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1 | INTRODUCTION

Across prominent spiralian groups (annelids, mollusks, flatworms,

nemerteans), there is notable body-plan diversity. Despite this
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Abstract

Sipuncula is a clade of unsegmented marine worms that are currently placed among
the basal radiation of conspicuously segmented Annelida. Their new location provides a
unique opportunity to reinvestigate the evolution and development of segmented body
plans. Neural segmentation is clearly evident during ganglionic ventral nerve cord (VNC) for-
mation across Sedentaria and Errantia, which includes the majority of annelids. However,
recent studies show that some annelid taxa outside of Sedentaria and Errantia have a med-
ullary cord, without ganglia, as adults. Importantly, neural development in these taxa is
understudied and interpretation can vary widely. For example, reports in sipunculans range
from no evidence of segmentation to vestigial segmentation as inferred from a few pairs of
serially repeated neuronal cell bodies along the VNC. We investigated patterns of pan-neu-
ronal, neuronal subtype, and axonal markers using immunohistochemistry and whole mount
in situ hybridization (WMISH) during neural development in an indirect-developing
sipunculan, Themiste lageniformis. Confocal imaging revealed two clusters of 5SHT" neurons,
two pairs of FMRF' neurons, and Tubulin™ peripheral neurites that appear to be serially
positioned along the VNC, similar to other sipunculans, to other annelids, and to spiralian
taxa outside of Annelida. WMISH of a synaptotagmini ortholog in T. lageniformis (Tl-syt1)
showed expression throughout the centralized nervous system (CNS), including the VNC
where it appears to correlate with mature 5HT* and FMRF" neurons. An ortholog of elavi
(Tl-elav1) showed expression in differentiated neurons of the CNS with continuous expres-
sion in the VNC, supporting evidence of a medullary cord, and refuting evidence of ontoge-
netic segmentation during formation of the nervous system. Thus, we conclude that

sipunculans do not exhibit any signs of morphological segmentation during development.
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diversity, there are also some shared features in centralized nervous
system (CNS) architecture, including an anterior brain, pairs of
circumesophageal connectives, and one or more longitudinal nerve
cords within developmental and adult stages (Hay-Schmidt, 2000;
Hejnol & Lowe, 2015; Martin-Duran et al., 2018; Schmidt-Rhaesa,

2007). In order to determine whether such similarities reflect
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common ancestry (homology), convergence, or another evolution-
ary path, it is essential that we investigate the developmental
formation of the CNS with a combination of modern genetic and
morphological techniques in different spiralians, and at multiple life
history stages. These analyses enable us to visualize characteristics
during development that are otherwise undetectable through
exclusive comparisons of adult morphology. In this context, the
ventral nerve cord (VNC) as a component of the CNS is proving to
be highly informative.

Annelids (bristle worms, earthworms, and leeches) are a spiralian
taxon with segmented body plans and a predominant VNC with vari-
able composition (Hejnol & Lowe, 2015; Muller, 2006; Purschke,
Bleidorn, & Struck, 2014). Within Annelida, the ancestral nervous sys-
tem was historically inferred to include a rope-ladder-like ventral cord
(Bullock & Horridge, 1965; Orrhage & Miller, 2005; Purschke, 2002),
with bilateral pairs of iterated ganglia joined by longitudinal connec-
tives and transverse commissures (Richter et al., 2010). However,
recent work has highlighted a diversity of neural arrangements among
adult annelids, including species in some taxa with medullary cords
and others with ventral cords containing intraepidermal neurons
(Helm et al., 2018; Purschke, 2016; Purschke et al., 2014). And within
the last decade, a series of phylogenomic studies (Andrade et al., 2015;
Helm et al, 2018; Struck et al, 2011, 2015; Weigert et al., 2014;
Weigert & Bleidorn, 2016) have produced new hypotheses for alterna-
tive clade arrangements, followed by subsequent ancestral character
state reconstructions of annelid VNC architecture suggesting that rope-
ladder-like arrangements may have evolved more than once, through
convergence (Helm et al., 2018). These efforts raise an interesting pos-
sibility that evolution of the VNC within Annelida was more compli-
cated than previously thought, and further highlights the need to
explore the development of neural architecture in additional taxa.

Molecular phylogenies continue to gain support for the placement
of unsegmented sipunculan worms within the overtly segmented
annelids (Dordel, Fisse, Purschke, & Struck, 2010; Rousset, Pleijel,
Rouse, Erséus, & Sidall, 2007; Struck et al., 2007; Zrzavy, Pavel,
Pidlek, & Janouskovec, 2009), and more recently, in a sister-group
relationship to Errantia plus Sedentaria (Andrade et al., 2015; Helm
et al., 2018; Struck et al,, 2011, 2015; Weigert et al., 2014; but see
Parry, Edgecombe, Eibye-jacobsen, & Vinther 2016; Parry, Tanner, &
Vinther 2014; Sperling et al. 2009). Historically, phylogenetic analyses
based upon comparative morphology suggested sipunculan affinities
among a variety of different animal groups, including holothurians,
echiurans, sternaspids, and priapulids, other echinoderms, and with
annelids and/or molluscs (see Schulze et al., 2005). The Sipuncula
have also been placed as the sister group to Annelida, and as a distinct
metazoan phylum (Brusca & Brusca, 2003; Hyman, 1959; Stephen &
Edmonds, 1972; Young, Sewell, & Rice, 2002). Different phylogenetic
positions of Sipuncula using morphological characters emphasize how
unique their body plan is when compared with other taxa (for reference,
see Boyle & Rice, 2014), including the rest of Annelida. Challenges asso-
ciated with sipunculan affinity reflect notable disagreements about the
origins and definition of “segmentation” (Budd, 2001; Graham, Butts,
Lumsden, & Kiecker, 2014; Hannibal & Patel, 2013; Scholtz, 2002;

Seaver, 2003; Seaver & Kaneshige, 2006). Currently, genetic, develop-
mental, and morphological characteristics of segmentation in Annelida,
Arthropoda, and Chordata are not considered homologous. And repeti-
tive structures alone have not been recognized as “true” segmentation
(Budd, 2001; Scholtz, 2002; Seaver, 2003). Here, we combine definitions
as presented by Scholtz (2002) and Seaver (2003) that consider an ani-
mal's body plan as segmented along the anterior-posterior axis when it
is composed of repeated structural units of tissues and organ systems
that develop from both ectoderm and mesoderm. Accordingly, the most
recent phylogenetic position of Sipuncula makes them a pivotal group
with respect to studies on the evolution and development of segmented
body plans in general, and nervous systems in particular.

