Fig. 7h) are connected to the gland bodies via elongated,
thin ducts, which are 1.0–1.5 μm in diameter and are all
leading to a sunken-in area (14.8–18.3 μm × 6.4–8.2 μm,
n = 3, r = 2–3, m = 5, Fig. 7h) around the male gonopore.
Approximately half of the cells are densely packed around
the anterior end, and the other half around the posterior
end, with a small gap between the two portions.
Reproductive system

Studied in LM, with acetylated α-tubulin and DAPI staining in CLSM, Fig. 8.
In all four adult animals investigated, both male and
female reproductive organs or gametes could be found,
as well as seminal receptacles to store the mating partner’s sperm.
Male gonad

The male gonad is located on the dorsolateral side of the
animal, posterior to the third commissure. It is an elongated, thin structure, with the gonopore opening on the
dorsal surface of the animal (diameter 1.5–2.7 μm, n = 3,
r = 2–3, m = 3, Figs. 7g, 8a). A thin channel (diameter
1.4–1.8 μm, n = 3, r = 2, m = 5) extends posterior to the
pore, with a high amount of the long, thin, fibrous
sperm stored in the posterior region (Fig. 8a). Where the
sperm is produced is unclear; however, the majority of
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Fig. 8 Reproductive organs in Lobatocerebrum riegeri n. sp. as seen with CLSM and transmitted light. DAPI in cyan, acetylated α-tubulin in glow,
phalloidin in green. All images are maximum intensity projections of a subset of the original image stack. Orientation is anterior to the left and dorsal
side up if not indicated otherwise. a Testis with spermioduct and glands around the male gonopore, b Ovary, c–d Seminal receptacles at the level of
the tips of the sperm filaments c) and with bent sperm filaments (d). The contours of the receptacles are traced with dashed lines to facilitate
orientation. Abbreviations: cg: ciliated gland, e1–2: egg 1 - 2, llm: lateral longitudinal muscle, lm: longitudinal muscle, mg: male gonopore, mgg: male
gonopore glands, n2: nucleus of egg 2, ors1–2: opening of the seminal receptacle 1–2, rs1–2: seminal recepatcle 1–2, spd: spermioduct, spf: sperm filaments, t: testis, tg: tubular gland, tmr: transverse muscular ring complex, vlnc: ventral longitudinal nerve cord

glands involved in this apparatus are arranged around
the gonopore itself, as described above, creating a glandular field (16.2–17.0 μm × 3.5–5.4 μm, n = 3, r = 2, 3,
m = 4, Figs. 7a, b, 8a).

are of irregular shape, reflecting the available space in
the body. Although the openings of both seminal receptacles and the male gonad have been found, no obvious
opening was detected near the eggs, and they may have
to be deposited via rupturing of the epidermis.

Female gonad

Up to four eggs, lined up behind each other and increasing in volume posteriorly (Fig. 8b), are the only structures of the female gonad detected with either
immunohistochemistry or live observations. The eggs

Seminal receptacles

In the posterior part of the body, the adult animals form
one to several seminal receptacles (rs, Fig. 8c, d). These
receptacles are thin-walled capsules consisting of few
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Fig. 9 Lobatocerebrum riegeri n. sp. Anterior is to the left and dorsal to the upper side of the picture in the light micrographs (b–e). a Partly
schematized drawing of an adult Lobatocerebrum riegeri n. sp. with the most significant traits emphasized based on light microscopic observation.
b anterior part of the rostrum with glandular epidermis and frontal gland ducts, c brain, d, ciliated pharynx and e posterior end of the body with
midgut-hindgut-transition in lateral view. Abbreviations: ac: anterior cilia, an: anus, c: cilium, dfg: frontal gland ducts, hg: hindgut, go: glandular
opening, ksg: kidney-shaped gland, lca: major caudal lobe, lci: minor caudal lobe, lg: lateral ganglion, lra: major rostral lobe, lrl: lateral rostral lobe,
mg: male gonopore, mgg: male gonopore gland, mig: midgut, mo: mouth opening, np: neuropil, ph: pharynx, phg: pharyngeal gland, rs: seminal
receptacles, spd: spermiduct, t: testis
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cells without any specific immunoreactivity (Fig. 8c, d).
Their diameter is 20–30 μm (n = 3, r = 1, m = 4), and the
sperm filaments (spf ) can be seen inside, bent and
curled up (Fig. 7e). The openings of the receptacles (ors,
diameter 0.8–1.7 μm, n = 3, m = 3) are on the ventrolateral side of the body (Fig. 8c).
Motility patterns

Studied in LM, Additional file 1.
Ciliary locomotion

Lobatocerebrum riegeri n. sp. is uniformly ciliated along
the entire body and moves mainly by a relatively slow, but
steady back and forward ciliary gliding rather than muscular action (Additional file 1). Ciliary mode of locomotion
is cost-efficient for minute interstitial animals, yet fast
reactions to avoid obstacles are dealt with by contractions
of the longitudinal (and to a lesser degree transverse
musculature ring complexes) body wall muscles.
Muscular locomotion

Behavioral observations of several specimens revealed
different movement patterns of the rostrum and the
remaining body: while the posterior part of the body was
often found curled up and attached to the substrate, the
anterior part did exploratory movements, including contraction along the longitudinal body axis and sweeping
of the rostrum from side to side (Additional file 1). This
coincides with the lack of transverse muscular ring
complexes and presence of star-shaped muscles in the
rostrum. During these contractions of the longitudinal
muscles, the anterior part of the body appears more
wrinkled, also indicating that an elongation or contraction of the longitudinal muscles in the anterior region is
not affecting the trunk and posterior part of the body.
With all the longitudinal muscles being continuous
along the entire body, the stabilizing and immobilizing
of the median body during longitudinal contractions
may be accomplished by counteracting contractions of
the transverse muscular ring complexes in the trunk and
posterior part of the body.
The animals also regularly curl up or fold their posterior body in sinuous curves, which may facilitate anchoring the body among sand grains in the substrate. The
trunk may also show minor contractions and winding
movements occasionally providing a forward movement
in a snake-like pattern (Additional file 1). This most
likely is due to a combination of muscular and ciliary
locomotion.
The posteriormost end of the body can also be active
and flexible (performing contractions and elongations as
well as bending movements), though this motility is
limited to a small region anterior to the anus (10–30 μm,
n = 3, r = 4, m = 5). Occasionally, when the posterior part
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is curled up or bent, it would act more as an anchor rather
than promote forward movement (Additional file 1).
Lobatocerebrum riegeri n. sp. has never been observed to
leave the substrate and swim into the water column.
Movements in the digestive system

Although no feeding behavior could be observed, stomach
content was moved continuously in both directions, even
when the animal was not moving (Additional file 1). This
indicates that the weak musculature of the digestive system, maybe together with the body wall musculature, is
responsible for movement of the food through the body.
The fifth sphincter here probably plays an important role
in sealing the digestive tract and prohibiting food getting
expelled through the pharynx and mouth opening again,
since no movement of food could be observed in the pharynx anterior to this muscular constriction.

