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In studies on the development of nervous systems and musculature, fluorescent labeling of neuroactive substances and filamentous actin (f-actin) of muscle cells and the subsequent analysis with confocal laser scanning microscopy (CLSM), has led to a broad comparative data set for the majority of the clades of the superphylum Spiralia. However, a number of clades remain understudied, which results in gaps in our knowledge that drastically hamper the formulation of broad-scale hypotheses on the evolutionary developmental biology (EvoDevo) of the structures in question. Regarding comparative data on the development of the peptidergic nervous system and the musculature of species belonging to the spiralian clade Nemertea (ribbon worms), such considerable knowledge gaps are manifest. This paper presents first findings on fluorescent labeling of the FMRFamide-like component of the nervous system and contributes additional data on the muscle development in the presently still underrepresented larvae of palaeo- and hoplonemertean species. Whereas the architecture of the FMRFamide-like nervous system is comparably uniform between the studied representatives, the formation of the musculature differs considerably, exhibiting developmental modes yet undescribed for any spiralian species. The presented results fill a significant gap in the spiralian EvoDevo data set and thus allow for further elaboration of hypotheses on the ancestral pattern of the musculature and a prominent component of the nervous system in Nemertea. However, with respect to the variety observed, it is expected that the true diversity of the developmental pathways is still to be discovered when more detailed data on other nemertean species will be available.
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INTRODUCTION

Bilaterian animals are currently grouped into three major superphyla, Ecdysozoa, Deuterostomia, and Spiralia (Halanych et al., 1995; Aguinaldo et al., 1997; Giribet, 2002, 2016; Dunn et al., 2008, 2014; Hejnol et al., 2009; Edgecombe et al., 2011). Despite recent advances in metazoan systematics, there is no robustly supported phylogeny of Spiralia, with numerous, but sometimes contradicting tree topologies recently published (Laumer et al., 2015, 2019; Kocot et al., 2017; Marlétaz et al., 2019). Currently, it seems undisputed that Spiralia comprise at least Platyhelminthes (sensu stricto, i.e., to the exclusion of Acoelomorpha), and Lophotrochozoa that develop either via a typical trochophore-type larva or possess a lophophore, a tentacle feeding apparatus that is supported by an inner coelomic cavity. Gnathifera is also often included in Spiralia (Laumer et al., 2015; Kocot, 2016; Marlétaz et al., 2019).

No other metazoan superphylum shows such an enormous diversity of morphologies as Spiralia and as a consequence, body wall musculature and nervous systems are also highly diverse (Wanninger, 2015). This diversity in morphologies and hence the body wall muscles and nervous systems is somewhat puzzling, since most members of Spiralia share a stereotypic, spiral cleavage (Boyer and Henry, 1998; Lambert, 2010; Nielsen, 2010; Martín-Durán and Marlétaz, 2020). It is characterized by a spiral arrangement of the blastomeres, with quartets of cells in a helicoidal arrangement above each other, that each have a determined fate in the future morphology of the species. The fates of the respective blastomeres are reported to be very conservative, even between phyla within Spiralia (Lambert, 2010; Martín-Durán and Marlétaz, 2020). Thus, highly diverse adult body plans result from a stereotypic, only marginally variable embryogenesis. The solution to this paradox may be that the majority of the morphological diversity observed in adult spiralian lineages results from diversification of post-embryonic development.

Post-embryonic development in the spiralian subclade Lophotrochozoa is characterized by a planktonic larval stage that more or less gradually develops into the benthic adult shape (Nielsen, 2004, 2005; Nezlin, 2010). During the time of larval life, the organism is subject to selection that shapes the larval morphology, but also has an impact on its metamorphosis to the adult body organization. Since the most promising approach to elucidating the evolution spiralian morphological diversity is seen to lie in investigating post-embryonic development, development of the musculature and nervous systems has recently gained much attention (Wanninger, 2009, 2015; Nezlin, 2010; Richter et al., 2015). Myo- and neurogenesis have been studied by fluorescent staining with phalloidin for muscles or antibodies against various neuroactive substances for subsets of the nervous system and examined with confocal microscopic setups. The most prominent spiralian clades Annelida and Mollusca are currently most extensively studied (Bleidorn et al., 2015; Wanninger and Wollesen, 2015). For the lophophorate taxa Brachiopoda, Ectoprocta, and Phoronida, detailed data on musculature and nervous system in the larval stages and comparison with the adult musculature has been obtained more recently (Santagata and Zimmer, 2002; Santagata, 2004, 2008a,b, 2011; Wanninger et al., 2005; Gruhl, 2008, 2009; Altenburger and Wanninger, 2009, 2010; Nielsen and Worsaae, 2010; Temereva and Wanninger, 2012; Temereva and Tsitrin, 2013, 2014).

Some smaller, indubitably spiralian taxa however, could not yet be consistently placed on the spiralian tree of life (Kocot et al., 2017; Laumer et al., 2019). Among the most notorious of these are Nemertea, that also primarily possess pelagic larvae (Maslakova and Hiebert, 2014). Nemertea (ribbon worms) is a comparably small phylum of worm-shaped, mostly marine animals comprising approximately 1300 species (Kajihara et al., 2008). As adults, the majority of nemertean species are photophobic predators that capture their prey with an eversible, muscular proboscis that is housed in a secondary body cavity, called rhynchocoel. Based on molecular data, three major lineages are currently recognized: Hoplonemertea, Pilidiophora, and Palaeonemertea (Andrade et al., 2012, 2014; Kvist et al., 2014). Hoplonemertea possess a proboscis that is armed with a stylet apparatus consisting of one or multiple calcareous stylets, employed to stab the prey and poison it with a species-specific cocktail of toxic substances (McDermott and Roe, 1985; Chernyshev, 2000; von Reumont et al., 2020). Pilidiophora are characterized by a specific type of larva, the pilidium (Thollesson and Norenburg, 2003; Maslakova, 2010a; Maslakova and Hiebert, 2014). Palaeonemertea, although characterized as monophyletic in the most recent phylogenetic analyses based on genome-scale datasets (Andrade et al., 2014), do not share any unambiguously derived morphological characters. Development in the palaeo- and hoplonemertean species has traditionally been described as “direct,” since no explicitly larval characters had been detected (Iwata, 1960; Maslakova, 2010a; Maslakova and Hiebert, 2014). More recently however, the pelagic developmental stage of Hoplonemertea has been characterized as decidula larva, due to a transitory larval epidermis found in many representatives of this clade (Maslakova and von Döhren, 2009; Hiebert et al., 2010; Maslakova, 2010a; Maslakova and Hiebert, 2014). The ancestral larval type of Palaeonemertea has been postulated to represent a so-called hidden trochophore larva (Maslakova et al., 2004).

With respect to development of nervous system and musculature, nemertean larvae are clearly understudied. Information on the development of the nervous system of Nemertea by means of fluorescent antibody labeling and confocal microscopy is almost exclusively restricted to the serotonin immunoreactive component in about a handful of mostly pilidiophoran species and the development of the body wall musculature by fluorescent labeling with phalloidin has never been in the focus of any comparative investigation (Hay-Schmidt, 1990; Martindale and Henry, 1995; Maslakova et al., 2004; Schwartz, 2009; Chernyshev and Magarlamov, 2010; Hiebert et al., 2010; Maslakova, 2010b; von Döhren, 2011, 2015, 2016; Chernyshev et al., 2013; Hindinger et al., 2013; Beckers and von Döhren, 2015; Hiebert and Maslakova, 2015a, b; Martín-Durán et al., 2015). This study aims at a comparative description of the development of the body wall musculature and of the FMRFamide immunoreactive component, a subset of the peptidergic nervous system in several non-pilidiophoran representatives that possess the type of development that has traditionally been termed as “direct.” Both hoplo- and palaeonemertean representatives were investigated. The results obtained are expected to provide additional data to trace the evolution of morphological diversity within the highly diverse superphylum Spiralia.



MATERIALS AND METHODS


Species and Collection Sites

Adult, sexually mature specimens of both sexes of Tubulanus polymorphus Renier, 1804 (Tubulanidae, Palaeonemertea) were collected in the intertidal zone close to the Station Biologique de Roscoff, France in July and August 2014. The animals are endobenthic and had to be dug out of the sand. After collection, the specimens were kept in running seawater at the Station. Sexually mature adult males and females of Carinoma armandi (McIntosh, 1875) (Carinomidae, Palaeonemertea) were obtained by digging in the intertidal sandflat of the Anse de Pouldohan near Concarneau, France in June 2018. Animals were subsequently transported to the Institute of Evolutionary Biology and Ecology of the University of Bonn (IEZ), were they were kept in plastic aquaria filled with seawater and sand from the collection site with weakly water changes. Carinoma mutabilis Griffin, 1898 (Carinomidae, Palaeonemertea) males and females were found sexually mature from January to February, 2007 in the intertidal sandflat of False Bay on San Juan Island, WA, United States. They were taken to Friday Harbor Laboratories where they were kept in running seawater. Carcinonemertes carcinophila (Kölliker, 1845) (Monostilifera, Hoplonemertea) is ectoparasitic on the decapod crab Carcinus maenas (Linnaeus, 1758). The crabs were collected during cruises with the research vessel Mya in the vicinity of the AWI Wattenmeerstation in List auf Sylt, Germany in June 2012. At the AWI Wattenmeerstation, gravid C. maenas females were inspected for sexually mature male and female C. carcinophila individuals that were removed from between the egg masses of the crabs. The nemerteans were kept at 8°C in natural sea water until they were transported to the IEZ, were they were kept in large plastic petri dishes at comparable temperatures. Amphiporus sp. (Monostilifera, Hoplonemertea) is a yet undescribed free-living, benthic nemertean species. A formal description of this species is planned for the near future. One sexually mature female and two males were found under stones submerged in approximately 0.5 m deep water on the coast of Giglio island, Italy in June 2013. Animals were transported to the IEZ were they were kept at 18 °C in plastic aquaria with artificial sea water and medium sized stones to provide shelter from light.