Previously, larval and adult sipunculan nervous systems have been
described as a medullary cord, that is, an unpaired VNC lacking dis-
tinct clusters of neuronal somata and segmentally arranged commis-
sures (Akesson, 1958; Helm et al., 2018; Rice, 1985). However, in two
sipunculan species, Phascolosoma agassizii and Themiste pyroides,
Kristof, Wollesen, Maiorova, and Wanninger (2011) and Kristof,
Wollesen, and Wanninger (2008) reported what they suggested were
serotonergic-positive (5HT*) “metamerically arranged perikarya”
within the VNC. This pattern led the authors to suggest that during
development, sipunculan nervous systems would “recapitulate” a pre-
sumed segmental organization of the last common ancestor of anne-
lids. However, based on the hypothesis that the last common
ancestor of Annelida may not have possessed a rope-ladder-like VNC
(Helm et al.,, 2018), additional sipunculan taxa should be carefully
examined to characterize the number, arrangement, and relative posi-
tions of neuronal somata, commissures, and related developmental
evidence that may support or refute previous suggestions of vestigial
segmentation within Sipuncula.

Here, we examined the developing nervous system in larvae and
juveniles of the marine sipunculan worm Themiste lageniformis Baird,
1868 using cross-reactive antibodies against serotonin, Tubulin, and
FMRFamide, along with in situ detection of antisense riboprobes
against two neural genes, Tl-elavl and Tl-syt1. Metazoan elav genes
encode RNA-binding proteins that are initially expressed in neuronal
cells as they begin the process of differentiation, with expression
maintained in mature neurons (Berger, Renner, Luer, & Technay,
2007; Pascale, Amadio, & Quattrone, 2008; Ratti et al., 2006;
Robinow & White, 1991; Wakamatsu & Weston, 1997). Orthologs of
elav have been shown to be expressed in nondividing neural cells in
the annelids Capitella teleta (Meyer & Seaver, 2009; Sur, Magie,
Seaver, & Meyer, 2017) and Platynereis dumerilii (Denes et al., 2007;
Simionato et al., 2008). Orthologs of synaptotagmin1 are Ca®*-binding
proteins that are important for exocytosis of vesicles containing neu-
rotransmitters in the presynaptic terminals of mature neurons (Rizo &
Rosenmund, 2008). Where studied, the expression of synaptotagmini
is initiated and maintained in mature, differentiated neurons (Denes
et al., 2007; Littleton, Bellen, & Perin, 1993; Meyer, Carrillo-
Baltodano, Moore, & Seaver, 2015; Nomaksteinsky et al.,, 2009;
Santagata, Resh, Hejnol, Martindale, & Passamaneck, 2012; Simionato
et al., 2008). To date, the expression patterns of neural genes have

not been investigated in a member of Sipuncula. Collectively, all of the
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patterns we observed, through detection of immunohistochemical
markers and the expression of neural transcripts by whole-mount in
situ hybridization (WMISH), provide supporting evidence for a non-
ganglionated, medullary nerve cord with some iteration of cell bodies
and peripheral nerves within an unsegmented sipunculan body plan.
This work complements a growing body of comparative studies on ner-
vous system development among spiralian taxa, and enables broader
understanding of both taxonomic variabilities and commonalities within
the developmental architecture of nervous systems across Metazoa.

2 | MATERIALS AND METHODS

2.1 | Animal collection, development, and fixation

Adult specimens of Themiste lageniformis Baird, 1868 were collected from
oyster reefs within the Indian River Lagoon estuary near Fort Pierce,
FL. On the reef, specimens were extracted from cryptic spaces among
clusters of live oysters by separating them with a rock hammer, and
removing the worms by hand into containers of natural seawater. In the
laboratory, worms were placed in glass finger bowls of 0.35 pl filtered
seawater (FSW) at room temperature (22-23 °C). Adult worms were
then dissected to remove coelomic fluid containing oocytes, which were
placed into gelatin-coated plastic petri dishes and cleaned with multiple
exchanges of FSW, following protocols of Boyle and Seaver (2010).

Embryonic development was artificially activated by the treatment
of oocytes in FSW with a final concentration of 1.0 mmol/L N,2’-O-
dibutyryladenosine-3":5-cyclic monophosphate (cAMP; Millipore-
Sigma, St. Louis, M, cat #D-0627). cAMP stock solution was prepared
at 0.5 mol/L in dimethylformamide. cAMP activation was terminated
after 1.5 hr by FSW exchanges. Embryonic and larval development
was cultured in FSW with antibiotics (0.6 mg/ml penicillin; 0.5 mg/ml
streptomycin) at room temperature. At designated stages of develop-
ment, specimens were transferred from culture dishes to new, coated
plastic petri dishes for anesthetization and fixation.

Embryonic and larval stages were anesthetized following Boyle and
Seaver (2010). In brief, embryos were fixed directly in a solution of 4%
paraformaldehyde (pfa) in FSW. Postgastrula and prelarval stages were
relaxed with a combination of isotonic magnesium chloride (MgCl,) and
ethanol (EtOH, 2.5% final concentration), followed by 4% pfa fixation.
Stages with active muscular contraction were relaxed with a combina-
tion of MgCl,, EtOH, and 0.25% bupivacaine hydrochloride (BH;
Millipore-Sigma, cat# B-5274) followed by 4% pfa. For confocal laser
scanning microscopy (CLSM), fixation occurred at room temperature
and was terminated within 1.0 hr by exchanges of FSW, followed by
multiple exchanges and storage in phosphate-buffered saline (PBS). For
WMISH (see below), fixation occurred overnight at 4.0 °C followed by
termination with exchanges of FSW and PBS.

