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Neurogenesis in the sea urchin embryo is initiated uniquely

in three domains

David R. McClay*, Esther Miranda and Stacy L. Feinberg*

ABSTRACT

Many marine larvae begin feeding within a day of fertilization,
thus requiring rapid development of a nervous system to coordinate
feeding activities. Here, we examine the patterning and specification
of early neurogenesis in sea urchin embryos. Lineage analysis
indicates that neurons arise locally in three regions of the embryo.
Perturbation analyses showed that when patterning is disrupted,
neurogenesis in the three regions is differentially affected, indicating
distinct patterning requirements for each neural domain. Six
transcription factors that function during proneural specification
were identified and studied in detail. Perturbations of these
proneural transcription factors showed that specification occurs
differently in each neural domain prior to the Delta-Notch restriction
signal. Though gene regulatory network state changes beyond the
proneural restriction are largely unresolved, the data here show that
the three neural regions already differ from each other significantly
early in specification. Future studies that define the larval nervous
system in the sea urchin must therefore separately characterize the
three populations of neurons that enable the larva to feed, to navigate,
and to move food particles through the gut.

KEY WORDS: Sea urchin, SoxC, Sip1, Soxb1, Neurogenesis,
Proneural

INTRODUCTION

The bilaterally symmetrical larva of the sea urchin develops a
nervous system that begins functioning when the larva begins to
feed, which in Lytechinus variegatus occurs between 24 and
48 hours post fertilization (hpf). By that time, 40-50 neurons
constitute the nervous system composed of about four serotonergic,
30-35 cholinergic and five to ten dopaminergic neurons (Garner
et al., 2016; Hinman and Burke, 2018; Slota and McClay, 2018).
These neurons differentiate in three locations in the larva. The
serotonergic neurons differentiate at the anterior end of the larva in
the oral hood (Yaguchi et al., 2000; Angerer et al., 2011). Most of
the cholinergic neurons are distributed within the ciliary band (CB),
which is located between the dorsal and ventral ectoderm (Nakajima
et al., 2004; Burke et al., 2006b). A population of neurons that
are dopaminergic and cholinergic resides just outside the CB (Slota
and McClay, 2018). Cholinergic and dopaminergic neurons also
differentiate just outside the gut tube in the regions of the sphincters
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separating the three gut compartments (Wei et al., 2011; L. Slota and
D.R.M., unpublished observations).

The sea urchin larva uses its simple nervous system for a number
of functions. Coordinated ciliary movements create a current of
water that propels the embryo forward, and synchronized ciliary
reversals divert the current towards the mouth for the capture of food
particles (Strathmann, 2007). A number of neurons that differentiate
within the CB presumably coordinate these functions (Nakajima
et al., 2004; Burke et al., 2006b). Neurons also control swallowing
of food in the foregut by controlling muscular peristalsis that moves
the food particles to the gut chambers. The gut neurons have been
proposed to originate from endodermal precursors (Wei et al.,
2011). Serotonergic neurons at the anterior end of the larva were
reported to coordinate directional swimming (Yaguchi and Katow,
2003) as serotonin-deficient embryos ‘crawled’ rather than swam
(Katow et al., 2007). More neurons are added later as the larva feeds
but it starts behaving with this very limited nervous system.

In many animals, a significant number of neurons arise from
migratory populations of cells (e.g. neural crest cells in vertebrates
or ventral neurons in amphioxus; Kaltenbach et al., 2009). In chick
and mouse, posterior neuromesoderm progenitors migrate from
their site of origin (Tsakiridis et al., 2014; Gouti et al., 2014;
Henrique et al., 2015; Kimelman, 2016; Wymeersch et al., 2016).
Because neurons differentiate at three different locations in the sea
urchin embryo, lineage analysis was necessary to establish whether
those neurons arose locally or emigrated to one or more of the other
locations. That analysis, reported below, establishes that neural
progenitors are specified at the three locations without cell
migrations. This is an obvious contrast to vertebrate neurogenesis
where neural precursors migrate large distances to establish the
sensory, sympathetic and parasympathetic nervous systems.

Several studies addressing sea urchin neural specification have
begun to disclose the mechanisms behind neurogenesis.
Experimentally, in the absence of Nodal signaling, the anterior
neural ectoderm region (ANE) (Angerer et al., 2011) expands and
differentiates as neural tissue (Yaguchi et al., 2006; Bradham et al.,
2009), suggesting that Nodal normally acts in some way to limit the
size of the ANE domain. Based on that signaling, an ancestral
specification subcircuit regulating neural induction was proposed by
Saudemont et al. (2010), wherein neural ectoderm was
hypothesized to be the default condition in the absence of
transforming growth factor B (TGFp) signaling. That idea is
similar to findings in vertebrate embryos, in which the tendency for
nascent ectoderm to adopt a neural fate in the absence of BMP
signaling is termed the ‘default model’ of neural induction
(Hemmati-Brivanlou and Melton, 1997; reviewed by Stern, 2005,
2006). Experimental support for this model in sea urchins was
demonstrated by showing that animal hemispheres, isolated during
early cleavage, become strongly neural, suggesting a default
proneural state in the animal hemisphere. A partial explanation for
that phenomenon was shown to also involve exclusion of Wnt
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signaling from the anterior end of the embryo (Angerer et al., 2000,
2011; Angerer and Angerer, 2003; Yaguchi et al., 2006). However,
signaling data can be misleading. For example, neurogenesis in
vertebrates occurs anteriorly in the absence of Wnt, but posteriorly
Wnt is present and necessary for neurogenesis. In a similar fashion,
as there are three sites of neurogenesis in the sea urchin it could be
that a ‘default state’ is different in each location. Thus, to understand
how neurogenesis is initiated in the sea urchin embryo it is
necessary to determine how patterning establishes each of the
three regions.

Perturbation analyses of Nodal, BMP, FGF and Wnt6 indicate
that each region of neurogenesis is initiated downstream of different
patterning regimes. Perturbation of proneural transcription factors
plus Notch/Delta signaling (involved in restricting the number of
neurons arising from progenitors) indicate that each population
of neural progenitors deploys a somewhat distinct specification
trajectory with little in common between the three territories.