Obtaining and Rearing Larvae

Larvae of palaeonemetean species were obtained by artificial fertilization from dissected oocytes that were fertilized with a diluted suspension of sperm dissected from the males. Prior to fertilization, the oocytes were placed in sterile-filtered natural seawater from the respective collection site until they round up, which is usually accomplished within 20–30 min. Zygotes were kept in sterile filtered sea water from the collection site of their parents. In the hoplonemertean species, eggs could not be artificially fertilized. In C. carcinophila, the eggs are shed into parchment-like gelatinous tubes. The egg strings are normally found, wrapped around the pleopods between the developing eggs of the host crab, but C. carcinophila females in petri dishes laid eggs after warming up the water to 18°C. In Amphiporus sp. the eggs were shed at night-time and were transferred to clean seawater the next morning. The containers with the larvae of T. polymorphus and C. mutabilis were cooled by placing them up to half of their height in running seawater (T. polymorphus 14–16°C, C. mutabilis at 8–10°C). Larvae of C. armandi were kept at 12°C, those of C. carcinophila and Amphiporus sp. at 18°C. Clean filtered seawater was replaced every 2–3 days. Although several food items were offered, e.g., quartered sea urchin embryos (to C. mutabilis), blue mussel oocytes (to C. armandi), and brine shrimp nauplii (to Amphiporus sp.), none of the larvae were observed to feed.



Sampling and Fixation of Larvae

The larvae were fixed at different times after fertilization (C. mutabilis: 1–2, 3, and 5 days; C. armandi: 1–3, 5, and 7 days; T. polymorphus: 1–4, 6, and 9 days) or egg-deposition (C. carcinophila: 3 and 4 days; Amphiporus sp.: 1–5, 7, 10, 14, and 18 days). To prevent possible muscle contraction during fixation, hatched larvae that show muscular contraction (usually from 3 days after fertilization or egg-deposition) were relaxed in a 1:1 mixture of sterile-filtered seawater and aqueous MgCl2 solution of 0.33 mol l–1 (C. mutabilis) or 0.37 mol l–1 (remaining species) at room temperature until no muscle contractions were observed (usually after 10–15 min). Specimens were fixed in 4% (v/v) formaldehyde (prepared from 1 part of a 16% aqueous paraformaldehyde solution, EMS or VWR Chemicals, mixed with 3 parts of sterile-filtered sea water) at 18°C or at room temperature for 30 min. After fixation, larvae were washed three times for 10 min each in 0.1 M phosphate buffer saline (PBS, pH 7.4; Fisher Scientific for C. mutabilis, own formulation for the other species) at 18°C or at room temperature. Except for C. mutabilis, larvae were stored at 4–8°C in the same buffer but with 0.01% (w/v) NaN3 (Roth) added to prevent microbial growth. In the larvae of the former species, no NaN3 was added to the buffer for storage.



Immunohistochemistry and Fluorescent Labeling

Up to 12 larvae of C. mutabilis were blocked in 6% normal donkey serum (Jackson Immunoresearch) in PBS with 0.1% Triton X-100 (Fisher Scientific), hereafter referred to as 0.1% PBT for 2 h at room temperature. After washing with 5 changes of 0.1% PBT for 5 min each, larvae were incubated in rabbit-anti-FMRFamide (Immunostar) at 1:500 dilution in PBS overnight at 4°C followed by washing with three changes of 0.1% PBT for 10 min each at room temperature. Subsequently, the specimens were incubated in donkey-anti-rabbit antibody conjugated with Alexa Fluor 488 (Molecular Probes) at a dilution of 1:600 for 2 h at room temperature and afterward rinsed with three changes of PBS, each for 10 min. For immunostaining in the remaining species, depending on the size between 10 and 15 specimens were permeabilized in three changes of PBS with 0.3% Triton X-1000 (0.3% PBT) each for 10 min at room temperature. Subsequently, specimens were blocked in 10% normal goat serum (NGS, Sigma-Aldrich) in 0.3% PBT for 2 h at room temperature and afterward incubated with the primary antibodies overnight at 18°C. Antibodies used were against FMRFamide produced in rabbit (Abcam) at a dilution of 1:1000 and against acetylated α-tubulin raised in mouse (Sigma-Aldrich) at a dilution of 1:200 in 0.3% PBT with 10% NGS. In double labeling experiments, both antibodies were applied simultaneously. After incubation with primary antibodies, specimens were washed in three changes of 0.3% PBT for 10 min each at room temperature. As secondary antibodies, goat-anti-rabbit conjugated with Alexa Fluor 488, Alexa Fluor 568 or Alexa Fluor 633 and goat-anti-mouse, conjugated with Alexa Fluor 488 or Alexa Fluor 633 (Invitrogen) were used at a concentration of 1:100 to 1:400 in 0.1% PBT with 10% NGS. The specimens were incubated with the secondary antibodies for 2 h at room temperature and subsequently washed 3 times for 10 min each in 0.1% PBT. In double labeling experiments, both antibodies, against mouse and against rabbit with different conjugated fluorophores, were applied simultaneously.

For labeling of filamentous actin (f-actin), larvae of C. mutabilis were permeabilized in three changes of PBT (10 min each), and stained with Bodipy FL phallacidin (Molecular Probes) at a dilution of 1:100 for 40 min at room temperature. After staining, larvae were rinsed three times with PBS for 10 min each. In the remaining species f-actin was labeled with phalloidin coupled to Alexa Fluor 488 or tetramethylrhodamine-isothiocyanate (TRITC) (Invitrogen) at a dilution ranging from 1:100 to 1:200 for 40 min up to 2 h. In double labeling experiments with immunostainings, phalloidin was added together with the secondary antibodies. After staining, larvae were rinsed three times each for 10 min in PBS (C. mutabilis larvae) or 0.1% PBT (larvae of remaining species).



Mounting, Confocal Laser Scanning Microscopy and Image Processing

All samples were mounted on coverslips coated with poly-L-lysine (Sigma-Aldrich). Larvae of C. mutabilis stained with antibodies against FMRFamide were mounted in Vectashield (Vector Laboratories). All larval stages of C. carcinophila were mounted in 90% (v/v) glycerol in PBS. The remaining larvae were quickly dehydrated in isopropanol (1 min each in 70, 85, and 95%, 2 times 100%), cleared in three changes of BABB (mixture of 1 part of benzyl alcohol and 2 parts of benzyl benzoate) for 10 min each, mounted in BABB on glass slides with several layers of 100-μm-thick adhesive tape or clay pieces as spacers, and sealed with nail polish.

To examine C. mutabilis, a Bio-Rad Radiance 2000 laser scanning confocal system mounted on a Nikon Eclipse E800 microscope with a 40 × 1.3 NA oil immersion objective and an excitation wavelength of λ = 488 nm (light blue) was used. Optical section thickness was set to 1 μm and images were recorded at 8-bit image depth at a resolution of 1024 × 1024 pixels. For signal detection in the remaining species a Leica TCS/SPE confocal laser scanning system mounted on a Leica DM 2500 microscope was used. Alexa Fluor 488 was excited with the 488 nm-, Alexa Fluor 568 and TRITC with the 532 nm- (green), and Alexa Fluor 633 with the 635 nm-laser line (red). All images were recorded with a 40 × 0.75 NA dry objective. For double-stained specimens the sequential excitation/detection setting was used. Stacks of images were recorded with an optical section thickness of 0.88 μm with a resolution of 1024 × 1024 pixels and an image depth of 8 bit.

Image stacks were processed with the Fiji distribution package of ImageJ by W. S. Rasband, NIH, version 1.53c (Schindelin et al., 2012; Schneider et al., 2012). To produce two dimensional images from the recorded stacks, the maximum-intensity stack-projection function was used. Images were subsequently adjusted using global contrast settings, gamma function (detailed in the figure subheadings), unsharp mask-, and remove outlier-filters. Resulting images were rotated, translated, and cropped (details of image enhancement are listed in Supplementary Table 1). Mounting and annotation of images and line drawings were made with Adobe Illustrator CS6. Supplementary Videos were produced in Fiji/ImageJ version 1.53c. The respective image series were rotated in the x- and y-axes (so that the apical pole/frontal end is oriented up in every video) and cropped using the respective commands. The image series were subjected to background subtraction (command “Subtract Background…” at default settings), global contrast adjustment (command “Enhance Contrast…”, saturated pixels: 0.3% and “use stack histogram” checked, followed by command “Adjust Brightness/Contrast” with lower cut-off level set to 2), and noise reduction (command “Remove Outliers…” at default settings). After annotation of the image series the images were saved as avi-files with JPEG-compression at a frame rate of 4 fps (frames per second).



RESULTS


Tubulanus polymorphus (Tubulanidae, Palaeonemertea)


Post-embryonic Development

At 14–16°C, hatching in T. polymorphus takes place before 1 day after fertilization (1-dpf), resulting in spherical free-swimming developmental stages. In the majority of specimens observed, gastrulation is completed after 1 day of development and the epidermal cells are adorned with a dense coat of epidermal cilia visualized by acetylated α-tubulin-like immunoreactivity (Figure 1A: α-tub-lir at 2-dpf). The blastopore has begun to shift its position from opposite of the apical tuft to a more anterior location as it becomes the mouth opening and foregut at 2-dpf (Figure 1A: fg). The translocation of the mouth opening to more anterior continues through all observed stages; a closure of the blastopore is not observed. Additionally, at 1-dpf, an apical pit with a tuft of elongated cilia and pair of apical epidermal invaginations, each on either side of the apical pit are forming (Figure 1A: at at 2-dpf). The cilia of the apical tuft elongate to attain their maximal length at 3-dpf. The epithelium of the midgut becomes ciliated between 1- and 2-dpf and the first signals of ciliated nephridia also appear at that time (Figure 1A: mg and pn). In the course of further development, the larvae become more elongate and ellipsoid. General internal anatomy remains largely unchanged until 9-dpf, the oldest examined stage (Figure 2B). Neither the formation of the anal opening, nor the formation of a proboscis rudiment is observed until the end of the examined development. The larva of T. polymorphus does not possess eyes in any of the observed stages.