2.2 | Cloning of Tl-elav1 and TI-synaptotagmini

Total RNA was extracted using TriReagent (Molecular Research
Center, Inc., Cincinnati, OH) or an RNeasy Mini Kit (Qiagen, Hilden,
Germany). cDNA was generated using the SMARTer RACE kit

(Clontech, Mountain View, CA) or the Quantitect Reverse Transcrip-
tion Kit (Qiagen). A synaptotagmin 1 homolog was recovered from
T. lageniformis by degenerate PCR using the following nested
primers: forward 5'-TYAAYCCNGTNTTYAAYG and reverse 5'-
TCRTTRTARTANGGRTT; second forward 5'-TAYGAYTTYGAYMG-
ideoxyl-TT and second reverse 5'-SWRAARCADATRTC-ideoxyl-CC.
Multiple sequences were recovered from the degenerate PCR, likely
representing multiple splice variants. One 663-bp fragment
(MN193560) spanning all of the C2A domain and part of the C2B
domain was used to generate an antisense riboprobe. Homologs of
Elav were identified from assembled transcriptomes (MJBoyle;
unpublished) with Sequenceserver (Priyam et al., 2015; https://www.
sequenceserver.com) from Stages 2-9 of T. lageniformis, blastula—
pelagosphera stages in Nephasoma pellucidum, and 1-8 days of
development in Phascolion cryptum, and gene orthology was assigned
as detailed below. A 750-bp fragment for Tl-elavl (MN207127)
was amplified with gene-specific primers: forward primer 5'-
CGAGCAGTGAAAGCATAAAGG  and primer  5'-
ACTAGCGGCAACAAATGAAGA. PCR fragments were cloned using
either a pGEM-T easy (Promega, Madison, WI) or pCRIl vector

reverse

(Invitrogen) and sequenced. DIG-labeled RNA probes were generated
using the MegaScript T7 transcription kit (ThermoFisher Scientific,
Waltham, MA).

2.3 | Gene orthology analysis

To determine gene orthology of the elav genes in sipunculans, amino
acid sequences for the RRM1-3 regions minus the hinge region of
multiple bilaterian Elav orthologs, as well as multiple Bruno/CELF3-5
orthologs (outgroup) (Table S1), were aligned using muscle and edited
by hand in MEGA7 (Figure S5). Nexus files were generated using
AliView and Notepad (Microsoft, Redmond, WA). Bayesian inference
was performed with the amino acid model RtRev (ProtTest3) (Darriba,
Taboada, Doallo, & Posada, 2011; Guindon & Gascuel, 2003) using Mr
Bayes 3.2.6 (Huelsenbeck & Ronquist, 2001). Convergence was
reached after 7 x 10° generations between two simultaneous runs
with sampling every 100 generations and 4 chains. A consensus tree
with posterior probabilities representing 7.5 x 102 trees and a burn-in
of 25% was generated in FigTree v1.4.4 (Figure S4).

2.4 | Immunostaining

Relaxation and fixation were performed as above. Depending on the
stage, larvae were relaxed and fixed in either FSW or artificial sea
water at room temperature, then washed several times with PBS and
transferred into PBS +0.2% Triton X-100 (PBT). Larvae were
incubated in blocking solution (5% heat-inactivated goat serum [Mil-
lipore-Sigma] + PBT) for 1 hr at room temperature while rocking.
Specimens were then incubated in blocking solution with the follow-
ing primary antibodies: 1:500 rabbit antiserotonin (5HT; Millipore-
Sigma, cat #55545), 1:500 rabbit anti-FMRFamide (Immunostar,
Hudson, W], cat# 20091), 1:600 mouse antityrosinated Tubulin (1A-2;
Millipore-Sigma, cat# T9028), and 1:10 mouse antip-Tubulin (E7;
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Developmental Studies Hybridoma Bank, lowa City, IA). Serotonin-
like, FMRFamide-like and p-Tubulin-like immunoreactivity are desig-
nated as 5HT", FMRF", and Tubulin® (Tub®) elements throughout this
manuscript. Secondary antibodies were administered in blocking solu-
tion at 1:300 goat anti-mouse F(ab’), FITC (Millipore-Sigma, cat
#F8521) and 1:600 sheep anti-rabbit F(ab’), Cy3 (Millipore-Sigma, cat
#C2306). DNA staining were performed by incubating the larvae in
1:1000 TO-PRO-3 (Life Technologies, Carisbad, CA, cat #T3605) in
PBS according to Meyer et al. (2015) and Meyer, Boyle, Martindale,
and Seaver (2010). Larvae labeled with propidium iodide (Millipore-
Sigma, cat# P4864) were pretreated with RNase A (Millipore-Sigma,
cat# R6513) at 1.0 mg/ml PBT for 1 hr at 37 °C, and washed with
PBT before addition of primary antibodies.

2.5 | Whole-mount in situ hybridization

After fixation, specimens were dehydrated stepwise into 100% meth-
anol and stored at —20 °C. WMISH was performed as per details in Boyle
and Seaver (2010). Specimens were hybridized for 72 hr at 65 °C with
1 ng/pL of either a DIG-labeled antisense Ti-elavl or TI-synaptotagminl
RNA probe. Probes were detected by overnight treatments of 1:5,000
anti-DIG-AP (Roche, Basel, Switzerland) at 4 °C, followed by NBT/BCIP
substrate color reactions that were periodically monitored for 2-5 hr at
RT. Color reactions were stopped with PBS + 0.1% Tween-20.

2.6 | Image handling and imaging

WMISH specimens were cleared and mounted in 40% glycerol (1x
PBS), and imaged using DIC-optics on an Axiolmager M2 compound
microscope (Zeiss, Oberkochen, Germany) coupled with an 18.0
megapixel EOS Rebel T2i digital camera (Canon, Tokyo, Japan). Con-
trast and brightness adjustments of immunohistochemistry and
WMISH images were performed in Photoshop CC and figure panels
were constructed using lllustrator CC (Adobe Systems, Inc.). Z-
projections were obtained from the CLSM scans using Fiji (Schindelin
et al., 2012). Multiple DIC image focal planes (.TIFF) were rendered in
Helicon Focus (HeliconSoft). Autofluorescent dust and precipitates
near, but not touching animals, were digitally removed using Photo-
shop CC version 14.0 (Adobe Systems, Inc.).

Animals imaged by CLSM were dehydrated stepwise in iso-
propanol, and cleared and mounted in 2:1 benzyl benzoate:benzyl
alcohol; or cleared and mounted in SlowFade® Gold (Life Technolo-
gies, cat# S36936). Visualization and imaging were performed with
Zeiss Axioplan 2 LSM510 or Leica TCS SP5-X technology.