Taxonomy
Phylum Annelida Lamarck, 1809
Family Lobatocerebridae Rieger, 1980
Genus Lobatocerebrum Rieger, 1980
Species Lobatocerebrum riegeri n. sp.
(Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, Tables 1, 2, 3, 4, Additional
file 1)
Lobatocerebrum sp. 2 in [8–11], registered in ZooBank
(E3DCE97A-7F7A-4799-827A-DF2EA41AE1A5).
Diagnosis

Entirely ciliated Lobatocerebrum, unsegmented, hyaline
body with glandular epidermis (unicellular, kidney-shaped
glands with transparent-green content), 1.08–1.6 mm in
length and 0.04–0.06 mm in diameter. Large, lobular
brain, with central neuropil displaced 8.22–18.18 U posterior of anterior body edge (relative to total body length).
Ventral mouth opening, positioned posterior of the brain,
20.48–34.69U from anterior edge (relative to total body
length). Dorsal opening of male gonopore positioned
10-14U posterior to the neuropil (relative to total
body length).
Type material

Holotype: one 1.57 mm long mature hermaphrodite
(testis, ovary with eggs and seminal receptacles present)
(ZMUC-POL-2384), beach in front of the Interuniversitary Institute for Marine Sciences (IUI) northwest of
Eilat, Israel (N 29° 30.211’ E 34° 55.068), 9 meters
deep, coral sand, collected by the authors 20.02.2014.
Paratypes: Two mature and one juvenile specimens
(section series, ZMUC-POL-2385, ZMUC-POL-2386,
ZMUC-POL-2387), same locality as for holotype, (sampled on 14.02.2014, 16.02.2014 and 18.02.2014); one mature specimen collected by Mike Crezée (section series,
ZMUC-POL-2388).
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Table 1 Measurements of the specimen of Lobatocerebrum riegeri n. sp. investigated in this study and distances of specific
structures and organs to the anterior end of the body
End of measurement
from the anterior tip

Lobatocerebrum
riegeri II (CLSM,
holotype)

L. riegeri
III (CLSM,
paratype)

L. riegeri
IV (CLSM,
paratype)

L. riegeri
I (juvenile,
CLSM, paratype)

L. riegeri V
alive (LM)

Total Length [μm]

1571,9

1078

1606

478

1646,6

Total Width [μm]

40

79

55

66,5

51,4

Position of neuropile

247

196

204

132

250

Middle of the brain

246

221

204

137,7

266

Most anterior part

177

179

159

108

215

Most posterior part

296

251

248

162

304

Middle of the mouth

322

374

344

182,3

330

Position of the brain

Position of the mouth
Most anterior part

305

368

293

170

310

Most posterior part

343

403

375

203

350

593

476

557

596

Middle of the testis

758

576,5

712

776

Most anterior part

725

556,5

691

741

Most posterior part

787

596,5

732

811

Middle of the ovary

1107

702,5

1053

1150

Most anterior part

953

597,8

1036

995

Most posterior part

1248

769,5

1070

1304

Position of the male gonopore
Position of the testis

Position of the ovary

Position of the seminal receptacles
Middle of the receptacles

1428

960,5

1350

1510

Most anterior part

1424,9

944,5

1340

1501

Most posterior part

1432,9

970

1360

1519

The measurements were taken from both live (n = 1) and fixed and mounted (n = 5) specimens, including one juvenile, as indicated. In the latter, neither the male
nor the female gonad could be detected in transmitted light or CLSM-images. Measurements are taken in μm (in case of body length and width) and as μm from
the anterior end of the respective animal to a specific point as indicated in the first and second column

Etymology

The species is named in memory of Reinhard M. Rieger,
who discovered and described the first representative of
Lobatocerebridae.
Description

Measurements of holotype are given in the text, ranges
of all types are given in parentheses; juvenile is not
included)
Lobatocerebrum riegeri has an elongated, cylindrical,
entirely ciliated body, which appears slightly greenish
due to the glandular epidermis (Fig. 9a). The total body
length is 1.57 mm (varies between 1.08 and 1.6 mm in
adults), the body width is 0,04 mm (0.04–0.06 mm,
Tables 1, 2). The rostrum is 305 μm (293–368 μm,
Fig. 9b); the uniform trunk extends for an additional
1266 μm (710–1336 μm, Table 1). The brain is located
dorsally in the rostrum 246 μm (204–266 μm) from the

anterior tip, extends for 119 μm (30–44 μm) posteriorly
and has an oval, but lobular appearance (two frontal and
four posterior lobes embracing the central neuropil visible with LM, Fig. 9c, Tables 1, 2). The mouth opening is
322 μm (330–374 μm) from the anterior tip; extends for
21 (20–31 μm, Fig. 9d, Tables 1, 2) and the pharynx is
heavily ciliated and supplied with several glands. The
transitions from the fore- to the mid-gut 480 μm (450–
580 μm) from the anterior tip and from the mid- to the
hindgut 820 μm from the anterior tip (800–1300 μm)
are marked by a decrease in diameter, sphincter muscles
and change in ciliation pattern (strong in fore- and hindgut, weaker in mid-gut). No protonephridia were detected
with the techniques applied (adults and juvenile). The
male gonopore 593 μm (476–596 μm) from the anterior
tip and associated gland cells as well as one testis 758 μm
(576–758 μm, Fig. 9a, Tables 1, 2) from the anterior tip
are all located dorsally. In mature specimens, big, slightly

0.11

0.036

9

9

14

38

47–57

58–63

90,5

Total width [mm]

Relative width

Position of the neuropile
[1–100U]

Position of the brain
[1–100U]

Position of the mouth
[1–100U]

Position of the male
gonopore [1–100U]

Position of the testis
[1–100U]

Position of the ovary
[1–100U]

Position of the seminal
receptacles [1–100U]