[image: image]

FIGURE 1. Tubulanus polymorphus, (frontal is up in all images, age of larval stages indicated in top right-hand corner, dpf: days post artificial fertilization). (A) (γ = 0.6); projection of 31 optical sections, ventral view. (B) (γ = 0.8); maximum projection of 28 optical sections, dorsal view. Arrowheads indicate unspecific staining of epidermal gland cells. (C) (γ = 0.75); maximum projection of 27 optical sections, ventro-lateral view. Arrowheads indicate unspecific staining of epidermal gland cells, arrow indicates second mouth ring neurite. (D) (γ = 1.2); maximum projection of 14 optical sections, ventro-lateral view. at: apical tuft, bm: buccal muscle, br: brain ring, db: dorsal part of brain ring, dbn: neuron of dorsal part of brain, dlm: dorsal longitudinal muscle, dn: dorsal nerve, ec: epidermal cilia, fg: foregut, llm: lateral longitudinal muscle, lnc: lateral nerve cord, mg: midgut, mr: mouth ring neurite, pn: protonephridium, vb: ventral part of brain ring, vbn: neuron of ventral part of brain.
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FIGURE 2. Tubulanus polymorphus, (frontal is up in all images, age of larval stages indicated in top right-hand corner, dpf: days post artificial fertilization). (A) (γ = 0.85); maximum projection of 26 optical sections, ventro-lateral view. Arrowheads indicate unspecific staining of epidermal gland cells. (B) (γ = 0.75); same as A. Arrow indicates extension of lateral longitudinal muscles. acm: anterior circular muscle, bm: buccal muscle, dbn: neuron of dorsal part of brain, dn: dorsal nerve, lm: longitudinal muscle, lnc: lateral nerve cord, mr: mouth ring neurite, ncn: nerve cord neuron, pcm: posterior circular muscle, vb: ventral part of brain ring, vbn: neuron of ventral part of brain.




FMRFamide-Like Immunoreactivity

In post-gastrula stages of T. polymorphus, there are several more or less spherical signals of comparable size (300–400 nm in diameter) distributed over the surface of the larva. Most of the signals are located at the level of the epidermal cells, but do not reach their surface. Others are clearly superficial. No clear neurite-like signals could be observed at this time of development. The epidermis shows small, spot-like signals all over its surface, without any conspicuous aggregations detectable (Figure 1B at 2-dpf). These spot-like signals are very likely unspecific staining. The first distinctive FMRFamide-like immunoreactive (RFa-lir) signals are observable after 1-dpf. Inside the larva, there are no strong signals, although two cell-like signals, slightly dorso-lateral underneath the apical pit show up slightly brighter than their surroundings. The signals seem to project distally to the apical pit and proximally seem to converge to a single signal that is oriented perpendicular to the longitudinal body axis and located slightly dorsal and anterior of the archenteron. Since this signal is in the position where the dorsal part of the brain ring is expected to form, it is interpreted as the rudiment of the dorsal part of the brain ring (Figure 1B: db at 2-dpf).

At 2-dpf, the epidermis cells still show the dot-shaped, presumably unspecific signals (Figures 1B,C). Inside the larva, the neurite-like RFa-lir signals of the developing brain ring are visible (Figure 1B: db and vb). The strongest signals are located in the dorso-median position anterior of the developing gut, whereas the ventral brain ring is represented by a single RFa-lir neurite-like signal. On the dorsal side, there are up to 1–2 pairs of roughly spherical, dorso-laterally located and 1 medially located RFa-lir neuron-like signals (Figure 1B: dbn). Ventrally, 1–2 pairs of spherical lateral and up to three fusiform median neuron-like signals are observable in the vicinity of the brain ring neurite-like signal (Figure 1B: vbn). A bundle of few RFa-lir neurite-like signals extend from the ventral part of the brain ring bilaterally to the posterior end of the larva. These signals represent the developing lateral nerve cords (Figure 1B: lnc). Additionally, there are bright, superficial signals of a diameter of 300–400 nm observable in the epidermis, that are unevenly distributed over the entire length and circumference of the larva (Figure 1B: arrowheads). This type of signals is seen in all subsequent larval stages of T. polymorphus that have been investigated (Figures 1C, 2A: arrowheads). These signals are connected to underlying, less bright fibril-like signals that fan out into the epidermis and extend through its complete width. At the level of the base of the surrounding epidermis cells, the fibril-like signals converge and thus attain a roughly pyriform, basket-like appearance. In some of these structures, similar fibril-like extensions are seen to fan out above the epidermis to the exterior (Figure 1C: arrowheads at 4-dpf). These structures are without any detectable contact to any internal, neurite-like signals observable inside the larva. Due to their similar internal and external fibrillar sub-structures, their uneven distribution and the lack of contact to the nervous system, these signals are interpreted as epidermal mucus gland cells showing unspecific staining that have partly extruded their contents in a fibrillar shape during fixation of the larvae.

During further development, the majority of developing RFa-lir nervous system-like structures have only slightly increasing in intensity. Posterior of the brain ring and between the signals of the lateral nerve cords on the ventral side of the larva, a bundle of neurites is detected to surround the mouth opening (Figure 1C: mr). The posterior semi-circle of this mouth ring neurite-bundle shows a plexus-like arrangement of its neurite-like signals. Whereas the plexus-like arrangement of the posterior semi-circle of the mouth ring neurite bundle has largely disappeared at 4-dpf, a second neurite-like signal is seen next to the posterior semi-circle of the mouth ring (Figure 1D: arrow). After 4-dpf, dorso-laterally, slightly posterior of the brain ring, 1–2 pairs of additional slightly lobate RFa-lir neuron-like signals have appeared during subsequent development (Figure 2A: dbn at 6-dpf). The dorso-lateral RFa-lir neuron-like signals posterior of the brain ring show neurite-like signals that extend from the perikarya anteriorly to the median aggregation of RFa-lir neurite-like signals of the dorsal part of the brain ring (Supplementary File 1). Also on the dorsal side of the larva, the first RFa-lir neurite-like signal of the longitudinally oriented dorsal nerve is forming (Figures 1C, 3A: dn). In presumably less advanced specimens, the neurite-like signal is without connection to the dorsal part of the brain ring, whereas a connection of the anterior end of the dorsal nerve neurite-like signals to the median aggregation of dorsal neurite-like signals of the brain ring is visible in presumably more advanced stages (Figure 3A: dn). Additionally, the more posteriorly located pair of dorso-lateral neuron-like signals of the brain is connected to the dorsal nerve neurite-like signal via an RFa-lir neurite-like signal that is diagonally extending from each side toward the dorsal nerve signal (Figure 3A–neurons not shown). Furthermore, there are up to three smaller dorso-median RFa-lir neuron-like signals detected anterior of the brain ring (Supplementary File 1). On the ventral side of the larva, two pairs of RFa-lir neuron-like signals have appeared in the vicinity of the brain ring and the lateral nerve cord neurite-like signals. One of them is located at the transition of the brain ring to the lateral nerve cords, the other slightly more posterior, laterally of the lateral nerve cords (Figure 2A: ncn). Posterior of the dorsal brain ring neurite-like signals, a 3rd pair of weak, dorsolateral RFa-lir neuron-like signals that is similar in shape as the existing two pairs has developed at 6-dpf (Figure 2A: dbn–only one pair visible). Anterior of the brain ring signals, on both the dorsal and the ventral side, some slender RFa-lir neuron-like signals extend in a longitudinal orientation to the anterior end of the larva. Some of the dorsally located signals are connected to the dorsal brain ring signal aggregation by forked, RFa-lir neurite-like signals, especially to the dorso-median neurite-like signal aggregation (Supplementary File 2). The anterior neuron-like signals are interpreted as sensory cells, their connecting neurite-like signals as the first signals of the cephalic nerves. In the oldest investigated stages (9-dpf) the dorso-median RFa-lir neuron-like signals anterior of the brain amount to up to 5, the lateral-most pair showing branching RFa-lir neurite-like signals extending from each neuron-like signal to the surface of the epidermis (data not shown).
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FIGURE 3. (A) Generalized development of the nervous system in palaeonemertean species (for clarity, only neurites of main components shown). (B) Generalized development of the musculature in palaeonemertean species. (C) Generalized development of the nervous system in monostiliferan, hoplonemertean species (for clarity, only neurites of main components shown). (D) Generalized development of the musculature in monostiliferan, hoplonemertean species (part of the body wall muscles omitted to show internal muscular elements of proboscis and nerve cords). acm: anterior circular muscle, ap: apical pit, bm: buccal muscle, cm: circular muscle, db: dorsal part of brain ring, dm: diagonal muscle, dn: dorsal nerve, lm: longitudinal muscle, lnc: lateral nerve cord, mo: mouth opening, mr: mouth ring neurite, ncm: nerve cord muscle, pbm: proboscis muscle, pns: proboscis nervous-like signal, pr: proboscis, prm: proboscis retractor muscle, vb: ventral part of brain ring.




F-Actin Labeling of Musculature

The first observable signals of muscular f-actin are observed in 4-dpf larvae. At first a single short, longitudinally oriented fiber-shaped signal is visible on the dorsal side, on the level of the mouth opening. In presumably more advanced stages of that age this first signal has elongated toward the posterior end and additional shorter longitudinally oriented signals are seen on the dorso-lateral sides of the larva, extending posterior of the mouth opening (Figure 1D: dlm and llm). A muscular f-actin signal running alongside the posterior rim of the mouth opening becomes apparent (Figure 1D: bm). In the same specimens, the first f-actin signals of circular muscles are formed anterior of the mouth opening and distal to the longitudinal signals (not visible in Figure 1D, but see Figure 2B: acm at 6-dpf).

In some more advanced specimens, the longitudinal, lateral f-actin strands extend further to the posterior end of the body and additional circular muscular f-actin signals are visible in the posterior region of the larva. By 6-dpf, more dorso-lateral longitudinal f-actin signals are seen extending along the entire length of the larva (Figure 2B). Additional longitudinally oriented f-actin signals are located laterally and ventro-laterally. These strands only reach to the posterior rim of the mouth opening (Figure 2B: arrow). Circular muscle signals have become more numerous, but especially in the group of signals posterior of the mouth opening, the signals are weaker anteriorly (Figure 2B: pcm). The ring-shaped signal surrounding the mouth opening is completely closed (Figure 2B: bm). During further development up to 9-dpf larvae, longitudinal signals become more numerous and seemingly more pronounced but remain confined to the dorsal, and lateral faces of the body where they are evenly spaced (Figure 3B). The f-actin signals of the posterior circular muscles increase in number toward the posterior end, while some of the more anteriorly located signals of this group become connected on the ventral side (data not shown).