Delta KD

RESULTS

Transcription factors involved in early neurogenesis
Neurogenesis occurs in three domains in the sea urchin embryo. The
ANE domain, also called the animal pole domain (APD) (Bisgrove
and Burke, 1986; Wei et al., 2009; Garner et al., 2016) (Fig. 1A), is
characterized by specification of four to five serotonergic neurons.
A number of neurons differentiate in the CB and in the post oral
region just outside the CB (Garner et al., 2016; Slota and McClay,
2018) (Fig. 1A). The gut also harbors neurons at the mouth and
sphincters, and these were reported to arise from early endoderm
(Wei et al., 2011) (Fig. 1A). Here, we refer to that domain as
‘endomesoderm’ (EM) because it originates at the boundary
between what will become the two germ layers.

As the goal of this investigation was to examine how
neurogenesis is launched in the sea urchin embryo, we first
screened known neural markers to find a group that are expressed
early in one or more of the three neural territories (combining the

Fig. 1. Neurogenesis in early development. (A) Expression of soxC, a proneural gene, occurs in three domains: anterior neuroectoderm (ANE), ciliary band (CB)
and endomesoderm (EM). EG, early gastrula. (A’) The ANE domain specifies a population of neurons in the oral hood of the pluteus (PI) larva. The CB domain
specifies neurons that populate the CB and post oral domain. Neurons arising from the EM eventually populate the mouth and sphincters that separate the foregut,
midgut and hindgut. The yellow lines in A’ point to those three sphincters, in addition to a ganglion on the posterior side of the mouth (M). A yellow asterisk

marks the location of the anus. (A”) A pluteus larva showing the serotonergic neurons in the oral hood and synaptotagmin B-stained neurons around the CB.

A comparison of the two larvae in A’ and A” shows that NgCAM-stained neurites are the same as those recognized by the synaptotagmin B-stained neurites

(see also Fig. S6). In addition, NgCAM stains the EM neurons more readily. The NgCAM antibody also stains the cell membranes of skeletogenic cells (Fig. S6).
Skeletogenic cells, being non-neural, provide an internal control for perturbation experiments below. As a convention for this paper, ANE domain effects will be
illustrated in red, CB domain effects will be illustrated in blue and EM effects will be illustrated in yellow. (B) Proneural genes are expressed in the same cells and
with cells expressing delta. In each case, two cells in a single layer (2 um) of the confocal stack are magnified to show co-expression of proneural genes in the
same cell. Examples were chosen from two different domains where possible. Some cells expressed only one of the two markers. We assume the lack of

co-expression in those cases reflects differential timing of expression of the proneural genes. (C) Knockdown (KD) of delta expression causes each of the proneural
transcription factor genes to be expressed in an increased number of cells relative to controls at the same stage in the territories where these genes are expressed.
The red arrowheads with a plus sign indicate an embryo in which a transcription factor is expressed in more cells of the ANE than control. A blue arrowhead with a plus
sign indicates additional CB cells expressing a proneural marker, and a yellow arrowhead with a plus sign indicates an increased number of EM proneural cells
expressing the marker. In each case, the result reflects a pattern seen in at least 80% of embryos in a single experiment (>100 embryos per treatment) and each
experiment was repeated at least three times (see Materials and Methods for scoring details). The images in the right panels show that following delta knockdowns
more serotonergic (Ser) and synaptotagmin B (SynB)-positive neurons differentiate relative to controls. Scale bars: 50 pm (4 ym for single cell images).
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CB and post oral territories). We cloned and determined
spatiotemporal expression patterns for 43 genes, most of which
had been annotated in sea urchins (Burke et al., 2006a) or activated
early in neurogenesis in either Drosophila or vertebrates (Table S1).
From that screen, six proneural transcription factors were selected:
three that are expressed in all three neural territories (soxC, sipl,
soxbl) and three that are expressed in one or two of the territories
but not all three, at least during the proneural phase of specification
(brnl24, insm, ngn) (Fig. S1). Two other genes, ac-sc and ato, also
appeared to be proneural but were not used because their expression
levels were too low for reliable scoring using the in situ
hybridization approach taken in these experiments. The criteria
for establishing that these transcription factors were proneural, was
that they should be expressed prior to, or coincident with delta
expression because Delta-Notch signaling is involved in restricting
the number of neurons in a territory after proneural specification has
begun (Artavanis-Tsakonas et al., 1991; Fehon et al., 1991,
Mellott et al., 2017). Second, double-label in situ hybridization
analysis established that each of the early-expressed genes were co-
expressed with soxC, an established early-expressed proneural gene
(Garner et al., 2016) (Fig. 1B and Fig. S2). soxbI was a special case
in that it is involved in early specification of ectoderm (Barsi et al.,
2015) and is eliminated post-translationally from the EM (Angerer
et al., 2005). Double in situ hybridization with soxC indicated that
the pattern of soxb I expression somehow contributes to the earliest
proneural soxC expression, and that increased soxbl expression
occurs in the earliest proneural cells (Fig. S2).

The proneural genes we examined are activated at different times
in the three territories. CB cells are activated early after
mesenchyme blastula and the ANE territory initiates neurogenesis
by the midgastrula stage. soxC is activated during cleavage at the
vegetal pole, and at some time during gastrulation EM cells initiate
proneural specification (Fig. S1). Thus, each territory initiates
neurogenesis at a different time, and within each territory proneural
gene expression varies to some extent. Neurogenin (Ngn), for
example, is not expressed until mid-gastrula in the CB proneural
progenitors (Fig. S1; Slota and McClay, 2018). Thus, there is not a
single time that proneural specification is initiated. Rather,
specification begins in some cells at mesenchyme blastula with
others initiated during gastrulation or even later as additional
neurons are added to the nervous system.

Delta-Notch signaling is often involved in restriction of the
number of proneural cells that go on to differentiate. Thus, an
additional criterion for inclusion of a transcription factor as
proneural is that knockdown of delta should expand the number
of cells expressing the proneural transcription factor. That outcome
was seen for each of the six candidate transcription factors, and
antibody staining for neurons indicated the presence of excess
neurons in delta knockdowns (Fig. 1C). Thus, soxC, sipl, soxbl,
brnl24, insm and ngn were used as the proneural markers for
subsequent experiments. It should be noted that brnl24, insm and
ngn are proneural in the CB territory but later are activated in the
other territories after the Delta restriction.