87–89

46–56

30–36

10–17

7–12

7–12

0.035–0.036

0.07–0.08

2.0–2.2

L.
psammicola fixed

No measurements
provided

No measurements
provided

No measurements
provided

No measurements
provided

20

14

14

0.055

0.06

1.1

Lobatocerebrum
sp. 1

88

48–79

35–43

31

20

12

12

0.035

0.06

1.7

Lobatocerebrum
sp. 2

90.84 (84.06–90.84)

70.42 (65.17–70.42)

48.21 (44.33–53.48)

37.72 (34.68–44.16)

20.48 (20.48–34.69 [38.14])

15.65 (12.7–20.5 [28.8])

18.18 (8.22–18.18 [27.61])

0.025 (0.025–0.038 [0.15])

0.04 (0.04–0.06 [0.07])

1.57 (1.08–1.6 [0.48])

Lobatocerebrum
riegeri

→ too broad ranged to be diagnostic

→ too broad ranged to be diagnostic

→ posterior to L. sp.2, but with the broad range similar to
L. psammicola

→ range outside L. sp. 2, but similar to L. psammicola

→displaced more posteriorly in L. riegeri than in L. psammicola,
but in the same range as the other reported species

→displaced more posteriorly in L. riegeri than in L. psammicola and
the other reported specimens

L. riegeri is thinner than the other species and reported specimens,
though not relative to the body length

L. riegeri is thinner than the other species and reported specimens,
though not relative to the body length

L. riegeri is shorter than L. psammicola and the other reported
specimens

L. riegeri conclusions/remarks

The measurements of Lobatocerebrum psammicola, L. sp. 1 and L. sp. 2 were taken from [8]. L. riegeri n. sp. (this study) was obtained from this study and translated in the units used by [8] (in 1–100U for the entire
body length). For L. riegeri n. sp., all measurements are taken from fixed and mounted specimens in the following order: holotype [range of all adult specimens (juvenile)]. L. riegeri n. sp. specimen III was excluded
from the range given for body length and width, since it was compressed to a high degree, but was considered for the relative measurements

3.0

Total length [mm]

Lobatocerebrum
psammicola live

Table 2 Comparisons of measurements and distances of specific structures and organs to the anterior tip of different species of Lobatocerebridae
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This study

References

+

Presence of a
subpharyngeal
ganglion
Grid of distinct
longitudinal and
circular nerves

>2

Nonganglionated
posterior
commissures

2–9

Number of rostral
longitudinal nerve
cords
2 pairs

+

Median posterior
nerve cord

Total number of
ganglia

1 pair + 1 median
cord

4

Number of brain
commissures

Number of posterior
longitudinal nerve
cords

+
+

Lobular structure

Central neuropile

Intraepithelial

PERIPHERAL NERVOUS
SYSTEM

GANGLIA AND
COMMISSURES ALONG
THE VENTRAL NERVE
CORD

NERVE CORDS OF THE
CENTRAL NERVOUS
SYSTEM

BRAIN

Location of the
ventral nerve cords

[57, 73, 74]

Nerve plexus

+

?

>2

0

-

1 pair

2

+

?

Intraepithelial/
subepidermal

[75, 76]

Grid of pairwise arranged
longitudinal and several
circular nerves per segment

+

>2

>2

0

-

1 pair

4

+

+

Intraepithelial

[40, 41]

?

+

>2

>2

-

+

2 pairs (+1
median cord)

1

+

-

Subepidermal

Dorymenia sarsii

Phascoliun
strombus

Lobatocerebrum
riegeri n. sp.

Scoloplos armiger

MOLLUSCA
SOLENOGASTRES

LOBATOCERBRIDAE

ORBINIIDAE

SIPUNCULA

ANNELIDA

[40]

?

+

>2

>2

-

-

2 pairs

1

+

+

Subepidermal

Chaeoderma
japonicum

CAUDOFOVEATA

Table 3 Compilation of features of the nervous system in representatives of different spiralian groups with previously proposed relationship to Lobatocerebrum riegeri n. sp
GASTROPODA

[43]

?

+

>2

>2

2 pairs

-

2 pairs

1

+

+

Subepidermal

Helminthope
psammibionta
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[42, 48]

References

+

+

1

1 pair

-

[42]

[77]

[78]

Intraepidermal plexus
Subepidermal plexus, 5 longitudinal
around the rhynchocoel commissural plexus,
nerves
stomatogastric plexus,
proboscidial plexus

+

?

1 pair

Approx. 8 pairs

+ (just a short
piece)

1 pair

1

+

-

Intraepithelial

+

1 (2)

1 pair

>3 paired and
2 unpaired

-

1 pair

1

+

-

Intraepithelial

[17, 79]

[17]

6 longitudinal 3 dorsal
nerves
longitudinal
nerves

? (+)

? (1)

? (1 pair)

?

? (−)

1 pair

? (1)

? (+)

? (−)

Intraepithelial

[46, 80]

?

+

?

?

-

-

1 pair

1

+

-

? (mainly
subepidermal)

Stenostomum
leucops

NEMERTODERMATIDA

[81, 82]

?

-

-

?

-

-

- (thin fibres, but
no cords)

2 rings (dorsally
connected)

- (only
commissures
formed)

-

Intraepithelia to
subepidermal

Nemertoderma
westbaldi

Details of the brain, the ventral nervous system, the stomatogastric nervous system and the peripheral nervous system are given in an attempt to reveal common features or possible apomorphies in
Lobatocerebridae. Presence of a character is labeled with +, absence with -, numbers and additional informations are given wherever possible. “?” indicates the lack of information in the references mentioned, while
reinvestigations from this study (in the case of L. riegeri n. sp.) and assumptions based on additional references are included by putting the assessment in brackets (+) or (−). Only species with previously [8–12] or
recently [7] suggested relationship to Lobatocerebridae were considered. Insufficient information in one species was supplemented with closely related species, based on the literature acknowledged in
the reference-row

?

+

1

?

PERIPHERAL NERVOUS
SYSTEM

Presence of a
subpharyngeal
ganglion

?

?

4

?