Carinoma armandi and Carinoma mutabilis (Carinomidae, Palaeonemertea)


Post-embryonic Development

The water temperature during development in C. armandi was 12°C, whereas in C. mutabilis, it was in the range of 8–10°C. At 1-dpf, developmental stages of both species have hatched. In C. armandi, the epidermis becomes ciliated, indicated by α-tub-lir at 1-dpf. At 2-dpf, in both species an apical pit and a pair of apical invaginations are formed, one on each side of the apical pit (Figures 4B,D: ap and li). In C. armandi, the apical invaginations form slightly earlier than the apical pit. In C. armandi, gastrulation is completed at 2-dpf, in C. mutabilis at 3-dpf (Figure 4C). Closure of the blastopore could not be ascertained but a mouth opening if present, is not ciliated and inconspicuous. A ciliated foregut, located roughly halfway along the length of the larva, has formed in C. armandi at 3-dpf although it does not seem to be open to the exterior (Figure 4D: fg). The cilia of the midgut epithelium start forming at 2-dpf and become conspicuous at 3-dpf (Figure 4D: mg). In both Carinoma species, the lateral apical invaginations have disappeared at 5-dpf (Figures 5A,B). Paired, unbranched protonephridia, located one on each side of the mouth opening are detectable at 7-dpf (Figure 5C: pn). In neither of the Carinoma species a caudal tuft, nor the formation of the anal opening or development of the proboscis was seen during the observed period of development.
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FIGURE 4. Carinoma species (frontal is up in all images, age of larval stages indicated in top right-hand corner, dpf: days post artificial fertilization). (A) C. armandi (γ = 1.1); maximum projection of 11 optical sections, dorsal view. Arrowheads indicate different portions of transitory flask-shaped apical neuron. (B) C. armandi (γ = 1.1); same as panel (A) C. mutabilis (γ = 0.85); maximum projection of 13 optical sections, dorsal view. Arrowheads indicate basal portions of transitory flask-shaped apical neuron. (D) C. armandi (γ = 0.8); maximum projection of 16 optical sections, ventro-lateral view. ap: apical pit, at: apical tuft, db: dorsal part of brain ring, ec: epidermal cilia, ep: epidermis, fg: foregut, li: lateral epidermal invaginations, llm: lateral longitudinal muscle, mg: midgut.
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FIGURE 5. Carinoma species (frontal is up in all images, age of larval stages indicated in top right-hand corner, dpf: days post artificial fertilization). (A) C. mutabilis (γ = 0.9); maximum projection of 67 optical sections, lateral view. (B) C. armandi (γ = 0.8); maximum projection of 10 optical sections, dorsal view. (C) C. armandi (γ = 0.7); maximum projection of 9 optical sections, ventral view. (D) C. armandi (RFa-lir: γ = 0.7, f-actin: γ = 0.7); maximum projection of 27 optical sections, ventral view. Arrowheads indicate peripheral neuron-like signals. acm: apical circular muscle, ap: apical pit, bm: buccal muscle, br: brain ring, db: dorsal part of brain ring, dlm: dorsal longitudinal muscle, dm: diagonal muscle, ec: epidermal cilia, fg: foregut, llm: lateral longitudinal muscle, mo: mouth opening, mr: mouth ring neurite, pcm: posterior circular muscle, pn: protonephridium, vb: ventral part of brain ring.




FMRFamide-Like Immunoreactivity

The earliest stage of C. armandi, in which internal RFa-lir signals are detectable is 2-dpf. Although, the signals observed are not stronger than the coarsely granular signals observed in the outermost layer of the large epidermis cells, the internal signals are visible against the weak autofluorescence of their surroundings (Supplementary File 3). Since a mouth opening is not evident in the earlier stages, it is impossible to identify whether the signals are dorsally, ventrally or laterally located. In most specimens, up to two, rarely three anteriorly located signals are detected. The signals have an elongated, sometimes pyriform outline extending from the interior with the slender part to the surface of the apical pole of the larva. The proximal portions of the signals are usually stronger. In larvae at 3-dpf, the number of signals observed in each specimen has increased to 3–6, the range indicating a sequence of appearance and subsequent disappearance (Figure 4A: arrowheads at 3-dpf). Interiorly, the signals usually converge on a slightly elongated signal that is oriented perpendicular to the longitudinal axis of the larva. This signal is interpreted as the first RFa-lir signal of the developing dorsal part of the brain ring (Figure 4A: db). Since by this time, the apical pit and an anterior epidermal invagination bilaterally on each side of the pit have formed, the position of the pyriform or elongated early RFa-lir signals can now be identified more precisely. The majority of signals extends from the apical pole of the larva in the vicinity of the lateral epidermal invagination or from the dorsal face between them to the dorsal brain ring rudiment, but it cannot be ruled out that few signals observed are located ventro-laterally. In C. mutabilis larvae at 3-dpf, up to two inconspicuous RFa-lir, fusiform, neuron-like signals are visible underneath the apical pole of the larva (Figure 4C: arrowhead). They converge to a third signal that is shaped like a flat cone with its tip directed apically, likely corresponding to the first rudiment of the dorsal part of the brain ring (Figure 4C: db). Thus, the observed signals are very similar to the signals observed in C. armandi at 2-dpf.

By 5-dpf in larvae of C. armandi, no pyriform apical neurons comparable to those seen in earlier stages are detectable (Figure 5D at 7-dpf). The RFa-lir neurite-like signals of the brain ring are now seen to form a complete ring, although the signals in the dorsal part are stronger (Figures 3A, 5D: vb and db at 7-dpf). In the dorsal part there are 1 pair of dorso-lateral and 1 median RFa-lir neuron-like signals visible, connecting to the brain ring neurite-like signals (Supplementary File 4). The median neuron projects a slender process into the apical pit. In the ventral part of the brain ring, there seems to be one median RFa-lir neuron-like signal connected to the brain ring neurite-like signals in some specimens (data not shown). Slightly behind the brain ring on the ventral side of the larva, a semicircle of an RFa-lir neurite-like signal anterior to the mouth opening is seen that is later completed by a posterior, albeit much weaker signal. These signals are interpreted as mouth ring neurites (Figures 3A, 5D: mr at 7-dpf). In more elongated and therefore presumably more advanced larvae, the first weak RFa-lir neurite-like signals of the developing lateral nerve cords are observable (Figure 3A–not visible in maximum projection). Originating from the ventral part of the brain ring, they extend along the lateral sides of the larvae. In all parts of the body, but especially concentrated at the anterior pole and around the mouth opening, there are slender elongated RFa-lir neuron-like signals situated between the unstained epidermis cells (Figure 5D: arrowheads at 7-dpf). Although a connection to the remaining nervous system-like RFa-lir signals is not obvious, their shape and the signal strength comparable to other nervous system-like signals make a function of these cells as receptor cells of a forming peripheral nervous system likely. In the brain ring of 7-dpf larvae, some of the RFa-lir neuron-like signals show neurite-like projections to the epidermal surface (Supplementary File 5), further supporting the interpretation of the remaining peripheral signals as receptor cell-like structures.



F-Actin Labeling of Musculature

The first diffuse muscular f-actin signals are detected in larvae of C. armandi at 3-dpf (Figure 4B: llm). They comprise a pair of longitudinally oriented bundles lateral of the midgut. In more advanced stages, these signals become more pronounced and a semi-circular signal behind the posterior rim of the mouth opening is added (Figure 3B). By 5-dpf, the lateral f-actin strands have elongated to the anterior and posterior (Figure 5B: llm). One, later two median dorsal, longitudinal f-actin signals are also visible, extending dorsally from the anterior part of the larva to slightly posterior of the level of the mouth opening (Figure 5B: dlm). The first f-actin signals of the circular muscles are formed distal of the longitudinal signals, situated in front of and behind the mouth opening (Figures 3B, 5B: acm and pcm). They seem to be more densely spaced toward the anterior and the posterior end of the larva, respectively (Figure 5B). In front of the mouth opening, the circular f-actin signals are completely encircling the larva, whereas the muscular f-actin signals behind the mouth opening are restricted to the dorsal part, extending laterally to the level of the lateral longitudinal muscle strands (Figure 3B). In presumably more advanced stages of this age, a pair of diagonally running f-actin signals extends bilaterally from the lateral longitudinal strands anteriorly on each of the dorso-lateral sides of the larva. A second pair of similar, but weaker signals is seen in some specimens more posteriorly (data not shown). These diagonally oriented signals are not addressed as diagonal muscles. Instead, they are seen as forming longitudinal muscles that have not yet assumed their final orientation parallel to the already existing longitudinal strands. The latter assumption is supported by the fact that such diagonal strands are not readily apparent in later stages (see Figure 5D).

In C. mutabilis, only 5-dpf stages were examined. At this stage, ventro-laterally located, longitudinally oriented strands composed of 2–4 fibers on both sides of the mouth opening are detected (Figure 5A: llm). A few signals reach from in front of the mouth opening posteriorly, extending along almost the complete length of the larva. Additionally, a median, longitudinal strand, composed of 3–4 paired signals extends along the dorsal side (Figure 5A: dlm). In this strand, only 1–2 fiber-signals extend the full body length. A group of circular f-actin signals is present in front of the mouth opening (Figure 5A: acm). The signals are stronger on the dorsal side, diminishing in intensity while extending around the circumference of the larva toward the ventral side. The anterior-most of the signals form complete rings around the larva, whereas the posterior signals form rings that remain open ventrally. A single muscular f-actin signal is observable running alongside the posterior rim of the mouth opening (Figure 5A: bm and mo).

In the oldest observed stages of C. armandi, at 7-dpf, the already existing signals have not changed significantly. Only the longitudinal muscle signals on the dorsal side of the larva have slightly increased in intensity and seem to be more evenly spaced. On the ventral side, a buccal muscle becomes apparent behind mouth opening (Figure 5D: bm). In the posterior half of the body, a set of diagonal signals is seen that encircles the larva in an angle of 30–40° relative to the remaining circular muscles (Figures 3B, 5D: dm). It cannot be ruled out that these diagonal signals are derivatives of the circular muscle signals, which they are crossing on the lateral sides of the larva.



Carcinonemertes carcinophila (Monostilifera, Hoplonemertea)


Post-embryonic Development

Although of comparably small size in C. carcinophila the opacity of the egg caused by finely dispersed yolk vesicles prevented unambiguous findings by optical examination [transmitted light and confocal laser scanning microscopy (CLSM)] prior to 3 days after egg deposition (3-dpd). Since development is somewhat asynchronous even among eggs within the same egg string, some gradual differences in development could be identified when comparing several specimens. Therefore, a superficial overview on early post-embryonic development at 18°C can be given.