Neurogenesis occurs locally in each of the three domains

Across the animal kingdom, neural precursors often originate in one
location and migrate to distant sites. Therefore, we wondered
whether neural precursors in the sea urchin embryo undergo large-
scale migrations, or whether neural specification begins locally in
the three territories. In an earlier study, KikGR, a photoconverting
fluorophore, was used to photoconvert cells in the ANE domain.
Photoconverted cells were not detected later in the gut (Wei et al.,

2011). It was concluded that endoderm neurons had not originated
from cells that had migrated from the ANE. To further determine
whether migration occurred to establish one or more of the three
neural territories, we chose a cell recombinant approach.
Importantly, it was necessary to determine whether a migrating
cell was neural. The stereotypic cleavage pattern in sea urchin
embryos results in six easily recognized tiers of cells along the
anterior-posterior axis after the sixth cleavage (Fig. 2).
Recombinants were produced in which a single cell, or an entire
tier from an RFP-labeled embryo, was transplanted to an equivalent
location after removal of a host cell or tier from the host embryo
(Fig. 2). Because soxC is expressed in all proneural cells, and is
expressed continuously until neural differentiation (Yankura et al.,
2013; Wei et al.,, 2015; Garner et al., 2016), we scored the
experiment by doing an in situ analysis to identify red cells (territory

An2
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LG LV
Veg?2 o4
EG v
¥y
Veg?2
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Fig. 2. Cell lineage analysis indicates that neurogenesis is initiated in
three locations in the embryo. (A) Schematic of the experimental procedure.
At the 60-cell stage, a single RFP-expressing cell (red) is transplanted to an
equivalent location in an unlabeled 60-cell stage embryo. The donor is from the
same tier of cells as the cell it replaces as shown in the diagrams to the left of
the images in B (the top four tiers are named An1, An2, Veg1 and Veg2 as
indicated (the bottom two tiers, the large and small micromeres, have known
fates and so were not considered). (B) Embryos were fixed at different stages
and double in situ hybridization performed to identify soxC expression (green),
which by this time exclusively marks neural progenitors. The patch of cells
derived from the RFP donor is stained red. The yellow arrows point to soxC-
positive cells that also are stained red, thus neural lineage progeny of the
labeled donor cell. Of more than 80 cases scored we observed no double-
labeled neural progenitors outside the patch of donors, including the bottom
image in which the entire Veg2 tier was transplanted. In that image, as
expected, a number of cells migrate from the patch but none of the migrants is
both red and green. In each case, a portion of a confocal stack is shown at the
level of double-labeled cells, if present. Transplant cases scored: An1, n=3;
An2, n=18; Veg1, n=25; Veg2, n=30; Veg?2 tier, n=4. AV, animal view; EG, early
gastrula; LG, late gastrula; LV, lateral view; MG, midgastrula; Pr, prism. Scale
bars: 50 pm.
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of lineage origin) and green cells (proneural soxC) at the end of
gastrulation or at the prism stage when we knew that proneural
development had been initiated in all three territories. We did not
include the micromeres in the experiment because their fate was
known to be non-neural.

As expected, many of the RFP-labeled Veg2 cells migrated
because that tier later gives rise to pigment cells and several types of
immune cells that migrate throughout the blastocoel and dorsal
ectoderm. However, the red/green soxC/RFP double-positive Veg2
cells remained within the EM domain (Fig. 2). We conclude that EM
neural cells originate and remain in that domain.

We failed to observe any neural progenitors arising from the
Vegl domain in 25 cases scored. We conclude that cells from the
Vegl domain rarely, if ever, contribute to neurogenesis. From An2
transplanted cells, a number of soxC/RFP double-positive neural
progenitors were observed and each became part of the CB or post
oral domain. All double-positive cells remained within or
immediately proximal to the patch of labeled ectoderm, again
indicating that this population initiates neurogenesis locally.
Finally, soxC/RFP double-positive Anl cells gave rise to the
ANE progenitors and no double-labeled Anl neural precursors were
observed outside this domain. Thus, in each of more than 80
transplants resulting in more than 700 labeled soxC cells, the
double-labeled cells were found only within the patch of RFP-
labeled cells. Thus, neural specification initiates locally in the three
domains. The analysis does not rule out short-range migrations
within the domains, especially within the CB domain where
migrations within the dimensions of the RFP patch could occur and

soxC soxb1 sip1

Control

BMP KD

insm

would be missed by this analysis. The analysis also does not
eliminate the possibility that some later neural precursors migrate in
the pluteus (at times after our analysis), though such migration
would not affect our conclusion that neurogenesis occurs in three
domains in the sea urchin embryos.

Prepatterning of the three domains of neurogenesis

‘We next investigated whether early neurogenesis occurred similarly
or differently in the three locations. Neurogenesis occurs as a salt-
and-pepper selection of cells in each domain so neural progenitors
are surrounded by cells that are prepatterned locally by earlier and
coincident specification and signaling. In each domain, the
patterning could act directly on the neural progenitors, or it could
act indirectly on the field of surrounding cells (or both). To
investigate the impact of those patterning signals on neurogenesis,
patterning signals were perturbed and the outcome recorded for each
of the three domains.

Nodal and BMP signaling differentially affect early
neurogenesis in the three territories

Nodal and BMP are crucial signals for ventral and dorsal ectoderm
specification (Duboc et al., 2004) and are involved in prepatterning
of all three germ layers (Duboc et al., 2010). Knockdown of Nodal
with a morpholino (MO) eliminated the CB soxC-positive cells as
well as expression of the other proneural transcription factors in the
CB/post oral domain (brni24, sipl, insm, ngn and soxbl1) (Fig. 3).
At differentiation, there was a loss of neurons in the CB domain
(Fig. 3). At the same time in the ANE territory, knockdown of Nodal