3 | RESULTS

3.1 | Serotonin-like (SHT") and Tubulin-like (Tub*)
immunoreactivity in Themiste lageniformis

A developmental staging system for Themiste lageniformis was previ-
ously developed by Boyle and Seaver (2010). Briefly, embryos develop

via unequal spiral cleavage (Stage 1) and then gastrulate by epiboly

(Stage 2) to form lecithotrophic, nonfeeding trochophore-like larvae
(Stage 4). The trochophore-like larvae elongate to form nonfeeding
pelagosphera larvae (Stage 8), which become competent to metamor-
phose into juveniles by Stage 10 (Figure 1). At Stage 5, we observed
serotonergic neurons and neurites in the developing CNS (Figure 2a-d),
with four pairs of 5HT* neurons near the neuropil in the brain. One pair
of 5HT" neurons is positioned dorsal to the neuropil (dS, Figure 2d),
and the other three pairs are ventral to the neuropil (vS, two pairs visi-
ble in Figure 2e). In addition to the four pairs of 5HT* neurons in the
brain, there is one bilateral pair of flask-shaped 5HT* cells in the dorsal-
most head region (fsS, Figure 2c-e). These cells each extend a single
neurite to the dorsal-anterior surface of the head (Figure 2d,e). The
brain connects to the VNC via paired circumesophageal connectives,
which extend in a ventral-posterior direction from the brain. One pair
of circumesophageal connectives is more ventral and one more dorsal
(double closed arrowheads, Figure 2f). In the trunk at Stage 5, the
developing VNC is visible as a concentration of cell nuclei, ranging in
thickness from one to three cells, along the ventral midline (Figure 2a,c).
Within the developing VNC, there are four 5HT" longitudinal bundles
of neurites that extend posteriorly (Figure 2a-d) toward the developing
terminal organ. In the anterior VNC, there are two iterated clusters of
bilaterally symmetric 5HT" cells from anterior to posterior (Figure 2b,d,
brackets in g). Each cluster consists of a dorsal and a ventral pair of
neurons (Figure 2g), and the neurons within a cluster extend a neurite
to approximately the same anterior-posterior position along the longi-
tudinal tracts in the VNC. In addition to these two clusters of 5HT*
cells, there is a more posteriorly localized pair of SHT" cells (asterisks,
Figure 2g) in the VNC, each of which extends a single neurite to the
respective left and right longitudinal tracts of the VNC. The neurites of
these posterior 5HT* single neurons join the longitudinal tracts of the
VNC anterior to the insertion point of the anterior-most 5HT" cell clus-
ter (Movie S1 and Figure S1). Because of the anterior insertion point
for these single cells, we do not think that they are part of either of the
two 5HT" clusters in the VNC or are part of a presumptive third cluster
that is just beginning to form. In the vicinity of the first cluster of 5HT*
neurons, there are peripheral neurites on each side of the trunk that
extend dorsal-laterally from the VNC, and then turn anteriorly toward
the head (open arrowheads, Figure 2b,d,g).

At later stages of development, we found increased 5HT" immu-
noreactivity in the head, making it difficult to determine whether
there are changes in the number of 5HT" cells in the head. At Stage
6, there are still paired 5HT" circumesophageal connectives and the
same number and pattern of 5HT" neurons in the VNC as at Stage
5 (Figure 2h-j). Changes from Stages 5 to 6 are that the SHT" longitudi-
nal tracts of the VNC now form a “loop” just anterior to the developing
terminal organ (closed arrow, Figure 2i,n, inset 2i”). Furthermore, each
of the peripheral neurites associated with the first cluster of 5SHT* neu-
rons extend dorsal-laterally from the VNC and now branch, with one
neurite extending anteriorly toward the head, and the other neurite
extending posteriorly (open arrowhead, Figure 2i, inset 2i).

We also examined Tub® elements of the nervous system at Stage
6 (Figure 2h,j-n). Within the head, the neuropil in the brain is Tub™.

Additional Tub* elements include the paired circumesophageal
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FIGURE 1 Themiste lageniformis,

dlagram <?f developmental stages used egg 1 2
during this study. Development

staging chart modified from Boyle and I I I
Seaver (2010), showing the stages I I I
and their corresponding ages in hours 0 2-12*

postactivation (hpa). Stages 4 and

5 are ventral views, Stage 6 and
pelagosphera are lateral views with
ventral to the left and anterior up. cu,
cuticle; ee, egg envelope; es,
esophagus; ey, eye; in, intestine; mc,
metatroch cells; mg, midgut; mt,
metatroch; pc, prototroch cell; pt,
prototroch; st, stomodeum; to,
terminal organ; VNC, ventral

nerve cord

ventral

Stage 4

connectives and at least seven longitudinal tracts in the VNC, includ-
ing the four 5HT" tracts (Figure 2h,j). There at least five Tub® trans-
verse tracts that cross the midline in the VNC (Figure S2a-d). The
transverse neurites appear to connect the left and right longitudinal
tracts and are at the same dorsal-ventral position as the longitudinal
tracts. The number of neurites contained within each transverse tract
is unclear, but each one crosses multiple longitudinal tracts. We also
detected a total of six pairs of Tub* peripheral nerves in the trunk (ante-
rior-most pair not shown; Figure 2h,j). Interestingly, the insertion point in
the VNC for four pairs of the peripheral nerves is at the same anterior-
posterior position as the Tub® transverse neurites (Figure S2a-d). Five of
the six pairs of peripheral nerves connect to corresponding pairs of Tub*
epidermal organs or papillae in the trunk (Figure 2h, closed arrowheads
in j), and these are discussed in more detail below. The second pair of
peripheral nerves does not connect with papillae, but colocalizes with
the 5HT" branching peripheral neurites that extend from the anterior-
most 5HT" cell cluster in the VNC (compare open arrowheads in
Figure 2i,j). Additional Tub® elements in the trunk include a dorsal pair of
Tub® cells that are positioned between the second and third pairs of
peripheral nerves near the endoderm (open arrows, Figure 2k,n). Finally,
at Stage 6, the developing terminal organ at the most posterior end of
the larva contains six flask-shaped Tub* cells, with three ventral and
three dorsal cells (vT and dT, respectively, Figure 2l,m). Unlike the flask-
shaped cells in the head, which are similar in morphology to sensory cells
found in apical organs of other animals, the bulbous region of the Tub*
cells in the terminal organ is apical while the narrower region is basal.
During metamorphosis from the trochophore-like stage to the
pelagosphera larva (Stages 8 and 9), there are at least 10 5HT* neurons
in the brain (Figure 3a-d), similar to the number observed at Stage
5. The 5HT" dorsal flask-shaped cells (fsS) are still visible and extend
neurites to the dorsal-anterior surface of the head (Figure 3d). A ring of