In the earliest observable stages at 3-dpd, gastrulation is completed and the blastopore has already closed. The epidermal cells are adorned with multiple cilia showing α-tub-lir. Some invaginations are seen on the apical pole of the developing larva (data not shown). In more advanced stages at 3-dpd, the invagination of the proboscis rudiment and, slightly more ventral, the slender foregut rudiment can be detected as an internal cavity. A connection of the foregut cavity to the midgut cavity could not be clearly seen but its existence cannot be ruled out either. In some specimens, a tuft of elongate cilia emanating from the apical pit is visible (Figure 6B: at at 4-dpd). At 4-dpd, the larvae have hatched and are pelagic. Apart from the proboscis invagination and the apical pit, all other epidermal invaginations have disappeared. There is a tuft of elongated cilia emanating from the apical pit (Figure 6B: at). The foregut is open to the exterior via a mouth opening and there is a caudal tuft at the hind end of the larva visible in some specimens (Figure 6B: fg, mo, and ct). At this developmental stage, neither cilia of the midgut epithelium, nor of protonephridia are present. Furthermore, no anal opening or eyes are detected. The larvae after 4-dpd represent the most advanced developmental stages of C. carcinophila studied. Further development of the larva could not be followed due to the lack of older larvae. Moreover, significant metamorphic changes in this ectoparasitic species will supposedly occur after the host, C. maenas, has been colonized (cf. Stricker and Reed, 1981 for Carcinonemertes epialti).
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FIGURE 6. Carcinonemertes carcinophila (frontal is up in all images, age of larval stages indicated in top right-hand corner, dpd: days post egg-deposition). (A) (RFa-lir: γ = 0.75, f-actin: γ = 0.7); maximum projection of 47 optical sections, dorsal view. (B) (γ = 0.6); maximum projection of 26 optical sections, ventro-lateral view. (C) (RFa-lir: γ = 0.8, f-actin: γ = 0.7); maximum projection of 45 optical sections, dorso-lateral view. Arrowhead indicates neuron-like signal in ventral part of brain ring. (D) (γ = 0.75); maximum projection of 21 optical sections, lateral view. Arrowheads indicate transversal muscle signals proximal of body wall muscle layers. at: apical tuft, cm: circular muscle, ct: caudal tuft, cn: cephalic neurite-like signal, db: dorsal part of brain ring, dbn: neuron of dorsal part of brain, dm: diagonal muscle, ec: epidermal cilia, fg: foregut, lm: longitudinal muscle, lnc: lateral nerve cord, mo: mouth opening, ncm: nerve cord muscle, pns: proboscis nervous-like signal, pr: proboscis, pri: proboscis insertion muscle, prm: proboscis retractor muscle, vb: ventral part of brain ring.




FMRFamide-Like Immunoreactivity

In C. carcinophila, the egg-membrane is permeable to antibodies, so that RFa-lir could be detected in developmental stages prior to hatching. In the least developed specimens examined, RFa-lir neurite-like signals can be detected in the future dorsal part of the brain ring (Figure 6A: db). Along with the neurite-like signals, up to two pairs of dorso-lateral RFa-lir brain neurons are seen (Figure 6A: dbn). In presumably more advanced stages, the first RFa-lir neurite-like signal in the proboscis rudiment is detectable (Figure 6A: pns). At this point in time, the lateral nerve cords begin to show short RFa-lir neurite-like signals (Figure 3C).

At 4-dpd, the RFa-lir neurite-like signals of the brain ring show it to be completely closed (Figure 3C: vb and db). The number of dorso-lateral neurons posterior of the brain ring has increased to three pairs (Figure 6C: dbn–only two visible on one body side). Ventral of the brain ring, two pairs of neurons are detected in its vicinity (Figure 6C: arrowhead) and there is possibly an additional pair anterior of the ventral part of the brain ring present. From the lateral sides of the ventral part of the brain ring, a paired RFa-lir neurite-like signal, presumably the first developing cephalic nerves, extends toward the anterior end of the larva (Figure 6C: cn). The RFa-lir neurite-like signals of the lateral nerve cords are elongated to the posterior end of the larva, where they connect to each other (Figure 3C). In the proboscis, there is a bundle of ring-shaped RFa-lir neurite-like signals in the anterior part of the bulbous region, with associated RFa-lir putative neuron-like signals, one each, ventrally and dorsally (Figure 6C: pns). In presumably more advanced stages, there seems to be a plexus of weak RFa-lir neurite-like signals underlying the epidermis in the periphery of the larva (data not shown).



F-Actin Labeling of Musculature

The first muscular f-actin signals are detected in 3-dpd stages that are still within the egg membranes. The signals constitute an unordered tangle of obliquely oriented fibers in the vicinity and anterior of the developing lateral nerve cords (as can be shown by double labeling with phalloidin and antibodies against FMRF-amide). The signals are somewhat more densely arranged in the anterior part of the body, as well as on its dorsal side. Judging from their orientation relative to the developing lateral nerve cords, the majority of these signals might be future longitudinal muscle signals, being located distal to the nerve cord signals. Anterior of the developing brain ring, some seemingly transverse signals, arguably future circular muscles are recognized (data not shown). In other still unhatched stages that are assumed to be more advanced, there are more or less evenly spaced longitudinal muscle signals arranged around the circumference of the larva (Figure 6A: lm). On the dorsal side, the longitudinal signals are more densely set than on the ventral side. Evenly spaced f-actin signals of circular muscles are distributed over the entire length of the larva, although their signals appear slightly weaker on the ventral side (Figure 6A: cm). In some of these stages the beginning of proboscis muscle development is seen as a bulbous, unordered mass of muscular f-actin signals on the dorsal side but proximal of the longitudinal muscle signals.

In 4-dpd stages, all examined specimens are hatched larvae. The longitudinal body wall muscles comprise evenly spaced signals spanning the complete length of the body that are overlain by the evenly spaced signals of the circular muscles (Figure 6C: lm and cm). The circular signals are also distributed along the complete length of the larva, although they are more densely set than the longitudinal signals (Figure 6C: cm). In some specimens, a few diagonally oriented f-actin signals located on the ventral side are visible (Figure 6C: dm), whereas in other, arguably more advanced larvae, the f-actin signals of the diagonal muscles are seen along most of the length of the larva, with most of the signals showing double stranded fiber zones (Supplementary File 6). Lateral nerve cord muscles are clearly seen at this stage, extending on the proximal side of the lateral nerve cords, anteriorly passing through the brain ring and ending on both ends of the larva among the body wall muscles (Figures 6C, D: ncm). The developing proboscis is divided into a posterior, bulbous portion that shows longitudinally oriented muscular f-actin signals only, and an anterior, funnel-shaped portion, that shows both proximal longitudinal and distal circular muscle signals (Figures 3D, 6D: pr). Posteriorly, the bulbous portion of the proboscis is connected to the body wall longitudinal muscular signals by the short longitudinal f-actin signal of the proboscis retractor (Figures 3D, 6C: prm). Anterior of the funnel-shaped portion, the muscular f-actin signals of the proboscis insertion are represented by a pair of ventro-lateral and a pair of dorso-lateral, longitudinal signals radiating from the anterior rim of the funnel-shaped portion of the developing proboscis the laterally to the body wall muscles (Figures 3D, 6D: pri). The ventro-lateral pair runs more or less parallel to the anterior portion of the lateral nerve cord muscle signals. In the same stage, a series of additional transverse muscular f-actin signals are detected proximal of the longitudinal body wall muscles, in the vicinity of the proboscis and foregut (Figure 6D: arrowheads–not all muscles visible in maximum projection). From anterior to posterior these muscular signals comprise three pairs of dorso-ventral muscles, one strand on each side of the foregut and proboscis rudiment, one u-shaped muscle strand that is dorsally open, a posterior pair of dorso-ventral muscles similar to the anterior three pairs and a posterior u-shaped muscle strand that is open dorsally and forked at its dorsal ends. The function of these muscles can only be speculated about.



Amphiporus sp. (Monostilifera, Hoplonemertea)


Post-embryonic Development

Within one batch of eggs, development was observed to be somewhat asynchronous within a time range of up to 1 day. Therefore, the times of development are approximations for a water temperature of 18°C. After 1-dpd, the majority of developmental stages have completed gastrulation and the blastopore is closed. At one, presumably the apical pole of the larva, some epidermal invaginations have formed (data not shown). Of these epidermal invaginations, the invagination of the apical pit and, slightly more ventral and deeper, the epidermal in-folding of the developing proboscis remain visible after 2-dpd (Figure 7A: ap and pru). A narrow, elongate inner cavity, located anterior and slightly ventral of the forming proboscis represents the rudiment of the foregut (Figure 7A: fgi). At 3-dpd, the majority of larvae have hatched and are pelagic, spherical stages completely covered with cilia as shown by α-tub-lir (Figure 7B at 3-dpd). They possess a well-developed apical tuft of cilia emanating from the apical pit and a pair of eyes, situated dorso-laterally, slightly posterior of the anterior end of the larva (data not shown). A pair of simple, unbranched protonephridia is detectable by the cilia of their nephroduct laterally on each side, halfway along the length of the larva (Figure 7B: pn). After 3-dpd, the anteriorly located, densely ciliated foregut opens to the exterior and a caudal tuft of elongated cilia at the hind-end of the larva begins to form (data not shown). The larvae survived for two additional weeks and became more elongate until they started to degenerate after 18-dpd. At that stage, the mouth opening is still independent of the proboscis pore and a stylet has also not formed yet (data not shown).
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FIGURE 7. Amphiporus sp. (frontal is up in all images, age of larval stages indicated in top right-hand corner, dpd: days post egg-deposition). (A) (γ = 1.0); maximum projection of 50 optical sections, ventro-lateral view. (B) (γ = 1.1); maximum projection of 15 optical sections, ventral view. (C) (γ = 0.7); maximum projection of 46 optical sections, dorsal view. (D) (γ = 1.1); maximum projection of 16 optical sections, dorsal view. at: apical tuft, br: brain ring, cm: circular muscle, cpn: caudal peripheral neuron, dm: diagonal muscle, ec: epidermal cilia, fgi: foregut invagination, lm: longitudinal muscle, lnc: lateral nerve cord, ncm: nerve cord muscle, pbm: proboscis muscle, pn: protonephridium, pns: proboscis nervous-like signal, ppn: peripheral plexus neuron, prm: proboscis retractor muscle.