Number of rostral
longitudinal nerve
cords

-

+

>2

-

>2

+

Median posterior
nerve cord

>2

Number of brain
commissures

+

+

1 pair + 1 dorsal median 1 pair
+ 1 ventral median cord

+

Central neuropile

+

Subepidermal

Number of posterior 1 pair
longitudinal nerve
cords

+

Subepidermal Subepidermal

Lobular structure

GANGLIA AND
Total number of
COMMISSURES ALONG ganglia
THE VENTRAL NERVE
Nonganglionated
CORD
posterior
commissures

NERVE CORDS OF THE
CENTRAL NERVOUS
SYSTEM

BRAIN

Location of the
ventral nerve cords

Lineus viridens

Cephalothrix
linearis

PLATYHELMINTHES XENACOELOMORPHA
FILOSPERMOIDEA CATENULIDA

Gnathostomula Rastrognathia Pterognathia
peregrina
macrostoma meixneri

BURSOVAGINOIDEA

PALAEONEMERTEA
Procephalo-thrix linearis

GNATHOSTOMULIDA
ANOPLA

NEMERTEA

Table 3 Compilation of features of the nervous system in representatives of different spiralian groups with previously proposed relationship to Lobatocerebrum riegeri n. sp (Continued)
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Grid of distinct
longitudinal and
circular nerves
This study

References

Postpharyngeal
ganglion

Origin of the
stomatogastric
nervous system

Presence of a
subpharyngeal
ganglion
+ (ring around the
pharynx)

+

Nonganglionated
posterior
commissures

Stomatogastric
nervous system

2 pairs
>2

Total number of ganglia

2 ventrolateral + < 7
2 (?)
additional, smaller ones

[8–11]

?

Postpharyngeal
ganglion

+ (ring around
the pharynx)

+

2

2 pairs

?

1 pair (+1
median cord?)

?

Number of rostral
longitudinal nerve cords

Ventral root (dorsal/
ventral commissure)

?

+

+ (+/+, individual
fibres spread out)

Dorsal root (dorsal/
ventral commissure)

?

Median posterior
nerve cord

+ (+/+)

Number of brain
commissures

+

+

Intraepithelial

1 pair + 1 median
cord

4

Central neuropile

DIURODRILIDAE

?

[61]

SIPUNCULA

+

?

>2

0

-

1 pair

?

?

2

+

?

Intraepithelial

?

[9, 83]

[57, 73]

Nerve plexus

brain (?)

[58]

?

brain (?)

+ (ring around the esophagus,
during development)

+ (during development)

>2 (during development)

>2 (during development)

0

-

1 pair (fused during development)

- (Not differentiated in this species)

- (Not differentiated in this species)

1

+

?

Intraepithelial

Phascolion strombus Siphonosoma australe

+ (nerve cells in the
+ (ring around the
pharyngeal epithelium) esophagus

?

1

?

?

-

1 pair

?

?

?

+

+

Intraepithelial

Jennaria pulchra

1 pair of longitudinal
Some nerves around
nerves, several branches the pharynx and gut,
for innervating organs
otherwise not present
or not described

prebuccal ganglion

+ (ring around the
esophagus)

+

>2

1 (fused pair)

>2

-

2 pairs

+ (+/+)

+ (+/+)

4

+

?

Intraepithelial

Lobatocerebrum Diurodrilus sp.
psammicola

Number of posterior
longitudinal nerve
cords

+
+

Lobular structure

Intraepithelial

PERIPHERAL NERVOUS
SYSTEM

STOMATOGASTRIC
NERVOUS SYSTEM

GANGLIA AND
COMMISSURES
ALONG THE VENTRAL
NERVE CORD

NERVE CORDS OF THE
CENTRAL NERVOUS
SYSTEM

BRAIN

Location of the
ventral nerve cords

Lobatocerebrum
riegeri n. sp.

LOBATOCEREBRIDAE

PREVIOUS “PROBLEMATICA”, now ANNELIDA

ANNELIDA

Table 4 Compilation of features of the nervous system in representatives of different annelid groups and Lobatocerebrum riegeri n. sp
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STOMATOGASTRIC
NERVOUS SYSTEM

GANGLIA AND
COMMISSURES
ALONG THE VENTRAL
NERVE CORD

NERVE CORDS OF THE
CENTRAL NERVOUS
SYSTEM

BRAIN

+

Presence of a
subpharyngeal
ganglion
+ (ring around the
pharynx)

>2

Nonganglionated
posterior
commissures

Stomatogastric
nervous system

>2

Total number of ganglia

0

Number of rostral
longitudinal nerve cords

?

Ventral root (dorsal/
ventral commissure)

+

?

Dorsal root (dorsal/
ventral commissure)

Median posterior
nerve cord

2

Number of brain
commissures

3 pairs + median cord

+

Central neuropile

Number of posterior
longitudinal nerve
cords

-

Intraepithelial

+ (ring around
the esophaus)

+

>2

>2

0 (but
innervation
of tentacles)

-

1 pair

+ (+/+)

+ (+/+)

4

+

-

Intraepithelial

+ (ring around the
esophagus, also
tracing the
esophagus)

+

>2

>2

0

-

1 pair

+ (+/+)

+ (+/+)

4

+

+

Intraepithelial

Psammodrilus fauveli

Protodrilus sp.

Dinophilus gyrociliatus

Lobular structure

Location of the
ventral nerve cords

PSAMMODRILIDAE

PROTODRILIDAE

DINOPHILIDAE

+ (ring around
the esophagus)

+

>2

>2

0

-

1 pair

+ (+/+)

+ (+/+)

4

+

+

Intraepithelial

Platynereis sp.

NEREIDIDAE

+ (ring around
the esophagus)

+

>2

>2

0

+

1 pair

+ (+/+)

+ (+/+)

4

+

+

Intraepithelial

Capitella sp.

CAPITELLIDAE

+ (fibre along the
gut, ring around the
esophagus)

+

>2

>2

0 (but innervation
of tentacles)

+

1 pair

+ (+/+)

+ (+/+)

4

+

-

Intraepithelial

Pomatoceros
lamarckii

SERPULIDAE

Table 4 Compilation of features of the nervous system in representatives of different annelid groups and Lobatocerebrum riegeri n. sp (Continued)

-

+

1 (in larvae)

1 (in larvae)

0 (but innervation
of tentacles)

-

1 pair

+ (+/+)

+ (+/+)

4

+

+

Intraepithelial

Spirorbis cf. spirorbis
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[14, 84, 85]

References

[55, 86]

?

Brain

[87, 88]

?