5HT" neurites near the metatroch, which comprises cells bearing

12-18* 18-25* 25-30*

cleavage - gastrulation = stomodeum = elongation = hatching = crawling = swimming = metamorphosis

| | | | | | | |
30-35* 35-40* 40-48* 2-5d 59d >9d

lateral

Stage 5 Stage 6 pelagosphera

motile, compound cilia, is now visible (mtr, Figure 3b). The paired
circumesophageal connectives are still 5SHT" and connect to longitudi-
nal 5HT* tracts in the VNC that are positioned closer to the ventral
midline when compared to Stages 5 and 6 (Figure 3b vs. Figure 2b,i)
and extend toward the terminal organ (Figure 3b,h, arrow in j). The
VNC is now clearly visible by nuclear staining as a continuous band of
cells (~3-5 cells deep) that run along the ventral midline (Figure 3a,f).
Within the VNC, two clusters of 5HT" neurons are still present
(brackets, Figure 3e); however, the number of 5HT* neurons per cluster
is different than the four per cluster present at Stages 5 and 6. The first
S5HT" cluster has six neurons while the second 5HT" cluster now has
only two neurons (Figure 3b,e). We did not observe formation of any
additional 5HT" clusters in the VNC through Day 6 of development
(Figure 3b,g,i). The anterior pair of peripheral 5SHT" neurites associated
with the first cluster of 5HT" neurons is still present at Stages 8 and
9 and there is now a new pair of 5HT" peripheral neurites associated
with the second 5HT" cell cluster (open arrowheads, Figure 3ek).
Within the first 5HT" cluster, the pair of 5HT" peripheral neurites is
positioned with two neurons anterior and four neurons posterior.
Finally, in the pelagosphera, there are additional 5HT* longitudinal
tracts on the lateral sides of the trunk (double open arrowheads,
Figure 3bk). In contrast to the pattern of 5HT" cells in the VNC of
larva, in 37-day-old juveniles, we observed an increased number of
5HT" cells scattered throughout the VNC, with no apparent clusters
of 5HT" neurons (Figure S3a-c).

Within pelagosphera larvae, the larval cuticle covers the trunk,
making antibody labeling difficult. In order to obtain a more distinct
staining of Tub™ elements in pelagosphera, we microdissected either
part or all of the head to enable primary and secondary antibodies to
reach the posterior end of the trunk. Using this method, we were able
to visualize innervation of the epidermal papillae by the Tub* periph-

eral nerves (closed arrowheads, Figure 3h,i) discussed in more detail
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below. At Stage 9, there are at least five Tub® longitudinal tracts and
at least eight transverse neurites that cross the midline (arrows
pointing at five of them, Figure S2e). In juveniles, the longitudinal
tracts have condensed, forming two paired longitudinal cords in the
anterior half of the VNC (Figure S2f and prlt in Figure S2g) and a sin-
gle, unpaired longitudinal cord in the posterior half of the VNC

(1 P
B Q;‘;‘- r
K> ’
n‘ 2 :‘t.ﬂ'

»

FIGURE 2 Legend on next page.

(Figure S2f and unlt in Figure S2h). We were not able to detect in
juveniles the transverse neurites present at earlier larval stages
(Figure S2f-h).

In summary, there are differentiated 5HT" neurons and neu-
rites in the brain and VNC of T. lageniformis starting in early larval

development through juvenile stages. During larval stages, there
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are two 5HT" clusters of neurons in the VNC with corresponding
5HT" neurites. After metamorphosis, juveniles have more 5HT"
cells scattered along the A-P axis of the VNC, but the clusters of
5HT" neurons in the VNC, including the two seen in larvae, are no

longer detectable.

3.2 | FMRFamidergic-like (FMRF") immunoreactivity
in Themiste lageniformis

We used a cross-reactive, polyclonal antibody against FMRFamide to
detect FMRF-like immunoreactivity (FMRF™) in combination with anti-
Tubulin antibodies (Tub™) from Stages 5-9 in T. lageniformis (Figure 4).
At Stage 5 in the brain, we detected two flask-shaped FMRF" cells
positioned just anterior to the neuropil (fsF; one fsF shown in
Figure 4b). We also detected smaller FMRF" neurons near the neuro-
pil in the brain. At Stage 5, a pair of bilaterally symmetric, Tub* cells
also are present in the most anterior region of the head (Figure 4e).
From the brain, paired FMRF' circumesophageal connectives
(Figure 4a, double closed arrowhead in Figure 4c) extend ventrally
into the VNC where there are a pair of lateral FMRF" longitudinal
tracts and a single median FMRF" longitudinal tract, none of which
extend to the developing terminal organ (Figure 4a,e). Similar to the
two clusters of 5HT" cells in the VNC, we found two pairs of FMRF*
cells along lateral sides of the anterior half of the VNC (Figure 4a,
brackets in 4d,e). Each FMRF* cell sends an axon to the longitudinal
tract on their respective side of the animal, to the median longitudinal
tract, and to the longitudinal tract on the opposite side of the VNC at
this stage (Figure 4d). The lateral pair of FMRF* longitudinal tracts and
two pairs of FMRF™ cells are more laterally positioned than the 5HT*
longitudinal tracts and cell clusters in the VNC. At least one peripheral
FMRF* neurite on each side of the body extends laterally from just
anterior to the first pair of FMRF* neurons in the VNC, and then turns
dorsal-laterally toward the head (open arrowhead, Figure 4e).

At Stage 6, due to an excess of background signal we were not
able to discern the pattern of FMRF" cells and neurites in the head,
although in some preparations we were able to see two flask-shaped
FMRF™ cells, as well as two Tub” cells in the head (Figure 4g). Within
the trunk, two pairs of FMRF" cells continue to be visible in the ante-
rior half of the VNC (brackets, Figure 4f,g), but no additional FMRF*

neurons were observed in the VNC at Stage 6. A lateral pair and a
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single median FMRF* longitudinal tract continue to be visible at Stage
6 (Figure 4f), and these extend into the posterior end of the larva in
the region of the developing terminal organ. As seen at Stage 5, the
peripheral FMRF* neurites extend from a position anterior to the first
pair of FMRF* neurons and sweep toward the lateral-posterior before
turning anteriorly (open arrowhead, Figure 4f,g).