FMRFamide-Like Immunoreactivity

Although gastrulation and organogenesis already begin prior to hatching, no immunohistochemical staining could be accomplished owing to the impermeability of the egg-membranes to antibodies. The earliest result of immunohistochemical staining are therefore available for post-hatching stages later than 2-dpd. However, in the subsequent stages, the tissue has a strong autofluorescence that obscures several of the weaker signals in maximum projections of the image series.

The first RFa-lir neurite-like signals that develop are those of the brain ring (Figure 3C). It should be noted however, that the signals in the dorsal part of the brain ring are stronger than in the ventral part and the lateral transition from the dorsal to the ventral side of the brain ring showed especially weak signals. Due to strong autofluorescence, RFa-lir neuron-like signals could not be unambiguously identified in the brain ring in early stages. Later, at 4-dpd, a pair of small lateral and 1–3 larger median RFa-lir neuron-like signals are visible anterior of the dorsal part of the brain ring neurite-like signals (Supplementary File 7). The lateral nerve cords show RFa-lir neurite-like signals throughout their entire length, as well as, in more advanced stages, a connection in their posterior-most extension (Figure 3C). No unambiguously identifiable neuron-like signals along the lateral nerve cord neurite-like signals could be found. Additionally, a semicircular RFa-lir neurite-like signal perpendicular to the longitudinal body axis is detected in the inverted outer epithelium of the developing proboscis. It develops into a ring-shaped, RFa-lir neurite-like signal surrounding the transition zone between the anterior cylindrical and the posterior bulbous part of the developing proboscis by 5-dpd (Figures 3C, 7D: pns).

In 5-dpd stage larvae, the overall strength of the brain ring and lateral nerve cord neurite-like signals is slightly increased (Figure 7D: br and lnc). From the brain ring, two pairs of RFa-lir neurite-like signals extend anteriorly, one located ventro-laterally the other dorso-laterally. Several peripheral RFa-lir neuron-like signals are observed at both the anterior, dorsal and the posterior pole of the larva, at the base of the caudal tuft (Figure 7D: cpn, Supplementary File 8). The posterior neuron-like signal aggregation is in close vicinity to the posterior connection of the lateral nerve cords, whereas the anterior neuron-like signal aggregation is in the position where the frontal organ is located in the adult animal. The anterior neuron-like signals are therefore interpreted as the first sensory neurons of the frontal organ. Several peripheral, neuron-like signals are irregularly distributed along the length of the larva (Figure 7D: ppn). They might represent sensory neurons of a developing peripheral plexus.

After 5-dpd, observation of the nervous system was hampered by difficulties to deliver the antibodies through the body wall musculature to the proximal components of the nervous system without severely compromising the integrity of the larva. Thus, the brain and the lateral nerve cords are comparably weakly stained. In 7-dpd larvae, the epidermis shows a strong fluorescence, so that no internal signals are visible. In the oldest stage (14-dpd), the epidermis shows less intense fluorescence revealing RFa-lir neurite-like signals of the brain ring and the lateral nerve cords (Figure 8B: br and lnc). Anteriorly, the brain and the posterior end of the lateral nerve cords are connected to the anterior and posterior masses of several intensely fluorescent neurite-like and a few neuron-like signals (Figure 8B: fpn and cpn). Both signal aggregations extend from the interior to the surface of the epidermis where they are confluent with the neurite-like signals of a peripheral plexus that extends at the base of numerous, lightly fluorescent epidermal gland cells along the entire body (Figure 8B: pp). Further development was not observed.
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FIGURE 8. Amphiporus sp. (frontal is up in all images, age of larval stages indicated in top right-hand corner, dpd: days post egg-deposition). (A) (γ = 0.9); maximum projection of 11 optical sections, ventral view. Arrowhead marks sphincter-like f-actin signal in proboscis, arrow marks signals extending from nerve cord muscle to body wall muscles. (B) (γ = 0.8); maximum projection of 13 optical sections, ventral view. br: brain ring, cm: circular muscle, cpn: caudal peripheral neuron, fpn: frontal peripheral neuron, lm: longitudinal muscle, lnc: lateral nerve cord, ncm: nerve cord muscle, pbm: proboscis muscle, pp: peripheral plexus, pri: proboscis insertion muscle, prm: proboscis retractor muscle.




F-Actin Labeling of Musculature and Nervous System

The first f-actin signals labeled with phalloidin are visible in developmental stages at 2-dpd that have not yet hatched from the egg case (Figure 7A). The earliest signals detected do not obviously belong to developing muscles but are signals of the developing nervous system, comprising the brain ring and the first rudiments of the lateral nerve cords. In later, but still unhatched stages of this age, fluorescent signals outline a completely developed brain ring that shows stronger signal in its ventral portion and a pair of lateral nerve cords (Figure 7A: br and lnc). The lateral nerve cords, however, do not yet show a posterior connection. Earliest f-actin signals belonging to the body wall muscles are seen as four longitudinally oriented strands, situated in dorso- and ventro-lateral positions, two on each side of the body (data not shown). The signals of the developing longitudinal muscles are weaker in intensity than the signals of the brain and lateral nerve cords. In hatched specimens at 2-dpd, signals of the circular muscles are also detected. They are distributed along the entire length of the larvae and span its circumference on the dorsal and ventral side, thereby showing a gap above the signals of the lateral nerve cords (Figure 7A: cm, Supplemetary File 9). At this stage, the signals of the longitudinal muscles are more numerous but thinner and distributed over the dorsal and ventral sides of the larva (Figure 7A: lm). However, there are fewer longitudinally extending muscular f-actin signals than there are circular signals.

After 3-dpd, all examined larvae are hatched and both longitudinal and circular muscular f-actin signals are more or less evenly distributed over the larva. The signals of muscular f-actin become more pronounced on the lateral sides of the body and generally stronger than the diffuse f-actin signals of the brain ring and the lateral nerve cords. Both the longitudinal and the lateral signals of the body wall muscles are first arranged in groups of 1–3 (mostly 2) closely set fibers that are evenly spaced from the neighboring groups. The groups of circular signals are more numerous and more densely set than the groups of longitudinal signals. The signals of the longitudinal and circular muscles have significantly increased in intensity in the 4-dpd stages, with the former also having notably increased in numbers (Figure 7C: lm and cm). The grouped arrangement is still apparent as described before. Adjacent to the diffuse signals of the lateral nerve cords, on their proximal side, there is a single muscular f-actin signal on each side first detected in 3-dpd stages, the signal of the lateral nerve cord muscles, running parallelly to the lateral nerve cords and anteriorly passing through the brain ring (Figure 7C: ncm at 4-dpd). Anteriorly and posteriorly, the lateral nerve cord muscle signals end at the level of the anterior and posterior end of the body wall muscles, respectively (Figure 7C: ncm). The lateral nerve cord muscle signals increase in intensity by 4-dpd. In supposedly more advanced stages at 3-dpd and even more obvious at 4-dpd, the first diagonal f-actin signals of the body wall muscles are observed on the ventral and ventro-lateral sides between the circular and the longitudinal signals. The signals run in an angle of 30–45° to the f-actin signals of the circular muscles (Figure 7C: dm). They comprise few, widely separated fibers along the mid-body region of the larva that cross on the ventral midline in 3-dpd stages and additional weak signals present on the dorsal side of the body on the level of the posterior bulbous part of developing proboscis at 4-dpd. At this stage on the ventral and lateral sides, multiple crisscrossings of diagonal signals are seen Supplementary File 10.

The proboscis rudiment shows the first f-actin signals of its muscles as early as 3-dpd. They comprise few weak signals, arranged both longitudinally and circularly around the posterior, bulbous part. They become stronger during subsequent development when distinct longitudinal, some obliquely oriented, and few weak circular muscular f-actin signals around the posterior, bulbous part of the proboscis rudiment form. At the same time, the anteriorly adjacent cylindrical part shows outer circular and inner longitudinal, muscular f-actin signals (Figures 3D, 7C: pbm at 4-dpd). One pair of longitudinal muscular f-actin signals extends in the dorsal wall of the anterior, funnel-shaped part of the proboscis, running roughly parallel to the lateral nerve cord muscle signals, which in turn run in the ventral wall of the funnel-shaped part of the developing proboscis apparatus in this body region. The former signals are tentatively addressed as developing proboscis insertion muscles (Figure 8A: pri at 7-dpd). In addition, at 4-dpf, 1–2 pairs of f-actin signals extend radially from the from the anterior rim of the cylindrical part of the developing proboscis invagination to the body wall muscles (Supplementary File 10). A strand of longitudinal muscular f-actin signals belonging to the developing proboscis retractor muscle, extend from the posterior end of the bulbous part of the developing proboscis to the longitudinal body wall muscle signals. It is seen to elongate during further development (Figure 7C: prm). Other muscular f-actin signals occasionally detected in younger larval stages comprise few transversally and radially oriented thin strands around the proboscis rudiment and the foregut, proximal of the inner longitudinal body wall muscles (not visible in maximum projection). In 4-dpd larvae, a series of muscular f-actin signals around the proboscis apparatus and foregut are detected. They comprise a dorsally open, u-shaped muscle that extends to the dorsal body wall muscles, two pairs of radial signals extending to the lateral body wall muscles, and one pair extending to the anterior body wall muscles. Three pairs of radial muscles are seen running to the dorsal body wall muscles (not visible in maximum projection, but reminiscent of signals in C. carcinophila in Figure 6D: arrowheads).