Buccal ganglion

[70, 89, 90]

Grid of distinct
longitudinal and
circular nerves

Brain

[91]

Grid of distinct
longitudinal and
circular nerves

Brain

[92]

Circular nerves in
some segments

Brain

[92]

Grid of distinct
longitudinal and
circular nerves

-

Details of the brain, the ventral nervous system, the stomatogastric nervous system and the peripheral nervous system are given in an attempt to reveal common features or possible apomorphies in
Lobatocerebridae. Presence of a character is labeled with +, absence with -, numbers and additional informations are given wherever possible. ? indicates the lack of information in the references mentioned, while
reinvestigations from this study (in the case of L. riegeri n. sp.) and assumptions based on additional references are included by putting the assessment in brackets (+) or (−). Insufficient information in one species was
supplemented with closely related species, based on the literature acknowledged in the reference-row

Regular grid of
longitudinal and
circular nerves, nerve
plexus dorsal to the
ventral nervous system

Brain (dorso-posterior
neuropile)

PERIPHERAL NERVOUS
SYSTEM

Origin of the
stomatogastric
nervous system

Table 4 Compilation of features of the nervous system in representatives of different annelid groups and Lobatocerebrum riegeri n. sp (Continued)
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oval but irregular-shaped eggs can be found in the posterior region of the body 1107 μm (702–1107 μm, Tables 1,
2) from the anterior tip). Seminal receptacles, if present
(one to three found in the specimens investigated), can be
found in the posterior region of the body 1428 μm (960–
1428 μm, Table 1) from the anterior tip, opening laterally.
The anus opens dorsally 1500 μm (1000–1500 μm, Fig. 9e)
from the anterior tip.
Remarks

Lobatocerebrum riegeri is smaller (1.08–1.6 mm in adults
compared to 2.0–3.0 mm in adults of L. psammicola)
and thinner (0.04–0.06 mm in adults compared to 0.07–
0.11 mm in L. psammicola) than the related species [8].
The brain is displaced more posterior (8.22–18.18 U
(distance from anterior end to central neuropil relative
to total body length) in adults compared to 7-12U in L.
psammicola) and the mouth opening is displaced further
posterior in the body than in the previously described
species (12.7–20.5U in adults compared to 10-17U in L.
psammicola). Further distinguishing Lobatocerebrum
riegeri from its previously described relative is the fact
that it has a different secrete in the unicellular adhesive
glands (linearly arranged globular inclusions in the granules in the adhesive glands in L. riegeri as compared to
linear, rod-shaped inclusions in L. psammicola). Additionally, the two localities the different species have been
found in (North Carolina, USA for L. psammicola and
Eilat, Israel for L. riegeri) are far apart from each other
and therefore the presence of two species seems to be
probable. Further studies also involving molecular data
are needed to further support this hypothesis, but are
unfortunately not available now.

Discussion
Function and origin of the unique muscular ring complex

The characteristic annelid (and spiralian) muscular arrangement consists of an external circular and internal
longitudinal muscle layer [22, 38]. However, the pattern
in Lobatocerebridae differs in having externally positioned longitudinal muscles sunken into the epidermis,
and within those inner transverse muscles previously
mistakenly interpreted as continuous circular muscles
[8]. However, each of these ring complexes resembles a
discontinuous muscular network, composed by transverse
muscle fragments, which together form serially repeated,
discontinuous muscular ring complexes interconnecting
the longitudinal muscles. Peristaltic body movements normally caused by contraction of circular muscles where
never observed in Lobatocerebrum riegeri; however, the
transverse fragments neither seemed to operate independently, but most likely aid to stabilizing the body wall
during contraction of the longitudinal fibers. The lack of
ring complex muscles in the rostrum on the other hand
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seems to allow for the high flexibility of the long rostral
area in L. riegeri (Fig. 1b, e–g, Additional file 1). A flexibility which otherwise would have been prevented due to
their different interconnecting composition compared to
regular spiralian circular muscles, located external of the
longitudinal muscles, even along the long rostrum of
meiofaunal animals such as a the filospermoid Gnathostomulida [17] and catenulid Platyhelminthes ([39], Table 3).
Since a similar muscular solution to both granting flexibility of the rostrum and stabilizing the trunk is not found in
other annelids (or sipunculids), the muscular ring complex
is considered a unique apomorphy of Lobatocerebridae.
The paradox of a complex brain in a simple animal

Lobular or compartmentalized, ganglionated brains are
commonly found in macroscopic representatives of Spiralia and other metazoan groups (e.g. [18, 40, 41]), but
interstitial animals generally do not show such a complex
architecture (e.g. [16, 29], Tables 3, 4). However, some
interstitial species of nemerteans [42], molluscs (especially
in several wormlike gastropods such as Helminthope [43],
Rhodope [44], and Pseudovermis [45]) and catenulids [46]
also show some compartmentalization of the brain having,
for example, visual and olfactory centers (Table 3). Another representative with a ganglionated brain is the
enigmatic interstitial “worm” Jennaria pulchra (Figure 3a
in [9]), which is described as representing many plesiomorphies of the trochozoan body plan [47] and possibly
being an annelid [9]. Different compartments or lobes of
the brain are normally related to processing of different
sensory stimuli, yet all conspicuous sensory organs such
as eyes, sensory appendages or olfactory nuchal organs are
lacking in Lobatocerebridae. Moreover, the indistinct gut
content and simple alimentary tract and behavior indicates that Lobatocerebrum sp. is an unselective deposit
feeder. Though no sensory structures are found adjacent
to, or directly connected to specific regions in the brain, it
is still striking how the anterior rostrum is strongly innervated with nerves connected to various parts of the brain.
Hence, though unlikely, the glandular secretion or the
stimuli of the scattered sensory cells may in fact be processed in a much more organized manner and their signaling complexity exceed our expectations. Nonetheless, the
complex lobular architecture of the brain in L. riegeri
seems a functional paradox.
Systematic importance of longitudinal nerve
configuration