In early pelagosphera larvae, we observed approximately five
FMRF* neurons in the head, but no flask-shaped cells. In the trunk,
the two lateral, two medial, and one median FMRF" longitudinal tracts
in the VNC continue to be visible (Figure 4h) and now join together in
a loop at the posterior end of the body, where they appear to connect
with the dorsal side of the Tub* terminal organ (Figure 4h,m,n). Within
the VNC, the two pairs of FMRF* neurons in the anterior half of the
VNC continue to be visible (Figure 4h,n), and there are now three new
medial FMRF* neurons in the posterior half of the VNC (arrows in
Figure 4n and inset). In the periphery of the trunk, the anterior (first)
pair of peripheral neurites (anterior pair of open arrowheads,
Figure 4n) is still visible, and there are two new pairs of peripheral
FMRF* neurites that now extend from each side of the VNC (second
and third pairs of open arrowheads, Figure 4n). The second pair of
peripheral FMRF" neurites is positioned posterior to the second pair
of FMRF" cell bodies in the VNC while the third, more posterior pair
of peripheral FMRF* neurites extends toward a bilaterally symmetric
pair of two dorsal-lateral FMRF* neurons (open arrows, Figure 4h,n).
Interestingly, these peripheral FMRF* neurons (open arrows,
Figure 4i-1) end near dorsal-lateral papillae in the epidermis, but do
not colocalize with papillar cells bearing external cilia (closed arrow-
heads, Figure 4k,|).

In summary, during early larval stages, there are two pairs of
FMRF" cells and lateral longitudinal tracts in the VNC, in addition to
two pairs of FMRF" peripheral neurites. Later, one more pair of
FMRF" peripheral neurites and three FMRF* neurons in the posterior

VNC are present.

3.3 | Peripheral nerves and the epidermal papillae in
Themiste lageniformis

Beginning at Stage 5 through Stage 6, there are six pairs of Tub®
peripheral nerves that enter/exit the VNC in the trunk, which we refer

to as pairs one through six from anterior to posterior (anterior-most

FIGURE 2 Themiste lageniformis, SHT* and Tub* neural elements in prelarval stages. Images are z-stack projections from confocal laser
scanning micrographs of larvae labeled with anti-serotonin (red), anti-tyrosinated Tubulin (yellow), and nuclear stain (propidium iodide; grayscale)
or TO-PRO3 (cyan). (a,b) Ventral and (c,d) lateral views of Stage 5 specimens showing the developing br and VNC. (e-g) Cropped and magnified
images of the same animal as in (a,b), showing in (e), the fsS in the head and vS in the brain, in (f), the circumesophageal connectives (pairs of
double closed arrowheads), and in (g), the two 5HT" clusters of cells (brackets) in the developing VNC and a posterior pair of SHT™ cells
(asterisks). dS present in the brain are visible in (d), but not visible in (e). Transverse 5HT" peripheral neurites in the trunk are labeled with open
arrowheads in (b,d) and (g). (h-n) Ventral views of a Stage 6 specimen showing the composition of 5HT* and tub® neural elements, and tub*
ciliated cells. (') Inset showing the left transverse 5HT" neurite branching toward the anterior and posterior (open arrowhead), and (i) a view of
the 5HT" loop just anterior to the terminal organ (arrow). (j-n) Cropped magnifications of the same animal as in (h,i). Closed arrowheads in

(i) point to the five pairs of Tub™ papillae and brackets show the position of the two 5HT" clusters. (k,n) Deeper projections showing the two Tub™
cells (open arrows). (I,m) The position of the vT and dTof the terminal organ. br, brain; dS, dorsal 5SHT" cells; dT, dorsal Tub™ cells of the terminal
organ; fsS, flask-shaped 5HT" cells; mt, metatrochal cells; np, neuropil; st, stomodeum; to, terminal organ; VNC, ventral nerve cord; vS, ventral
5HT" cells; vT, ventral Tub* cells of the terminal organ. Scale bar is 50 pm in (a,h,j) and 25 pm in (e k)
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FIGURE 3  Themiste lageniformis, 5SHT* and Tub™ neural elements in the pelagosphera larva. Images are z-stack projections from confocal laser
scanning micrographs of larvae labeled with anti-serotonin (red), anti-tyrosinated tubulin (yellow), and nuclear stain TO-PRO3 (grayscale). (a-c,e) Ventral
and (d) lateral views of Stage 9 pelagosphera larvae showing the developing brain (br) and ventral nerve cord (VNC). (b) The metatroch (mt) and metatrochal
5HT" ring nerve (mtr) and one of the lateral SHT" longitudinal tracts (double open arrowhead). (c) Magnified views of the brain and (e) the anterior region of
the trunk from the same specimen as in (a,b). (d) Lateral magnified view of the head showing one of the pair of dorsal SHT" flask-shaped cells. (f,g) Lateral
views of a Stage 8 pelagosphera larva. (h,j) Ventral and (i,k) lateral views of a Stage 9 pelagosphera with the head removed. Brackets in (h,i) mark two 5HT
clusters, and closed arrowheads point to Tub* papillae on the surface of the trunk. These papillae are innervated by Tub* peripheral nerves. Arrow in

(i) points to the posterior end of the 5SHT* VNC near the terminal organ. (k) Single channel from (i) showing transverse 5HT* neurites (open arrowheads)
and a lateral 5HT* longitudinal tract (double open arrowhead). br, brain; dS, dorsal 5SHT" cells; fg, foregut; fsS, flask-shaped 5HT" cells; mt, metatroch; mtr,
metatrochal 5SHT" ring nerve; st, stomodeum; to, terminal organ; VNC, ventral nerve cord. Scale bar is 50 pm in (a,e,f,h,j,k) and 25 um in (c)

+
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or first pair not shown; Figure 2h,j). At Stage 6, Pairs 1 and 3-6 appear
to innervate five Tub® papillae at ventral, lateral, and dorsal locations
throughout the epidermis in the trunk. Each papilla has one Tub*
cilium that projects externally from the body (Figure 2h, closed arrow-
heads in j). The second pair of Tub* peripheral nerves enters/exits the
VNC near the first 5SHT" cluster and colabel with antibodies against
5HT and FMREF (discussed in more detail previously), but they do not
appear to extend to ciliated papillae. This suggests that the second
pair of Tub® peripheral nerves is different than the other pairs of Tub*
peripheral nerves. The third and fourth pairs of Tub* peripheral nerves
connect to the VNC at the position of the second 5HT" cluster, while
the fifth and sixth pairs of Tub* peripheral nerves enter/exit the VNC
at more posterior locations, and extend toward the two most poste-
rior pairs of papillae (Figure 2h,j).