The larvae after 4-dpd show a general increase in intensity of the muscular f-actin signals, especially of the body wall muscles. The signals of the diagonal body wall muscles are seen to also cross on the dorsal side at this developmental stage (Supplementary File 11). The lateral nerve cord muscle signals are now composed of at least two parallel fibrous signals (Figure 8A: ncm at 7-dpd). In larval stages at 7-dpd, apart from the muscle signals described for the preceding stages, an additional pair of longitudinal muscular f-actin signals has developed, flanking the foregut on both sided in a proximal position relative to the inner longitudinal body wall muscles (Supplementary File 12). In the developing proboscis, a strong ring-shaped muscular f-actin signal is seen that is delimiting the anterior and the posterior half of the middle cylindrical portion of the developing proboscis (Figure 8A: arrowhead). Occasionally, 1–2 muscular f-actin signals are seen on each side distally extending from the lateral nerve cord muscles to the longitudinal body wall muscle signals in the anterior half of the larva (Figure 8A: arrow). In successive stages, up to 14-dpd, the existing muscular signals become stronger and especially the cylindrical part of the developing proboscis apparatus becomes more muscular, thus changing its shape to become more or less dumbbell-shaped with its narrowest part being demarcated by the ring-shaped sphincter muscle formed at 7-dpd (data not shown). In the area of the proboscis insertion, additional but weaker longitudinal muscular f-actin signals fan from proximal to distal between the existing stronger longitudinal muscle signals of the proboscis insertion (data not shown). In the most advanced larvae at 18-dpd, before the larvae started to degenerate, no additional muscular systems have formed.



DISCUSSION


Novel Findings on the Development of Body-Wall Muscles and RFa-lir Nervous System

Information on the development of the musculature by means of fluorescent phalloidin labeling and examination with confocal microscopic setups is only available to some detail in the hoplonemertean species Nemertopsis bivittata, Paranemertes peregrina, and Pantinonemertes californiensis (Martindale and Henry, 1995; Maslakova and von Döhren, 2009; Hiebert et al., 2010). In some pilidiophoran species, such as Maculaura (as Micrura) alaskensis, Lineus ruber, Lineus viridis, and Micrura wilsoni, but also the palaeonemertean species Carinoma tremaphoros, data on only few stages have been published (Maslakova et al., 2004; Maslakova, 2010b; von Döhren, 2011; Hiebert and Maslakova, 2015b; Martín-Durán et al., 2015). A comparable situation is encountered in the development of the nervous system components with immuno-fluorescent methods, with the serotonin-immunoreactive (5HT-lir) component having been subject to more detailed analyses. Data on the development of the 5HT-lir nervous system is available for the pilidiophoran species M. alaskensis, Lineus albocinctus, as well as an unidentified pilidium-larva of the gyrans-type (supposedly Micrura purpurea) (Hay-Schmidt, 1990; Maslakova, 2010b; Hindinger et al., 2013); for the hoplonemertean species Quasitetrastemma stimpsoni and P. californiensis (Chernyshev and Magarlamov, 2010; Hiebert and Maslakova, 2015a); and for the palaeonemertean species Carinina ochracea (von Döhren, 2016). Data on the development of the RFa-lir component of the nervous system are scarcer, having only been published for the palaeonemertean species C. ochracea and the pilidium larvae of two heteronemertean Pilidiophora, L. albocinctus and an unidentified pilidium-larva of the gyrans-type, tentatively assigned to M. purpurea (Hay-Schmidt, 1990; Hindinger et al., 2013; von Döhren, 2016). To date, no modern investigation has focused on the joint development of body wall musculature and nervous system so that the available data comes from histological examinations only. However, the descriptions are partly contradicting (reviewed in von Döhren, 2015). The present paper reports the first data on the development of the RFa-lir component of the nervous system in two hoplonemertean representatives and significantly expands the knowledge on Palaeonemertea, with data on three additional species.



Development of the RFa-lir Nervous System Is Relatively Uniform in Nemertea but Development of the Body Wall Muscles Differs Significantly

In the examined palaeonemertean species, the first detectable muscular elements are a pair of lateral muscle bundles in the vicinity of the mouth opening in the C. armandi and a single short, longitudinal signal dorsally, followed soon after by a pair of lateral bundles in T. polymorphus. A similar sequence as in T. polymorphus is also suggested for C. mutabilis. Furthermore, a muscle ring surrounding the mouth opening becomes apparent in the larva. Subsequently in T. polymorphus and C. armandi, the muscle strands extend toward anterior and posterior and the lateral bundles seem to distribute dorsally to attain a more or less evenly spaced arrangement of muscle strands along the dorsal and the lateral sides of the body. At the same time the first circular muscle signals appear anterior of the mouth opening on the dorsal side and elongate ventro-laterally. Several additional circular signals appear on the dorsal side anterior and posterior of the first signals. Whereas the circular muscles are added almost up to the anterior tip of the larva, progress of the circular muscles posteriorly stops in front of the mouth opening and an additional region of circular muscle formation appears some distance behind the mouth opening. From here, additional circular muscles are added posteriorly and anteriorly. Data on the development of the body wall musculature in C. tremaphoros, although not as detailed, are largely congruent with the herein reported data: longitudinal muscles develop prior to circular muscles in a dorsal to ventral progression and no proboscis muscles are seen to develop in the early larval stage. Circular, but also diagonal muscles have been found in stages as early as 30 h of development (Maslakova et al., 2004). The early formation of the main components of the body wall muscles indicates somewhat faster development in C. tremaphoros. Regarding formation of longitudinal body wall muscles with dorsal longitudinal muscles formed prior to lateral longitudinal muscles, C. tremaphoros seems to be more similar to T. polymorphus than to C. armandi. Outside of Nemertea, this type of body wall muscle formation, especially of the circular component, has never been reported before (cf. Wanninger, 2009). In the hoplonemertean species examined, formation of the longitudinal component and shortly afterward the circular component of the body wall muscles seems to be almost synchronous (Maslakova and von Döhren, 2009; Hiebert et al., 2010). In contrast to muscle development in Amphiporus sp., P. peregrina, and probably also P. californiensis, the muscles are not formed in their definite position in C. carcinophila but seem to become evenly distributed later during the course of development to constitute the definite orthogonal arrangement of circular and longitudinal muscle strands. Both the longitudinal and circular muscles are fully formed at the time of hatching. The diagonal muscles in the hoplonemertean species examined develop after hatching in situ; in C. carcinophila and Amphiporus sp. most likely, if not as independent entities, as derivatives of the longitudinal musculature. While the muscles of the proboscis apparatus and the lateral nerve cord muscles develop shortly after the larva has hatched in the hoplonemertean species, there is no sign of proboscis muscle development in any of the examined palaeonemertean species during the observed development.

No signs of differentiated nervous systems could be detected by immunolabelling with antibodies against FMRFamide in the newly hatched larvae of the examined palaeonemertean species. It is only later in the elongating larvae that the brain ring, the neurite bundles around the mouth opening and subsequently, the lateral nerve cords and a peripheral plexus develop. Even in the most advanced stages investigated, no trace of neuronal elements of the future proboscis apparatus was seen. In C. ochracea, the only other palaeonemertean species investigated for the development of the RFa-lir nervous system the sequence of formation is nearly identical. Development of the RFa-lir nervous system component is first seen in the dorsal portion of the brain ring and progresses from there to the ventral side of the larva, where the ventral portion of the brain ring forms and the lateral nerve cords develop. Also, the distribution of neuronal perikarya is essentially the same (von Döhren, 2016). The early appearance of a longitudinal RFa-lir dorsal nerve is a character C. ochracea shares with T. polymorphus, it is not seen to form in the examined Carinoma species, although they possess dorsal nerves as adults (Beckers et al., 2013). In both C. carcinophila and Amphiporus sp., the brain ring begins to form before hatching, although in C. carcinophila, like in the palaeonemertean species studied, formation of the dorsal part precedes that of the ventral part (this study and von Döhren, 2016). The lateral nerve cords are fully developed at the time of hatching in Amphiporus sp. and shortly after in C. carcinophila. Development of the proboscis nervous system, on the other hand, seems to begin earlier in C. carcinophila. Only the peripheral nerve plexus begins to develop after the larva has hatched in both species.

In Pilidiophora, the nervous system is described to develop with the brain ring forming prior to the development of the lateral nerve cords, and thus in a similar way as described for palaeonemertean and hoplonemertean species (reviewed in von Döhren, 2015). Development of the RFa-lir component of the peptidergic nervous system is unfortunately not detailed enough to allow for comparison of the developmental sequence (Hindinger et al., 2013). With the exception of L. ruber that has a derived intracapsular larval type, the development of the body wall muscles in Pilidiophora, has not been subject to detailed, comparative investigations using fluorescent staining and confocal microscopy observations (Martín-Durán et al., 2015). In L. ruber and L. viridis, the larval tissues are devoid of musculature and juvenile muscles begin to develop late, shortly before the larval envelope is shed (von Döhren, 2011; Martín-Durán et al., 2015). In the former species the first differentiated muscles are detected around the mouth opening and in the cephalic lobe, followed later by the body wall muscles and the musculature of the pharynx (Martín-Durán et al., 2015). In the various histological investigations, there seems to be some discord as to whether the longitudinal or the circular component of the body wall muscles develops first, but all studies agree in that the body wall muscles of the juvenile are formed independently of the larval musculature of the pilidium (reviewed in von Döhren, 2015). Clearly, a closer look at the development of the musculature of pilidiophoran species with immunofluorescent staining and CLSM would refine the picture and help resolve the prevailing contradiction in the descriptions.



Heterochronic Effects in Neuromuscular System-Development Might Be Correlated With Morphological Diversity in the Adults

The diversity in the development of muscles and nervous system in the investigated nemertean species differs most strikingly in the degree of differentiation of the respective organ systems at the time of hatching. In palaeonemertean larvae, the first muscular and RFa-lir nervous elements are formed in the larva after hatching. The main difference between the two palaeonemertean species examined lies in the timing of development of the body wall musculature. Relative to the developing RFa-lir nervous system, development of the body wall muscles starts considerably later in T. polymorphus than in Carinoma species (this study and Maslakova et al., 2004). Presently, it remains unclear whether this difference represents an acceleration in C. armandi or a deceleration in T. polymorphus. In hoplonemertean larvae, the timing of development of the respective organ systems is rather different. According to published results on P. peregrina and P. californiensis, the main components of the body wall muscles develop in the early pelagic larval stage after hatching (Maslakova and von Döhren, 2009; Hiebert et al., 2010), whereas in C. carcinophila and Amphiporus sp., most of the body wall musculature have already formed before the larva hatches. With the nearly synchronous mode of muscle formation, the only true difference between the herein described species on the one hand and P. peregrina and P. californiensis on the other hand, seems to be the time of hatching, that is delayed in Amphiporus sp. and C. carcinophila. For the development of the RFa-lir component of the peptidergic nervous system in Hoplonemertea, there was no detailed-enough comparative data available prior to this investigation. In the palaeonemertean species C. ochracea, T. polymorphus and the Carinoma species, the RFa-lir component of the brain ring and the lateral longitudinal nerve cords develop after the larvae have hatched (this stuy and von Döhren, 2016). In C. carcinophila and Amphiporus sp. on the other hand, the RFa-lir component is already beginning to differentiate before hatching. Further investigations in other hoplonemertean species will have to show whether the onset of the formation of the RFA-lir component of the nervous system similarly coincides with onset of muscle formation or starts earlier, as seen in T. polymorphus.