brn 124 NgCAM/295

Serotonin

ngn

Serotonin NgCAM/295

Fig. 3. Nodal and BMP perturbations show differential effects on expression of proneural markers in the three territories. Embryos were stained for
expression of proneural markers after knocking down expression of Nodal (top) or BMP (bottom), and compared with expression of that marker in controls fixed at
the same stage. Interpretations of the effect on marker expression in each of the three neural domains is shown with arrowheads: red for the ANE domain;
blue for the CB domain; yellow for the EM domain. A minus sign indicates marker expression is reduced or absent compared with controls in that territory. A plus
sign indicates increased expression of a marker relative to controls in that territory. Each interpretation is based on at least three independent experiments in which
more than 80% of the perturbants show the phenotype scored (see Materials and Methods for detailed scoring methods). The two right-hand panels show
antibody staining of differentiated serotonergic neurons and NgCAM-stained non-serotonergic neurons. 295 is an antibody that stains the CB. As expected,
the Nodal and BMP knockdowns radialized the embryos in addition to the effects on neurogenesis. Scale bars: 20 ym.
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resulted in an expanded expression of soxC and sip 1, and expanded
numbers of serotonergic neurons in the ANE (Fig. 3).
Overexpression of nodal or knockdown of Lefty, the antagonist of
Nodal, produced the opposite effects, i.e. excess soxC-expressing
clusters in the future CB and absence of soxC-expressing proneural
cells in the ANE (Fig. S3). Overexpression of Nodal resulted in
absence of serotonergic neurons in the ANE and excess CB neurons
(in this case the CB is displaced in a radialized embryo) (Fig. 3,
Fig. S3). Loss of Nodal had a more modest outcome on early EM
specification, although at differentiation there were no EM neurons
surrounding the gut sphincters (Fig. 3).

Previous studies showed that elimination of BMP2/4 allowed the
CB to expand and cover the entire dorsal half of the embryo,
whereas ectopic overexpression of BMP2/4 blocked Nodal
signaling (Bradham et al., 2009). The ectopic BMP2/4 ligand is
expressed prior to endogenous nodal activation, and, as a
consequence, Nodal fails to establish its community effect
(Bradham et al., 2009). Once the Nodal community effect is
established, BMP2/4 expression no longer has a strong impact on
the ventral half of the embryo even if BMP2/4 is present in the
absence of Chordin (Bradham et al., 2009). In neural patterning,
when BMP2/4 was knocked down, the ANE domain failed to
express proneural soxC, or sip/, and there was a larger clearance of
soxbl from that region than in controls (Fig. 3). Many CB and EM
proneural markers were retained or only delayed in expression in
bmp2/4 morphants, as expected, as in those embryos Nodal
expression occurred. When stained with differentiation markers,
BMP2/4 knockdown resulted in the absence of anterior serotonergic
neurons whereas CB and EM neurons were present in the radialized
embryos (Fig. 3). Overexpression of bmp2/4 eliminated expression
of soxC in the CB domain, increased soxC expression in the ANE

sip1 insm

&

soxC soxb1

Control

Wnt6 KD

Control

Fgfa KD

and led to augmented numbers of serotonergic neurons in the ANE
domain, which was the same response seen with the Nodal
knockdowns (Fig. S3). Loss of Chordin and its chaperone function
needed to transport BMP2/4 to the dorsal side resulted in loss of
serotonergic neurons (Fig. S3).

As Nodal and BMP signaling affect dorsoventral
compartmentalization of non-skeletal mesoderm and endoderm
(Duboc et al., 2010), perhaps it was not surprising that the EM
domain of neural specification was also sensitive to Nodal and BMP
signaling though less so than either of the other two domains. Thus,
the three domains of neurogenesis responded differently from one
another in response to Nodal and BMP signaling.

Wnt and FGF signaling differentially affect neurogenesis in
the three domains
We prescreened Wnt3, Wnt5, Wnt8 and Wntl6 (Fig. S4) in addition
to Wnt6. Of those, only Wnt6 perturbations had significant and
consistent effects on early neurogenesis. Loss of Wnt6 resulted in
reduced proneural transcription factor expression in all three
domains (Fig. 4). Thus, for this signal the three territories had a
similar response. The Wnt6 knockdown had a strong and consistent
effect on expression of the delta ligand (Fig. S5). In the absence of
Wnt6, delta was overexpressed in the EM domain suggesting that
Wnt6 normally represses delta expression in this region.
Perturbation of FGFa (Rottinger et al., 2008) affected early
neurogenesis of the three domains differently (Fig. 4). In the ANE
domain, reduction in FGFa signaling greatly altered neurogenesis
by reducing expression of three early proneural genes and no
serotonergic neurons differentiated. Reduction of FGFa reduced
expression of CB markers except for expression of soxC and had a
mixed and different outcome in the EM domain. FGFa loss

brni24 Serotonin/SynB  NgCAM/295

. .-

ngn

Fig. 4. Wnt6 and FGFa knockdowns differentially affect proneural neurogenesis. \Wnt6 (top) and FGFa (bottom) were knocked down and the expression
of the six proneural transcription factors scored during proneural specification at gastrulation. In each case, arrowheads record interpretations of the
knockdown effect (as described in Fig. 3 legend) on a proneural domain at the time embryos were scored. In the two right-hand panels serotonin, NgCAM and a
CB-staining antibody (295) are reported in 24 hpf control and knockdown larvae. The NgCAM stain in the Wnt6 knockdown shows skeletogenic cells but no

neurons. Scale bars: 20 pm.
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radialized the embryos resulting in the CB being moved to a zone on
the bottom of the embryo. Despite the negative effect on some
proneural genes in the CB, some neurons differentiated in the
radialized FGFa-knockdown embryos in this region, as seen in the
embryos stained with NgCAM (Fig. 4).

Gene regulatory network states for the three domains differ
significantly in how they are initiated

The final question addressed was whether neural progenitors in the
three territories were specified as proneural via similar mechanisms.
To address this question, we added data from transcription factor
knockdowns of soxC, sip! and soxb1, the three transcription factors
expressed in all three territories. Expression of the six proneural
transcription factors shows that the response to knockdown of soxC,

Knockdowns
soxC soxbl

Control

sip1

soxb1

sip1

insm

brn124

ngn

sSix3

foxQ2

Fig. 5. Proneural transcription factor knockdowns differentially affect
expression of other proneural and territorial markers. soxC, soxb? and
sip1 were knocked down with MOs and embryos were scored for marker
expression at multiple stages of development. The expression of each marker
was compared with controls at the same stage and interpretations were
recorded for each of the three neural domains (as described in Fig. 3 legend).
In each case, the examples shown represent at least 80% of the embryos
resulting from the same perturbation with more than 100 embryos scored in
each case with at least three replicates performed. Scale bars: 20 pm.

sipl or soxbl differs when the three territories are compared
(Fig. 5). soxC knockdown, for example, affected soxC expression in
the ANE and EM but there was little effect in the CB territory. soxb !
expression, was little affected by soxC or soxb! knockdown but its
expression was affected by sip/ knockdown in the EM and probably
in the CB. six3 and fox(Q2 were included in this experiment because
they are well-known territorial markers in early specification of
ectoderm and, in the case of six3, endoderm territories, and have
been shown to be involved in neural specification (Wei et al., 2009;
Range and Wei, 2016). delta was included in this experiment as a
knockdown read-out as well as its proneural expression contributes
to the regulatory states.