The pattern of peripheral nerves is slightly different at pelagosphera
stages. There are now five instead of six pairs of Tub* peripheral nerves;
the sixth pair is missing in the pelagosphera. The second pair of Tub®
peripheral nerves continues to colocalize with the first pair 5HT* and
FMRF" peripheral neurites; however, while the 5SHT* neurites end at the
5HT* peripheral longitudinal tracts in the mid-body (Figure 3k), the sec-
ond pair of Tub* neurites extends dorsally past this point and appears to
innervate the second pair of papillae. Likewise, the third pair of Tub®
peripheral nerves in the pelagosphera colocalizes with the second pair of
peripheral 5HT" (Figure 3e) and FMRF" neurites (Figure 4h). However,
neither 5HT* nor FMRF" neurites directly contact the third pair of papil-
lae. The fourth pair of Tub™ peripheral nerves colocalizes with the third
pair of peripheral FMRF* neurites, which branch laterally from the VNC
toward two dorsal FMRF* cells located near the fourth pair of papillae.
The fourth pair of Tub* peripheral nerves, however, continues toward,
and appears to innervate the ciliated papillae; whereas, the peripheral
FMRF" neurites appear to be associated with papillary support cells
(Figure 4i-). Finally the fifth pair of Tub* peripheral nerves extends a little
anterior to the terminal organ. Overall, from early to late larval develop-
ment, there are pairs of iterated Tub* peripheral neurites that extend, in
their majority, to ciliated papillae located in the epidermis. Two of these
pairs of Tub® peripheral neurites colocalize with the 5HT" and FMRF*

neurites and are in phase with the SHT" clusters.

3.4 | Tl-elav1l expression

In order to have a more comprehensive view of nervous system devel-
opment in a sipunculan, we cloned orthologs of the pan-neuronal
markers elav and synaptotagmini from T. lageniformis (Tl-elav1 and TI-
syt1) and examined their expression patterns. Previous phylogenetic
analyses of Elav family members recovered two clades, one neural
clade (Elavl) and one clade (Elav2), that appeared to be unique to
annelids and mollusks (Meyer & Seaver, 2009; Shigeno, Parnaik,
Albertin, & Ragsdale, 2015). To investigate gene orthology of these
Elav proteins in sipunculans, we performed a Bayesian analysis on
Elav proteins recovered from three sipunculan species, T. lageniformis,
N. pellucidum, and P. cryptum. Similar to previous analyses, we recov-
ered two Elav clades: one containing bilaterian neural Elav proteins
(Elavl) and a separate clade (Elav2) containing Elav proteins from
annelids and mollusks. All three sipunculan species had one gene that
clustered in the Elavl clade and one gene that clustered in the Elav2
clade (Figure S4). We examined expression of Tl-elavl, the “neural”
elav gene.

In Stage 4, trochophore-like larvae, Tl-elav1 is expressed in the left
and right lobes of the brain (long black arrow, Figure 5a,b), including in
two flask-shaped cells in the dorsal-anterior region of each lobe (fs in
inset, Figure 5b). At this stage in the trunk, there also are two localized,
bilaterally symmetric regions of Tl-elavl expression on either side of
the ventral midline (long white arrow, Figure 5a,b), likely the anlage of
the developing VNC. Within each of these trunk subdomains, there are
at least five Tl-elavl® cells, all of which are subsurface (Figure 5a,b).
There are also single Tl-elav1* cells in the posterior and dorsal-posterior
regions of Stage 4 animals (closed arrowheads, Figure 5b), which may
be neurons in the developing peripheral nervous system.

At Stage 5, Tl-elavl continues to be expressed throughout the
developing brain (Figure 5c,d) and in subsurface cells in a bilaterally
symmetric pattern in the trunk (long white arrow, Figure 5c,d), which
likely corresponds to the developing VNC. Within each of these sub-
domains (left and right VNC), there are at least 10 subsurface Tl-elav1*
cells. There are also two new regions of Tl-elavl expression in the
trunk, one associated with the stomodeum (double arrowhead,

Figure 5c,d), and one in the dorsal-posterior region (open arrowhead,

FIGURE 4 Themiste lageniformis, FMRF* and Tub* neural elements in Stages 5 and 6 and the pelagosphera. Images are z-stack projections
from confocal laser scanning micrographs of larvae labeled with anti-FMRFamide (magenta or grayscale), anti-g-Tubulin or anti-tyrosinated
Tubulin (yellow), and nuclear stain TO-PRO3 (cyan). (a) Ventral and (e) lateral views of Stage 5. (b-d) Magnified views of the same animal in (a).

(b) Magnified view of the brain showing a flask-shaped FMRF" cell. (c) Double FMRF* circumesophageal connectives (double closed arrowheads).
(d) Two pairs of FMRF™ cells in the VNC (brackets; one pair visible). () Tub™ cells in the head, and a FMRF* peripheral neurite extending anteriorly
(open arrowhead), and a second Tub" papilla on the right side of the trunk (closed arrowhead). Brackets label the positions of the two pairs of
FMRF" cells in the VNC. (f) Ventral and (g) lateral views of a Stage 6 animal showing the two pairs of FMRF" cells (brackets) in the VNC and
peripheral FMRF* neurites (open arrowheads). (h,n) Ventral views of a Stage 8 pelagosphera larva showing two posterior FMRF™ cells (open
arrows), the second, third, and fifth pairs of Tub* papillae (closed arrowheads), and peripheral FMRF* neurites (open arrowheads).