Irrespective of the developmental progress at hatching, development of the neuromuscular system in Hoplonemertea shows a heterochronic shift compared to Palaeonemertea and Pilidiophora. The components of the proboscis muscles and nervous system, which are clearly adult structures, form before or soon after hatching in Hoplonemertea (this study and Maslakova and von Döhren, 2009; Chernyshev and Magarlamov, 2010; Hiebert et al., 2010; Hiebert and Maslakova, 2015a). A general acceleration of development in Hoplonemertea compared to Palaeonemertea and Pilidiophora and thus considerably shorter time needed for metamorphosis in hoplonemertean species, has long been known for Nemertea, (Iwata, 1960). Interestingly, morphological diversity with respect to the nervous system and musculature seems to be negatively correlated with the duration of post-embryonic development. Hoplonemertean larvae, in which development is accelerated, show comparably uniform adult neuromuscular morphologies. In palaeonemertean and pilidiophoran species, formation of juvenile structures takes much longer (Iwata, 1960; Maslakova, 2010b; Beckers et al., 2015). On the other hand, morphological diversity of musculature and nervous system, e.g., proboscis musculature and brain anatomy, is much higher in these lineages (Chernyshev, 2010, 2015; Beckers et al., 2013, 2018; Beckers, 2015). It remains to be shown if this different diversity observed is due to developmental timing or if acceleration of the formation of prospective adult structures in Hoplonemertea was only made possible because of relatively uniform morphology in the first place.



No Transitory Muscle or RFa-lir Nervous System Elements Are Detected in Palaeo- or Hoplonemertean Larvae

In recent years, employing fluorescent and immunofluorescent methods to follow the development of spiralian larvae has led to an enormous increase of comparative data in a number of clades, foremost in Annelida and Mollusca, but also in Lophophorata, Entoprocta, and Platyhelminthes (Temereva, 2012; Temereva and Wanninger, 2012; Temereva and Tsitrin, 2013, 2014; Sonnleitner et al., 2014; Audino et al., 2015; Bleidorn et al., 2015; Scherholz et al., 2015; Wanninger, 2015; Wanninger and Wollesen, 2015; Kristof et al., 2016; Sun et al., 2019). However, whereas patterns are emerging in the more well-studied clades, others, such as Nemertea, remained largely unknown from a comparative perspective.

Among Lophotrochozoa (s. str.), the most prevalent type of larva is the trochophore-type larva that has therefore been suggested to represent the ancestral lophotrochozoan larval form (Marlow et al., 2014; Nielsen, 2018; Malakhov et al., 2019; Wang et al., 2020). With comparably few, arguably derived exceptions, the trochophore-type larva and its presumably related forms, such as the actinotrocha-larva of Phoronida, and the different larval-types of Brachiopoda, Ectoprocta, and Entoprocta, show certain comparable, and hence assumingly homologous, muscular and neural structures (Wanninger, 2008, 2009; Nielsen, 2012, 2013, 2015). They comprise: (1) the prototroch muscle ring, a ring muscle underlying the prototroch (an equatorial band of cells adorned with differentially elongated, compound cilia); (2) the trochal neurite (bundle), a neurite or neurite-bundle that runs alongside the prototroch ring muscle; and (3) the apical organ comprising a group of cells, some with apical extensions that project into the apical pit or in its vicinity. The apical organ is minimally composed of a small to moderate number of flask-shaped 5HT-lir and a small number of RFa-lir cells (Wanninger, 2008). All of these structures are considered larval, since they commonly develop early in development and disappear later, during metamorphosis. In Nemertea, the pilidium has been, until more recently, assumed to represent the larval type that is homologous to the trochophore-type larva. Therefore, the nervous and muscular elements of the apical pit and the marginal band in the pilidium and the trochophore-type larva were interpreted as homologous (Nielsen, 2005, 2012). However, molecular phylogenetic analyses have clearly shown that the pilidium is restricted to the taxon Pilidiophora, which in turn represents a derived clade within Nemertea (Thollesson and Norenburg, 2003; Andrade et al., 2014). Therefore, it is more parsimonious that the pilidium larva is not the ancestral larval form of Nemertea. As a consequence, musculature and nervous system of the pilidium are most likely not homologous to respective structures in the trochophore-like larval type (Maslakova and Hiebert, 2014).

The absence of elaborated larval structures, such as the prototroch in larvae of Palaeonemertea and Hoplonemertea is reflected by the development of the nervous system and body-wall muscles. Whereas the first muscular element to develop in most lophotrochozoan larvae is the larval prototroch muscle ring (Wanninger, 2009; Bleidorn et al., 2015), the first muscles to develop in nemertean larvae are the longitudinal muscles of the body wall (this study and Maslakova et al., 2004; Maslakova and von Döhren, 2009; Hiebert et al., 2010; von Döhren, 2015). The circular muscles anterior of the mouth opening that develop subsequently in palaeonemertean species are different from the prototroch muscle ring of trochophore-type larvae in that they are located a noticeable distance away from the mouth opening instead of adjacent to the mouth opening as in most feeding trochophore-type larvae. Additionally, they are, unlike the prototroch muscle ring, obviously not transitory muscles (this study). Neither in hoplonemertean nor in palaeonemertean larvae, RFa-lir trochal neurites have been observed (this study and von Döhren, 2016). The brain ring in Palaeonemertea is seen to form from putative neuroblasts presumably originating from the apical pit and later the paired lateral nerve cords develop from its ventral portion. A similar sequence of development is described for the 5HT-lir component of the nervous system, although development starts in the ventral portion of the brain ring (von Döhren, 2016). The identity of the brain ring as a non-larval structure becomes evident from its position in the hoplonemertean larvae, in which it surrounds the developing proboscis and, at the same time, is located posterior to the mouth opening; an arrangement that is identically found in adults of Hoplonemertea (Maslakova and von Döhren, 2009; Beckers et al., 2018). The early developing ring-shaped brain is thus clearly different and not comparable with the trochal neurites or neurite bundles of trochophore-type larvae.

Although an apical pit with an apical tuft of cilia is present in the trochophore-type larva as well as in all planktonic larval types of nemerteans, the respective expressions of RFa-lir neurons are clearly different. In many trochophore-type larvae, the apical organ neurons show RFa-lir early in development and the RFa-lir component of the brain develops later in close vicinity to the apical neurons (Wanninger, 2009). In nemertean larvae, no comparably clear signal of RFa-lir expressing apical neurons is detectable. In larvae of the examined palaeonemertean species, faint signals are seen instead, that have disappeared when the first clear signals of the future dorsal part of the RFa-lir component of the brain ring are visible (this study). Due to their faint and very short expression, these signals are interpreted as yet undifferentiated RFa-lir brain neurons that invade the larva from the apical pit and its vicinity. They are thus most likely identical to the first clearly visible RFa-lir neuron-like signals of the dorsal brain ring. Although this does not preclude the RFa-lir apical neurons of the trochophore-type larva from being homologous to the faint early RFa-lir signals in palaeonemertean larvae as neuroblasts, their respective developmental fate cannot be considered truly homologous. Later developing peripheral RFa-lir neurons with presumably sensory function in both palaeonemertean and hoplonemertean larvae should be interpreted as components of the developing peripheral plexus, that is also present in the adults and therefore not a transitory larval trait homologous to the early apical neurons of lophotrochozoan larvae.




CONCLUSION

Details on the developmental diversity in Nemertea are only starting to become known. However, some interesting aspects are emerging that deserve to be pursued in the future–in Nemertea but also beyond:


(1)Most of within clade morphological diversity in Nemertea seems to result from post-embryonic development. Future research needs to concentrate on the mechanisms that generate the morphological diversity.

(2)Acceleration of development seems to be correlated with decreasing morphological diversity in Hoplonemertea. It remains to be investigated, which is the cause and which is the result and whether this correlation also holds true on a larger scale.

(3)The hypothetical, ancestral nemertean larva seems to lack strictly larval structures in the investigated neuromuscular system components. Whether this lack is ancestral or derived with respect to the assumingly ancestral trochophore-type larva of Lophotrochozoa can only be answered when a robust placement of Nemertea within the phylogeny of Spiralia is available.
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Supplementary Table 1 | Adjustments of CLSM-stacks made with Fiji (ImageJ version 1.53c).

Supplementary File 1 | fly-through video of image stack of Tubulanus polymorphus 4-dpf, same as in Figure 1C.

Supplementary File 2 | fly-through video of image stack of Tubulanus polymorphus 6-dpf, same as in Figure 2A.

Supplementary File 3 | fly-through video of image stack of Carinoma armandi 2-dpf, RFa-lir, frontal is up.

Supplementary File 4 | fly-through video of image stack of Carinoma armandi 5-dpf, RFa-lir of specimen in Figure 5B.

Supplementary File 5 | fly-through video of image stack of Carinoma armandi 7-dpf, RFa-lir of specimen in Figure 5D.

Supplementary File 6 | fly-through video of image stack of Carcinonemertes carcinophila 4-dpd, f-actin stain of specimen in Figure 6C.

Supplementary File 7 | fly-through video of image stack of Amphiporus sp. 4-dpd, RFa-lir of specimen in Figure 7C.

Supplementary File 8 | fly-through video of image stack of Amphiporus sp. 5-dpd, same as Figure 7D.

Supplementary File 9 | fly-through video of image stack of Amphiporus sp. 2-dpd, same as Figure 7A.

Supplementary File 10 | fly-through video of image stack of Amphiporus sp. 4-dpd, same as Figure 7C.

Supplementary File 11 | fly-through video of image stack of Amphiporus sp. 5-dpd, f-actin stain of specimen in Figure 7D.

Supplementary File 12 | fly-through video of image stack of Amphiporus sp. 7-dpd, same as Figure 8A.
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