Given the knockdown phenotypes seen both with the patterning
inputs from Fig. 3 and 4 and Fig. S5, plus the transcription factor
knockdowns in Fig. 5, gene regulatory network (GRN) models were
assembled to illustrate the data obtained for each of the three
domains. Fig. 6 shows GRN states operating in each of the three
domains using the assumption that if expression of a gene is
downregulated in response to perturbation of an upstream gene, then
that downstream gene somehow requires function of the upstream
gene product for expression. If expression of the downstream gene is
higher in the absence of the upstream function, then it is likely that
the upstream function somehow represses the downstream
expression (Davidson et al., 2002a,b). Fig. 6 also shows a fourth
GRN model based on those connections that were ‘in common’ to
all three domain GRNs. As can be seen, a relatively small number of
connections are in common. The models depict inputs as direct into
transcription factor targets though in reality many of these inputs are
likely to be indirect. The models also are compressed temporally to
reflect single GRN states despite the fact that proneural specification
occurs at different times in each of the domains and within each
model transactions likely occur at different times. We attempted to
correct for cases in which a perturbation simply caused a delay in
expression by analyzing outcomes at several stages through late
gastrula. In several cases, one or more of the neural progenitor
transcription factors was expressed in domains other than neural. We
tried to account for neural only, rather than the presumed non-neural
expression in the model. The appearance of brn 124 expression in the
EM, for example, may have reflected early expression of endodermal
brn124, which is proposed to be activated in endoderm during
invagination of the archenteron (Yuh et al, 2005), and may
contribute to endoderm specification as well as neural.

Even with these several caveats, a comparison of signaling and
transcription factor inputs into the several proneural genes shows
that proneural specification in each of the three domains of
neurogenesis differs significantly with only a few of the
connections found in all three domains (Fig. 6, ‘In common’
GRN). We conclude that the three domains of neurogenesis in the
sea urchin embryo are initiated by different signaling inputs and the
proneural specification resulting from those inputs also differs.

DISCUSSION

Nervous systems originate in multiple locations in many
animal embryos

Three sites have been described previously as locations where
neurogenesis occurs (Angerer et al., 2011; Wei et al., 2011), and the
present data confirm this and indicate that neural specification is
initiated at these three sites rather than as a result of the import of
neural precursors from elsewhere. The differential origin of nervous
systems in embryos is a feature seen across the animal kingdom. In
Cnidaria, for example, proneural specification occurs distinctly in
ectodermal and endodermal tissues (Layden et al., 2012; Nakanishi
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et al.,, 2012; Watanabe et al., 2014). Acoel neural development
arises from three cell lineages (Henry et al., 2000; Hejnol and
Martindale, 2009). A recent study examining a number of
invertebrates for neural origins noted a relative lack of conserved
patterning mechanisms used during early neurogenesis (Martin-
Duran et al.,, 2018). Furthermore, within clades, differential
specification establishes distinct components of the nervous
system. In vertebrates, for example, neural specification occurs
distinctly in the neural tube, in a subset of neural crest cells, and in
the posterior neural mesoderm (Gouti et al., 2014; Tsakiridis et al.,
2014; Wymeersch et al., 2016). In Drosophila, recent studies on
transcriptomes of different neuronal cell types indicate many
distinct expression profiles (Yang et al., 2016). Thus, regulation of
neural specification across the animal kingdom shares some
properties, but even within single organisms the variation in
specification of local populations of neural progenitors means that
neural gene regulatory networks are diverse in their origins.
Vertebrate neural crest progenitors and neural mesoderm
derivatives migrate some distance from their sites of origin to
populate nervous system territories. Those migrations are common
in other deuterostomes as well. In amphioxus, for example,
peripheral neurons originate in the ventral ectoderm, and migrate
to their intended destinations (Rasmussen et al., 2007; Kaltenbach
etal., 2009). A few neural progenitors in tunicates arise from neural
plate borders and migrate along the notochord (Stolfi et al., 2015).
Hemichordate neurogenesis eventually results in the formation of
dorsal and ventral trunk cord formation along the midline, but
whether the scattered neurons that differentiate arrive there
following a migration or whether there is rapid differentiation of
resident neural progenitors is not known (Cunningham and Casey,
2014). Migrations have not been examined in larvae or after

metamorphosis in echinoderms so one cannot rule out migrations at
some stage in the life of sea urchins but the lineage analysis
indicates that neural origins in sea urchin embryos are local.

The Delta-Notch restriction

Early work on sea urchin specification showed that Delta-Notch
signaling was necessary for induction of the mesoderm (Sherwood
and McClay, 1997, 1999, 2001; Sweet et al., 2002). More recently,
the Delta-Notch pathway has also been shown to be involved in
early neurogenesis of echinoderms (Yaguchi et al., 2012; Yankura
et al, 2013; Burke et al., 2014) and other non-vertebrate
deuterostomes (Pasini et al., 2006; Rasmussen et al., 2007; Lu
et al., 2012). As originally discovered in Drosophila, Delta was
found to be upregulated at the time proneural cells underwent
lineage restriction (Xu and Artavanis-Tsakonas, 1990; Heitzler and
Simpson, 1991; Campos-Ortega, 1993). One Delta-expressing cell
became neural whereas surrounding cells became epidermal via
signaling through Notch. Delta loss-of-function mutations produced
excess neurons. Fig. 1C shows a similar effect of Delta knockdown
on neurogenesis in the sea urchin. There was an excess number of
neural precursors and differentiated neurons, exactly what would be
predicted by an experimental absence of a Notch-Delta proneural
restriction mechanism. The absence of sufficient Delta protein
causes an increase in the number of soxC-positive neural
progenitors and also results in a high number of delta-positive
cells (Fig. S4).