(m) Magpnification of the posterior end of the same animal in (h) and (n) showing the fifth pair of Tub* papillae and the posterior FMRF* loop near
the terminal organ. (o) Lateral view of a Stage 9 pelagosphera larva with two pairs of FMRF" cells in the VNC (brackets). (i-1) Close-up of the inset
from (o). Open arrows in (j-I) point to one of the posterior FMRF™ cells that is not colocalized with the adjacent Tub* neurite innervating the
papillae (closed arrowhead). fsF, flask-shaped FMRF" cells; mtr, metatrochal FMRF™ ring nerve; st, stomodeum. Scale bar is 50 pm in (a,e,f,h,m-o)
and 25 umin (b,i)
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FIGURE 5 Themiste lageniformis, expression of Tl-elav1 in the developing nervous system. All images are differential interference contrast
(DIC) micrographs of whole-mount in situ hybridization results. (a) Ventral and (b) lateral views showing expression in the brain (black arrows) and
the developing trunk (white arrows) of a trochophore-like Stage 4. Closed arrowheads in (b) point to expression in discrete cells on the dorsal-
posterior side. Inset in (b) shows Tl-elav1 expression in flask-shaped cells. (c) Ventral and (d) lateral views of Stage 5 larvae with expression in the
brain and developing VNC (white arrows), and around the stomodeum (double closed arrowheads). There is at least one pair of Tl-elav1® cells on
the dorsal side, opposite to the VNC (open arrowhead). (e) Ventral and (f) lateral views of Stage é showing bilateral expression within the
developing VNC (short white arrows), and a pair of Tl-elav1* cells on the posterior end (closed arrowhead). Additionally, there is expression on the
dorsal-lateral side (short white arrow), and at the expected positions of Tub* papillae (open white arrowhead). (g) Ventral and (h) lateral views of a
Stage 8 pelagosphera larva with Tl-elav1 expression in a continuous sheet of cells in the region of the VNC (white bracket). Double closed
arrowheads point to expression associated with the stomodeum. The open white arrowhead in (h) points at the position of another presumptive
Tub” papillae. Scale bar is 50 um in (a,c.e,g). Asterisks mark the stomodeum




CARRILLO-BALTODANO ET AL.

2 wiLey- i

Figure 5d). The single Tl-elavl® cells in the posterior region are still
present at this stage (closed arrowheads, Figure 5d).

In comparison with previous stages, at Stage 6, the two well-
formed brain lobes are increased in both size and cell number and
show increased levels of Tl-elavl expression, while the Tl-elav1® cells
around the stomodeum were less detectable (Figure 5e,f). The devel-
oping VNC at Stage 6 is morphologically visible, and Tl-elavl is
expressed throughout most of the VNC (Figure 5e,(f). In the most
anterior part of the VNC, Tl-elav1 is expressed in bilaterally symmetric
clusters of cells that extend laterally (short white arrows, Figure 5e).
Within the anterior two-thirds of the VNC, expression is continuous,
with no sign of “breaks” that would indicate ganglionic structures or
remnants of ganglia (Figure 5e,f). In the posterior third of the VNC, TI-
elavl expression was less detectable; a few Tl-elavl™ cells are indicated
with a closed arrowhead in Figure 5e,f. Outside of the CNS, Tl-elav1 is
expressed in a few dorsal-lateral cells posterior to the metatroch (short
white arrow, Figure 5f). At this stage, Tl-elav1 is also expressed in two
dorsal, bilaterally symmetric single cells on either side of the animal,
near one of the epidermal papillae (white open arrowhead points to
one Tl-elav1™ cell near a papilla, Figure 5f).

In early pelagosphera larvae (Stage 8), Tl-elavl continues to be
expressed in the brain (Figure 5g,h), in a few cells near the stomodeum
(double arrowhead, Figure 5g), and in the VNC (brackets, Figure 5g,h).
Notably, expression in the VNC appears largely continuous from ante-
rior to posterior. Finally, Tl-elav1 is expressed in a bilaterally symmet-
ric pattern in a few cells on the dorsal-posterior side of the trunk,
which may correspond to positions of some epidermal papillae at this
stage (open arrowhead, Figure 5h). Similar to larval stages, after meta-
morphosis, there is continuous expression of Tl-elavl in the VNC
(Figure S3d-f).

3.5 | TI-synaptotagminl expression

Across all stages observed, Tl-syt1 is expressed in the developing brain
and the VNC (Figure 6). This gene is also expressed near the stomo-
deum, and in cells throughout the ectoderm of the trunk. As observed
for Tl-elavl, the expression of Tl-syt1 is consistent with an expression
in neurons of the central and peripheral nervous systems, including
cells that may innervate the epidermal papillae and the developing ter-
minal organ.

At Stage 4, Tl-sytl is expressed in both brain lobes (long black
arrow, Figure 6a). There are also two patches of subsurface expres-
sion on the ventral side of the trunk (white arrows, Figure 6a,b). These
two patches of expression extend transversely in “rows” across the
ventral side of the embryo and correlate with a subset of the Tl-elav1
pattern in the VNC anlage (compare Figure 6a with Figure 5a). At
Stage 5, Tl-syt1 is expressed throughout the brain and in a patch of
cells posterior to the stomodeum (double arrowhead, Figure 6c,d). In
the region of the developing VNC, Tl-syt1 continues to be expressed
in two transverse “rows”, each of which now contains up to 10 cells
(white arrows, Figure 6c,d). More posteriorly, there are Tl-syt1* cells

along the ventral midline (open arrowhead, Figure 6c,d).

Tl-syt1 continues to be expressed in the developing brain and near
the stomodeum at Stage 6 (Figure ée,f; double-arrowhead in 6f points
to expression near the stomodeum). In the VNC at Stage 6, the two
transverse “rows” of Tl-syt1 now appear as “finger-like” projections
that extend laterally from a central domain of expression at the ven-
tral midline (white arrows, Figure 6e,[f). However, Tl-sytl is not
expressed in the most posterior region of the forming VNC. Tl-syt1
continues to be expressed in cells at the most posterior end of the
trunk (open arrowhead, Figure 6e,f), near the developing terminal
organ. In addition, pairs of Tl-syt1" cells were detected dorsally and
laterally along the larval body (Figure 6ée,f), and at least one of the two
posterior pairs of cells is associated with a pair of epidermal papillae
(closed arrowheads, Figure 6e).

At the pelagosphera stage, Tl-syt1 continues to be expressed in
the brain (Figure 6g,h), and in cells posterior to the stomodeum (dou-
ble arrowhead, Figure 6ég,h). As seen in earlier stages, Tl-syt1 does not
label the entire VNC, but is instead localized to the anterior half of the
VNC. The two “finger-like” projections of expression in the VNC are
still distinguishable (white arrows, Figure 6gh), along with Tl-syt1*
cells near the ventral midline (Figure 6g,h). We did not detect Tl-syt1*
peripheral cells at this stage (Figure 6g,h). One reason for this could
be that the cuticle in the trunk prevented efficient probe penetration,

making visualization of single Tl-syt* cells in the trunk difficult.

4 | DISCUSSION

In this study, we combined immunohistochemistry and confocal micros-
copy with whole-mount gene expression profiles of neuronal markers
to build upon and extend existing knowledge about the development
of sipunculan nervous system architecture. This is the first use of all
three markers (SHT*, FMRF*, and Tub*) and neuronal genes (