Annelid central nervous systems vary in numbers of
main longitudinal nerves, from one ventro-median cord
to seven or more ventral nerves (Table 4, [21]). Based
upon developmental studies and a broad comparison
across Annelida, five ventral cords have been proposed
as the ancestral pattern [15], yet this proposed character
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evolution was never traced upon a phylogenetic tree.
The pattern of five nerves is made up of one pair of
ventral, one pair of lateroventral and one median cord.
The latter is revealed during neurogenesis in several
annelids, and has been found in most interstitial annelids, possibly being an annelid apomorphy. However, it is
only found elsewhere in Spiralia in a few exceptional cases
(and with somewhat different configuration) (Solenogastres [40], some Nemertea [48], Table 3). According to a
parsimonious tracing on the latest Spiralian tree [7] one
pair of widely separated ventral cords would be the plesiomorphic state of Spiralia (Table 3 and references therein).
Likewise, the basi- or intraepidermal position of the
nervous system has also been regarded a plesiomorphic
trait in Spiralia [49] as well as in Annelida such as now
exemplified by the early branching annelid lineage Oweniidae [50–52] opposed to the derived subepidermal
position found in many crown group annelids [53, 54].
However, intraepidermal nerve cords have also been
found in Siboglinidae (Worsaae K, Rimskaya-Korsakova,
NN, Rouse, GW: Neural reconstruction of bone-eating
Osedax spp. (Annelida) and evolution of the siboglinid
nervous system, submitted) as well as several interstitial
annelids [19, 25, 54], showing considerable variance
throughout evolution. The intraepidermal position of the
paired ventral cords of Lobatocerebrum may hereby not
be phylogenetically informative, whereas its additional median cord may be an annelid apomorphy. The two widely
separated main nerve cords do not resemble a “typical”
annelid pattern, but also do not dispute such a relationship, since such a pattern is also found in several other
interstitial annelids such as Dinophilidae [15], Protodrilidae [29, 55], and Nerillidae [56].
Lobatocerebrum also possess two prominent and
several additional long rostral nerves extending from
the posteriorly displaced brain to the tip of the animal ([8], this study). This pattern is not found in
any other annelids, which normally have the brain
located anteriorly [28]. A similar pattern is found in
a few examples of distantly related interstitial spiralians among Mollusca, Nemertea, Gnathostomulida,
Catenulida (for details see Table 3) but has most
likely arisen by convergence.
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layout to that of L. riegeri only having two pairs of
subpharyngeal ganglia is also found in other spiralian
groups (e.g. Gnathostomulida, Catenulida, for more details
see Table 3), although the posterior commissures found in
L. riegeri (ganglionated and non-ganglionated) are often
not described or irregularly distributed (Table 3). Besides
the low number of ganglia, there is no correlation of the
commissural distribution with that of the few observed
nephridia in L. psammicola [8, 9] nor with any other
organ system in L. riegeri, which means that Lobatocerebrum cannot be regarded as segmented at present. This
emphasizes, however, that more detailed studies of the
developmental pattern in Lobatocerebridae are needed to
check for signs of segmentation during ontogeny as found
in Echiura and partly in Sipuncula [57, 59].
A grid-like peripheral nervous system supporting a
ventralized central nervous system may be a Spiralian
plesiomorphy

The peripheral nervous system is, especially in spiralians
with a ventralized central nervous system, supposed to
provide sufficient support and innervation for (sensory)
organs in the periphery of the body [49]. Especially sensory cilia and glands are often abundantly distributed in
the epidermis of interstitial animals far from the ventral
nerve cords and the brain, as can be demonstrated in
nearly all spiralian groups [60]. In annelids, the peripheral nervous system is often formed as an irregular grid
constituted by longitudinal, oblique and circular nerves
[21], relatively similar to those present in L. riegeri,
though the pattern here appeared more regular and with
the longitudinal nerves projecting directly from the
neuropil rather than from the nerve cords. Moreover,
this is the general pattern for several spiralians, so it
cannot be viewed as a diagnostic trait for annelids (see
Tables 3 and 4 for details). Supplementing or even replacing this grid, nerve plexi are found around specific
organs, most often adjacent to the (male) reproductive
organs or the mouth opening in nearly all groups
considered for this comparison (see Tables 3 and 4 for
details). However, since the grid is generally built from
single (or few) fibres, the record of peripheral nervous
system architecture especially among interstitial animals
is rather incomplete.

Lobatocerebrum – an unsegmented annelid?

The ventral nervous system in annelids most commonly
consists of longitudinal nerve cords linked by ganglionated, serially arranged commissures, correlated with other
serially repeated structures to form segments [49]. However, a clear outer segmentation as well as regularly distributed segmental paired ganglia are lacking in several
groups recently assigned to annelids such as Diurodrilidae, Sipuncula, Echiura Siboglinidae and now also
demonstrated for Lobatocerebrum riegeri. A similar

Function and origin of the long-necked frontal glands

The frontal glands in Lobatocerebrum are among the
diagnostic features of this group; the elongated ducts of
the prominent glands can neither be found in other annelid groups (with the exception of Diurodrilidae [61])
nor in the majority of other spiralian groups. However,
supposedly similar structures are present in catenulid
Platyhelminthes (personal observation) and probably also
in a few exceptional nemerteans and gnathostomulids
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(W. Sterrer, personal observation). The function of
these glands is still unclear, though two options seem most
likely: i) the secretion of these glands is used to produce a
mucus layer to facilitate ciliary gliding; ii) the secretion is
used to bind substances (e.g. pheromones or other chemical compounds) from the environment and thereby enhance the animal’s ability to sense the environment and
possibly even follow a chemical lead. However, though olfactory organs have been described for many invertebrates
[62, 63], with annelids generally having ciliated nuchal
organs [64–66], those are rarely glandular or resembling
the structure of the frontal glands, why this hypotheses
clearly needs further testing.
Origin of meiofaunal characteristics of Lobatocerebridae

Lobatocerebridae has been proposed to originate from a
macroscopic, presumably annelid (or annelid-like) ancestor by progenesis (somatic arrest during larval or juvenile
development due to early maturation [67]) [8, 9, 11]. This
idea was based on its acoelomic condition and the presence of characters also present in annelid or spiralian larvae, such as complete ciliation, an intraepithelial nervous
system, protonephridia and a rather simple formation of
both musculature and ventral nervous system [8, 9, 11].
No single extant macrofaunal lineage possesses juveniles
resembling adult Lobatocerebridae; however, the noted
features are also common in other meiofaunal representatives of annelids, molluscs, nemerteans and platyhelminths
(see Tables 3 and 4, and references herein for details),
where progenesis is often seen as the most plausible pathway along which these interstitial animals have derived
from a macroscopic ancestor [67]. Conversely, most of
these features are also present in the early branching
meiofaunal spiralian lineages (Gnathifera, Platyhelminthes,
Gastrotricha) and were, according to the latest Spiralian
topology, proposed to resemble spiralian plesiomorphies
[7]. So when these traits are found in adult meiofauna they
may not necessarily reflect an ancestry from a larval or
juvenile stage, but could instead represent plesiomorphic
states – or as a third alternative, gradual adaptations
(reversals) to the constraints of the space-restricted interstitial environment [11, 16, 30, 31].
Meiofaunal spiralians generally have few nerve cords
spaced far apart (rather than midventrally fused/condensed), and possess a body wall musculature spread out
as a regular grid (rather than having the longitudinal muscles organized into four or fewer bundles, see Tables 3 and
4 and references therein for details). Besides this pattern
possibly being the ancestral spiralian condition, there may
exist ‘universal constraints’ on the functionally optimal
neuromuscular design when being of microscopic size and
with limited cell number, and given the evolutionary
toolbox within Spiralia. Hence, the organization of the
neuromuscular system may be more directly dependent