Neurogenesis in the three domains occurs with differing
responses to patterning signals

A number of signals establish the patterning of territories in which
neurons are specified. Perturbation results, when modeled, show
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that the proneural response to those signals largely differs in the
three domains examined here (Fig. 6). Increased Nodal expression,
for example, restricts neural specification in the ANE (Yaguchi
etal., 2007, 2012; Duboc et al., 2008). The CB domain, by contrast,
requires Nodal signaling for proneural specification as loss of Nodal
eliminates CB neurons whereas loss of Lefty expands the Nodal
signal and, correspondingly, increases the number of CB neural
progenitors (Fig. 3, Fig. S3). Nodal perturbations also have an
impact on the EM domain though the extent of that impact is harder
to assess because at the time Nodal influences the EM, soxC and
sip1 are expressed more broadly than their later restricted expression
in proneural cells.

BMP2/4, the signal that normally is necessary for dorsal
ectoderm specification in the sea urchin (Duboc et al., 2004), also
differentially influences specification of the neural domains (Fig. 3,
Fig. S3). Knockdown of BMP2/4 negatively impacts specification
ofneural progenitors in the ANE domain. Nodal, because it diffuses
only a short distance and is expressed very early, probably acts not in
the ANE domain, but earlier in a more posterior region of the
ectoderm to help restrict the size of the future ANE domain to the
very anterior end of the embryo. Recently, Yaguchi et al. (2016)
reported that Nodal is required to suppress the serotonergic neural
fate on the ventral side of the ANE domain. Our data agree with this
and Fig. 3 and Fig. S3 show also that perturbations of Nodal and
BMP have opposite effects on both initial specification of CB neural
progenitors and ANE neurons. In an earlier study, Yaguchi et al.
(2010) concluded that Nodal must be excluded from the CB for
neural differentiation to be seen there. The data here show that the
early specification of CB neural progenitors is not inhibited, and
actually requires Nodal signaling for early specification (Fig. 3,
Fig. S3). Our data agree with Yaguchi’s conclusions, however, in
that if Lefty is knocked down, its absence allows for both Nodal
and for BMP to be overproduced (as BMP is activated by Nodal
expression). The consequence is that there are many fewer
differentiated neurons in the CB than if Nodal is overexpressed
(which allows increased ectopic production of Lefty also) (Fig. S3).
We conclude that Nodal is required for CB neural specification and
differentiation and Lefty is necessary to exclude or limit Nodal
concentrations from the CB as differentiation approaches.

The observed opposite effects of Nodal and BMP in different
regions of neural specification is observed in other deuterostomes.
In amphioxus, CNS formation requires Nodal signaling as well as
inhibition of BMP signaling (Yu et al., 2007; Onai et al., 2010). The
peripheral nervous system, by contrast, requires high levels of
BMP4 signaling (Lu et al., 2012) indicating that TGFf signaling
differs in two domains of neural specification. In tunicates, Nodal is
required for neural plate development, in the formation of the neural
tube, and formation of motor neurons (Hudson and Yasuo, 2005;
Mita and Fujiwara, 2007; Hudson et al., 2011; Navarrete and
Levine, 2016). The peripheral nervous system, by contrast, is
induced by FGF-Nodal and ADMP (BMP ligand) signaling (Pasini
et al., 2006). Thus, the neurogenic ectoderm of the sea urchin
appears to follow a common theme in which neurogenesis occurs at
several sites using distinct patterning inputs. These conserved
opposing signal inputs thus appear to have arisen early in
deuterostome evolution as our data suggest that opposing Nodal-
BMP signals operate in sea urchin neural specification as well.

Wnt signaling and neural specification

In vertebrates, anterior neural development requires inhibition of
Wnt signaling, whereas posterior neurogenesis utilizes Wnt
signaling (Logan and Nusse, 2004; Petersen and Reddien, 2009).

The sea urchin also utilizes Wnt pathways to establish anterior-
posterior identities (Angerer et al., 2011; Range et al., 2013).
Because of this we asked how Wnt perturbations affected early
neurogenesis. Wnt6 knockdowns affected all three domains of
proneural development, albeit in different ways. Each proneural
gene, with the exception of soxb 1, was consistently absent in a large
number of experiments in which Wnt6 was knocked down. At the
same time, posterior delta expression consistently and dramatically
increased in the Wnt6 knockdowns (Fig. S5). We suspect that the
Wt activity affecting delta occurs early in cleavage. qPCR data in
Lytechinus variegatus showed that Wnt6 increases until the 60-cell
stage of cleavage but then its expression largely disappears until
gastrulation (Croce et al., 2011; Lhomond et al., 2012); thus, the
knockdown of Wnt6 could have impacted early specification
prior to neurogenesis, or, since its expression returns at
gastrulation, at the time of neural specification, or both.
Unfortunately, the MO perturbation approach cannot distinguish
between these possibilities.

FGF signaling has an early impact on neural domains
Perturbation of FGF signaling with a pharmacological inhibitor
(SU5402) decreases the number of soxC-expressing cells and fewer
neurons differentiate (Garner et al., 2016). FGF signaling has long
been known to induce and shape neural development across the
animal kingdom (Lamb and Harland, 1995; Doniach, 1995; Mayor
etal., 1997; Ericson et al., 1998; Wilson et al., 2001; Delaune et al.,
2005; Matus et al., 2007; Stolfi et al., 2011; Navarrete and Levine,
2016). When examined in stem cell experiments, addition of FGF to
cell cultures contributes to trajectories toward neural differentiation
(Sterneckert et al., 2010; Cohen et al., 2010; Gouti et al., 2014).
Fig. 4 confirms these earlier findings and shows that FGF impacts
each of the three regions, and in each domain it impacts expression
of sipl, delta and soxbl. Nevertheless, specification of the three
domains is otherwise different, as summarized and modeled in
Fig. 6, in that knockdown of FGF signaling does not uniformly
affect the proneural specifiers.

Specification of neural precursor cells

We conclude that the three neural domains are impacted differently
by signals that establish the initial territorial patterning. The
question remains open as to whether the major impact of each
signal is indirect by patterning the domain in which the neural
progenitors later originate, or whether the impact directly affects
specification in those cells as they initiate trajectories toward a
neural fate. Likely it is a mixture of both. Nodal signaling, for
example, begins hours prior to the first evidence of proneural gene
expression. This suggests that Nodal is more likely to be involved in
setting up territories in which neural specification later occurs, than
in directly activating proneural genes. Only cis-regulatory analysis
of those early neural genes will provide a definitive answer to that
question. The patterning could be more complex than reflected here
as well. For example, a cis-regulatory analysis of the Nodal gene
showed Soxbl-binding sites to be involved in activation of nodal
expression (Range et al., 2007), so the order of specification of
neural cells could be complex.

Once the proneural genes are activated, their specification activity
operates differently in the three domains. Fig. 6 demonstrates
those differences in models based on the perturbation experiments.
The ‘In common’ model (Fig. 6) shows that only a limited
number of connections are in common to all three domains. This
indicates that proneural specification in the three domains already
differs substantially by the time of the Delta restriction. We
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conclude that there is not a uniform induction of neural development
and that each domain of early specification must be treated
independently in order to understand the trajectory of nervous
system development.

MATERIALS AND METHODS

Embryo culture

Adult Lytechinus variegatus were obtained from the Duke University
Marine Laboratory (Beaufort, NC, USA) or collected commercially by KP
Aquatics LLC (Tavernier, Florida, USA) or Reeftopia (Florida Keys, USA).
Gametes were obtained by 0.5 M KCl injection and embryos were cultured
in artificial sea water at 23°C.

Transplantation of blastomeres

For the lineage analysis, single cells were transplanted from a donor embryo to
the equivalent site in a host embryo. Donor embryos were labeled by injection
of an RFP-expressing mRNA. The donor and host embryos were grown in
filtered sea water until the 60-cell stage. They were transferred to calcium-free
sea water and then to a Kiehart chamber. A single blastomere from the donor
embryo was pulled into a suction pipette, then an identical blastomere was
removed from the host embryo. The host blastomere was expelled and behind
it the donor blastomere was inserted into the open site. In this way, the donor
blastomere retained its original apical-basal orientation.

PCR amplification and cloning
RNA isolated from whole embryos at the mid-gastrula stage was used as a
template for cDNA synthesis with the SMARTer PCR system (Clontech,
634925). A set of 5" and 3’ nested PCR primers were designed for
soxC based on alignment with the predicted soxC gene from the
Strongylocentrotus purpuratus genome and other taxa. Primers for
amplifying 1299 bp of the 5 end of the cDNA were 5'-TGAAAGCAGC-
CAATCTGAGTCTATGAG-3' followed by 5-GACTTCCATTGCTCCC-
GACCGAATCAAGCG-3". For the 3’ end, primers resulted in a 534-bp
soxC fragment and were 5'-GCTCACGCCGCCCGCTAAAG-3’, then
5'-CCCGACTGGCTCCAACACG-3'. PCR products were cloned into
pGEM-T Easy vector (Promega, A1360), sequenced, and used to design
forward and reverse primers to produce a single full-length soxC fragment
(5'-CGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGTAC-3’
and 5'-TTTGCAAAATGTTCAGGAAAATATAAATAATGTTCAGCTC-
TTTAGTTGTATGCTGAAATC-3’, respectively). Resulting PCR products
were 1364 nucleotides in length and were cloned into pGEM-T easy vector.
For preparation of an antisense RNA probe, soxC was linearized with Sa/l
and transcribed with T7 RNA polymerase (Roche, 10881767001).
Lv_INSM was cloned using PCR primers (forward, 5'-ACGTCTGCA-
ATATGCCTCGAAACTTTCT-3'; reverse, 5'-AGAGTAGGCATTTGTA-
GGAGGATCACCTGT-3’) for a partial 1740 bp fragment. All other genes
used in this study have been published (Angerer et al., 2000; Bradham et al.,
2009; Croce et al., 2011; Rottinger et al., 2008; Slota and McClay, 2018;
Sweet et al., 2002; Yuh et al., 2005).

Microinjection of MOs and mRNAs

Synthetic mRNAs and MOs (Gene Tools) were injected at the following
concentrations: bmp2/4-MO (0.5 mM) 5'-GACCCCAATGTGAGGTGG-
TAACCAT-3'; bmp2/4 mRNA (0.1 pg/ul); chordin-MO (0.5 mM)
5’-CGGCGTAAAGTGTGATGCGGTACAT-3'; delta-MO (0.3 mM) 5'-
GTGCAGCCGATTCGTTATTCCTTT-3'; nodal-MO (0.3 mM) 5'-TGC-
ATGGTTAAAAGTCCTTAGAGAT-3'; nodal mRNA (0.1 pg/pl); lefty
MO (0.5 mM) 5'-CTGGAGCACCAAGTG-3’; sipI-MO (0.6 mM) 5'-A-
GCTTCTCCAAAATCATGCACACCA-3’; six3-MO (0.6 mM) 5'-ATGT-
TTCCGACTCCGTCCAAACCAT-3’;  wnt6-MO  (0.75 mM)  5'-
AATTGCTATTCGTGTCCACTCCATC-3'; fgfa-MO (0.75 mM) 5'-AG-
AAGAACTACGAAGCATGAAACGC-3'; soxbI-MO (0.3 mM) 5'-CAC-
ACCCGGAGCAGACATTTTGGTC-3".

The above MOs have been previously published and were one of two
MOs that gave the same phenotype for each gene listed above. One of
them was used for this project in each case. The soxC MOs were used
for the first time in this project and were controlled in two ways: rescue

of a MO knockdown by injection of an mRNA that contained
sequences that were not recognized by the MO (soxC, Fig. S6), and
injection of two MOs with the same phenotypic and molecular outcome
[soxC-MO-1 (0.75 mM) 5-GTAGGTTTTGAGGAACCATCTTGAA-
3’; soxC MO-2 (0.75 mM) 5'-TTGAAATCTGCATTC-3']. Start sites
are underlined.

bmp2/4, nodal and soxC mRNAs were made with Ambion mMESSAGE
mMACHINE.