Page 30 of 34

on e.g., size, ciliary pattern or acoelomatic condition (e.g.
as for the mesodermal blood vascular system and protonephridia [11, 68, 69]) in a way we haven’t calculated for. Alternatively (or in addition), the condensation of muscles
and nerves into bundles is a pattern often realized
during development of annelids and certain spiralians
(e.g., [70–72]), and although there is currently no way of
testing this statement, the lack of condensation in Lobatocerebrum may also be seen as an evolutionary arrest in
somatic development (at least of these specific somata)
and hereby as a sign of paedomorphic origin rather than
gradual adaptation. However, in the recent phylogenomic
study placing Lobatocerebrum within Annelida [7], the
exact position is not well supported, which is why its descend from either macrofaunal or a meiofaunal ancestor
cannot be traced with conviction.

Conclusion
Although Lobatocerebrum was shown to be an annelid
in a recent phylogeny [7], previous studies also suggested
similarities to other spiralian groups such as Platyhelminthes, Nemertea, Mollusca and Gnathostomulida
[8, 10, 11]. Conducting a detailed study of Lobatocerebrum
riegeri with several complementary microscopical techniques revealed details of the musculature, the nervous
system and the glandular system and allowed for a detailed description of Lobatocerebrum riegeri next to the
previously described L. psammicola. Yet, L. riegeri is very
similar to L. psammicola, both representing conservative
spiralian patterns and a combination of traits diagnosing it
as an annelid. Most features of the neuromuscular system
revealed in L. riegeri by CLSM and TEM are not in themselves diagnostic to annelids and can either likewise be
found in other groups or be unique for Lobatocerebridae.
While these features on their own cannot reveal significant information about relationships within and between
the spiralian groups, the combination of traits such as a
nervous system with a complex brain with several commissures, a prominent median nerve cord and several
ganglionated commissures, as well as a glandular, multiciliated epidermis and gliointerstitial system [10] together
support an affinity to Annelida.
It is not possible to depict neither from the phylogenetic position nor morphological traits whether Lobatocerebridae originated through paedomorphosis or gradual
miniaturization from a macrofaunal ancestor as an adaptation to the interstitial environment - or may even have
retained plesiomorphic traits. Nonetheless, the lack of
specific resemblance to any juvenile annelid relatives indicates a much more complex evolutionary history than
what can be explained by a one-step progenetic evolutionary process. Further studies on the development of organ
systems such as the musculature and the nervous system
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may prove useful for accessing the origin of Lobatocerebridae. Nonetheless, this study demonstrates that with
Lobatocerebridae being annelids [7], Annelida displays an
extreme evolutionary plasticity of the neuromuscular system, which is otherwise regarded as highly conservative
throughout metazoan evolution.

Methods
Sampling

Specimens used for this study were collected in Eilat,
Israel, from sand collected from a small (0.5x0.5 m) sand
patch between coral blocks at 8.5–9 m depth approximately 100 m southwest of the main pier of the Interuniversitary Institute for Marine Sciences (IUI, N 29°
30.211’ E 34° 55.068). Animals were extracted and anesthetized using an isotonic magnesium chloride solution:
The upper 2–5 cm of sampled sand was mixed with this
solution, and the water with floating particles and anesthetized animals decanted through 63 μm meshes with
seawater. Revitalized animals were sorted from the petri
dish using dissecting compound microscopes. A total of
nine specimens was found, examined and afterwards
fixed for the techniques described below as well as for
molecular analysis.
Behavioral studies

Animals were observed with a dissecting scope in a petri
dish prior to being transferred to an object slide in seawater under cover for examination and imaging in a compound microscope with a mounted camera or a video
recorder. For later relaxation, a weak MgCl2-solution was
added to the slide. Movies were later analyzed in relation
to the morphological studies and interpretation.
Histology, light microscopy (LM) and transmission
electron microscopy (TEM)

Specimens were carefully anesthetized with isotonic
magnesium chloride and afterwards fixed with 2 %
glutaraldehyde in 0.1 M osmolarity-adjusted cacodylate buffer over night at room temperature (RT) and
afterwards rinsed and stored in 0.1 M cacodylate buffer. The animals were postfixed in 2 % OsO4 in 0.05 M
K3FeCN6-solution for 1 h and before embedding in Araldite
Epon-812 using standard protocol and polymerization for
20–24 h at 50 °C.
For TEM-analysis, the block was trimmed to the
object and sectioned into 40 nm sections using a Leica
EM UC7 ultratome (LEICA MICROSYSTEMS, Wetzlar,
Germany). Ultrathin section were mounted on Formvarcoated 2x1mm slot grids, contrasted with 2 % uranyle
acetate- and 4 % lead citrate-solution and examined
using a JEOL JEM 1010-Transmission Electron Microscope (TEM, JEOL Ltd., Tokyo, Japan) in combination
with a digital GATAN OneView camera (GATAN, INC.,
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Pleasanton, CA, United States). The fixation and preparation caused artifacts such as the slight separation of the
epidermis from the internal organs of the animal.
Immunohistochemistry and CLSM

Specimens were carefully anesthetized with isotonic magnesium chloride and afterwards fixed in 3.7 % paraformaldehyde in phosphate buffered saline (PBS) for 1 to 2 h at
RT, followed by several rinses in PBS and storage in PBS
with 0.05 % NaN3. For the investigation of muscular,
nervous, glandular and ciliary system quadruple stainings
were applied, including F-actin staining (Alexa Fluor
488-labelled phalloidin, INVITROGEN, Carlsbad, USA),
DNA-staining (405 nm fluorescent DAPI) and immunostaining (monoclonal mouse anti-acetylated α-tubulin
(SIGMA T6793, St. Louis, USA), polyclonal mouse antisynapsin 1 (3C11 (anti SYNORF1, DEVELOPMENTAL
STUDIES HYBRIDOMA BANK, Iowa, USA) and antityrosinated tubulin (SIGMA T9028), polyclonal rabbit
anti-serotonin (5-HT, SIGMA S5545) and anti-FMRFamide
(IMMUNOSTAR 20091, Hudson, USA)). Prior to adding
the primary antibody-mix, the samples were pre-incubated
with 0.1 % PBT (PBS + 0.1 % Triton-X, 0.05 % NaN3, 0.25 %
BSA, and 10 % sucrose) for 2 h. Afterwards, samples were
incubated for up to 24 h at RT in the primary antibodies
mixed 1:1 (in a final 1:200 concentration (or 1:50 for antisynapsin 1)). Subsequently, specimens were rinsed in 0.1 %
PBT three to six times and incubated with the appropriate
secondary antibodies conjugated with fluorochromes (also
mixed 1:1 in a final concentration of 1:200; goat anti-mouse
labeled with CY5 (JACKSON IMMUNO-RESEARCH,
West Grove, USA, 115-175-062), goat anti-rabbit labeled
with TRITC (SIGMA T5268)) for up to 24 h at RT. This
step was followed by several rinses in 0.1 % PBT and postincubation for 60 min in Alexa Fluor 488-labeled phalloidin
(0.33 M in 0.1 % PBT). Thereafter, specimens were rinsed in
PBS (without NaN3) and mounted in Fluoromount-G with
DAPI (SOUTHERN BIOTECHNOLOGY ASSOCIATES,
Inc., Alabama, USA) or Vectashield with DAPI (VECTOR
LABORATORIES, Burlingame, USA).
The mounted specimen were scanned using a Olympus
Fluoview FV-1000 confocal laser scanning microscope (of
K. Worsaae, University of Copenhagen, Denmark), with
the acquired z-stacks of scans being either projected
into 2D-images or analyzed three-dimensionally using
IMARIS 7.1 (BITPLANE SCIENTIFIC SOFTWARE,
Zürich, Switzerland). This software package was also
used to conduct the measurements presented in the
following text (n = number of specimens analyzed; r = body
region (1 - from the anterior tip to the mouth opening,
2 - from the mouth opening to the male gonopore, 3 - from
the male gonopore to the ovary, 4 - from the ovary to the
posterior tip of the animal); m = number of measurements
per region).
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Measurements

All measurements on live animals were taken in Adobe
Photoshop after the images were acquired using a standardized scale bar, as was the procedure for measurements taken from TEM-pictures. Measurements from
CLSM-image stacks were conducted in Imaris 7.1 using
the Measurement-tool in Section-mode. For comparison
with the measurements in Rieger [8], distances from the
rostral tip to specific organ systems as well as body
width and length were calculated in units (U), the entire
body length being 100U.
Photoshop and Illustrator

Contrast and brightness of all two-dimensional projections of confocal data and pictures of TEM-sections
were adjusted in Adobe Photoshop CC 2015. Schematic
drawing as well as plate-assembly was performed in
Adobe Illustrator CC 2015.

Additional file
Additional file 1: Motility pattern and details of the adult
Lobatocerebrum riegeri n. sp. This movie shows combined clips of alive
Lobatoerebrum riegeri n. sp. indicating both morphological specificities
such as the pharynx and brain and motility patterns. (MP4 116178 kb)
Abbreviations
ac: anterior cilia; adnc: anterio-dorsal nerve cord; adlnc: anterior dorso-lateral
nerve cord; afg: anterior frontal gland; ag: adhesive granule; amf: anterior
point of muscle fusion; an: anus; anc: anterior nerve cord; avnc: anterio-ventral
nerve cord; avlnc: anterior ventro-lateral nerve cord; bl: basal lamina; br: brain;
brc: brain cell; bsm: brain supporting muscle; c: cilium; c1-4: commissures 1–4;
cg: ciliated gland cell; cmds: circular muscle of the digestive system; dcn: dorsoanterior commissure of the central neuropil; dfg: frontal gland ducts;
dllm: dorsolateral longitudinal muscle; dlm: dorsal longitudinal muscle; e13: egg 1–3; ec: cili of an epidermis-cell; fpg1-2: FMRFamidergic perikarya of the
postharyngeal ganglia 1 and 2; gd: opening of the frontal glands; go: glandular
opening; gv: glandular vesicle; hg: hindgut; ksg: kidney-shaped gland cell;
ladnc: lateral branch of the anterio-dorsal nerve cord; lavnc: lateral branch of
the anterio-ventral nerve cord; lca: major caudal lobes; lci: minor caudal lobes;
lg: lateral ganglion; llm: lateral longitudinal muscle; lmds: longitudinal muscle of
the digestive system; ln: lateral nerve; lpn: lateral peripheral nerve; lpnp: lateral
projection of the neuropil; lr: rostral lobe; lra: major rostral lobe; lrl: lateral rostral
lobe; mg: male gonopore; mgg: male gonopore gland; mgp: perikaryon
associated with the male gonopore; mlca: median nerve and connections from
the dorsal commissure to the nerves of the major caudal lobes; mig: midgut;
mnc: median nerve cord; mo: mouth opening; mrn: median rostral nerve;
ne: epidermal nucleus; nlca: nerve of the major caudal lobe; nlci: nerve of the
minor caudal lobe; nlra: nerve of the major rostral lobe; nlri: nerve of the lateral
minor rostral lobe; nlrm: nerve of the median minor rostral lobe; nlrl: nerve of
the lateral rostral lobe; np: neuropil; nrmg: nerve ring around the male
gonopore; pcg: projection of the ciliated gland cell; pfg: posterior frontal gland;
pg1-2: postpharyngeal ganglion 1–2; ph: pharynx; phg: pharyngeal gland;
pln: peripheral longitudinal nerve; pp: posterior projection; ptg: projection of
the tubular gland cell; rs: seminal receptacles; rsg: rod-shaped granules;
sc: shortened cilium; snr: stomatogastric nerve ring; sp: perikarya of the
stomatogastric nerve ring; spc: serotoninergic cell; spd: spermioduct; spf: sperm
filaments; sph1-6: sphincter 1–6; ss: sensoria; ssm: star-shaped muscle;
ssn: sickle-shaped nucleus; t: testis; tc: terminal commissure; tg: tubular glandl;
tmr: transverse muscle ring complex; tpn: transverse ring of the peripheral
nervous system; ts: tubulinergic sheath; tst: tubulinergic strands; vcn: ventral
commissures of the neuropil; vllm: ventrolateral longitudinal muscle;
vlm: ventral longitudinal muscle; vlnc: ventral longitudinal nerve cord.
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