Whole-mount in situ hybridization
Whole-mount in situ hybridization (WMISH) was performed following
standard methods using Roche NBT/BCIP and digoxigenin (DIG)-11-UTP-
labeled RNA probes. Fluorescent detection of DIG was achieved with the
Cy3-Tyramide Signal Amplification System (Perkin Elmer). Double-label
fluorescent WMISH was performed as described by Croce and McClay
(2010), or as chromogenic double-label WMISH using Roche digoxigenin-
11-UTP and fluorescein (Flu)-12-UTP and detected with the substrates Fast
Red (Roche, 11496549001) and NBT/BCIP as specified by Lapraz et al.
(2009). Hoechst 33342 (Santa Cruz Biotechnologies) nuclear staining was
applied to double-label WMISH at a concentration of 1:2000. An RNA
probe was made to RFP with primers forward 5'-ATCGATTCGAATTA-
AGGCCTCTCGAGCCT-3" and reverse 5'-TCATTTTATGTTTCAGGT-
TCAGGGGGA-3' using the membrane RFP-PCS2 construct as a template.
A probe was transcribed using T7 RNA Polymerase by adding a T7 sequ-
ence to the 5’ end of the reverse primer. Double in sifu hybridization was
performed with DIG and Flu probes to SoxC and RFP, respectively, using
CellMask (Thermo Fisher Scientific, C37608) as a counterstain.
Published in situ probes used included chordin (Bradham et al., 2009),
delta (Sweet et al., 2002), nodal (Bradham and McClay, 2006) and soxb!
(Angerer et al., 2005). Additional probes to Lytechinus genes were fox(Q2,
sipl, soxC, six3, insm and brnl24. These were obtained by PCR using
primers to Lytechinus genes obtained from a published transcriptome
(Israel et al., 2016), and the sequences authenticated.

Scoring of perturbations and experimental outcomes

To score the result of each perturbation, in sifu hybridizations were
performed on over 100 embryos. We first determined the relative
percentage of embryos that demonstrated a similar phenotype. The
experiments in this paper were outcomes in which more than 80% of the
knockdowns had similar, if not identical, phenotypes in each of at least
three different tests. Usually more than 90% had the same phenotype, but
we employed a cut off of 80%. Several factors contributed to rejected
experiments. If the batch of eggs was bad and injected controls failed to
develop normally the entire experiment was rejected. If the batch was
highly irregular in that some embryos developed normally but a high
percentage of others did not (greater than 20%), the experiment was
rejected. If a MO gave inconsistent results compared with other
experiments the experiment was rejected. This occurred infrequently but
when it occurred it happened near the beginning or the end of a season
when eggs were less able to tolerate MOs. For the genes considered here,
we conducted MO injections in many separate experiments after
establishing the best concentration of MO to use.

For experiments in which the perturbation surpassed the 80% threshold,
and most did, we recorded and imaged at least ten examples from each of
those. There were minor differences in the experiments that were
included — early proneural cells in a territory might have three labeled
cells and others five in the same experiment, or one embryo might be
slightly more advanced in gastrulation than another, etc. We made no
attempt to differentiate between those. Furthermore, our experiments
overlapped. That is, we performed multiple perturbations with multiple
mixes of markers in each experiment so results could be compared with
one another based on the same conditions and embryo physiology.
Additionally, the concentrations of perturbed signals were tested, before
conducting the experiments. As indicated above, for some of the tests there
were well over ten different repeats when we were comparing outcomes of
one transcription factor versus another as we wanted to compare
experimental outcomes of multiple perturbations on transcription factors
under the same experimental conditions. Finally, we fixed embryos at
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different times based on a concern that a perturbation might simply be a
delayed expression. Based on these experiments, we were confident that
the outcomes reported not only surpassed the 80% threshold but the
outcome of different markers was based on appropriate comparisons with
other marker outcomes. GRN models were constructed using BioTapestry
(Longabaugh, et al., 2009).

Immunostaining

Embryos were fixed with freezing methanol, washed three times with PBST
(PBS with 0.5% Tween 20), and blocked with 4% normal goat serum in
PBST for 1 h. Primary antibodies were used at the following concentrations:
NgCAM (1:50), serotonin (1:1000; Sigma, 5545), synaptotagmin B (1E11;
1:50) (Nakajima et al., 2004; Burke et al., 2006b), 295-CB marker (1:200)
(Bradham et al., 2009) and incubated overnight at 4°C. The secondary
antibodies covalently attached to Cy2, Cy3 or Cy5 (1:200, Jackson
ImmunoResearch Laboratories; Cy2: 715-255-151; Cy3: 711-167-003;
Cy5: 315-007-003) were incubated with embryos for 30 min at room
temperature. A Zeiss LSM510 confocal microscope was used to image
antibody-stained embryos with z-stack at 2-uM intervals. Confocal stacks of
20-25 images were merged together using the LSM software and post-
processed with Adobe Photoshop and Imagel. Single sections were scored
to determine co-expression of two markers in the same cell. Alternatively,
embryos were imaged with a Zeiss Axioplan microscope at 20x.
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Cleavage Blastula MB  Gastrula Prism Pluteus

soxC
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brn124
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Fig. S1. Proneural transcription factors used. Shown are developmental expression profiles of the proneural transcription factors

used in these experiments. The images from cleavage on the left to prism and early pluteus stages on the right reflect the timing of first

expression of the genes and their patterns of expression over time. The three neural domains often were difficult to capture in the same

focal plane so in some cases images reflect a midsaggital section with the CB domain of expression on one side, and in other cases the
ANE domain, when lightly stained, is out of focus.
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soxC and soxB1 series

soxB1 soxB1 soxB1 Fig. S2 Expression of soxC and soxb1 at the time
neurogenesis is initiated. Just prior to invagination of
the archenteron zygotic expression of soxb1 is seen as a
light haze in an ectodermal band surrounding the middle
of the embryo with little to no stain seen at the anterior
end or at the posterior end of the embryo. SoxC then is
LMB EG MG expressed at the posterior edge and anterior to the soxb1
belt. At early gastrula soxb1 is expressed at higher levels
in some cells and at that time Fig. 1 shows that at least
some of those cells co-express soxC. As gastrulation
continues soxb1 is expressed in cells at the blastopore
and at least some of those cells also co-express soxC.
The cartoons at the top show our interpretation of soxb1
and soxC expression over this interval. LMB, late

LMB EG MG mesenchyme blastula; EG, early gastrula; MG, mid
soxC soxB1 soxC soxB1 soxC soxB1  gastrula. Scale Bar = 20 um.

soxC soxC soxC
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Control nodal KD  nodal OE lefty KD bmp OE  chordin KD

-4 -- -= at --

- -t +n -
Ser Ser Ser Ser Ser Ser
NgCAM NgCAM NgCAM NgCAM NgCAM NgCAM
295 295 295 295 295 295

Fig. S3. Additional nodal and BMP perturbations. In addition to the nodal and BMP MO knockdowns shown in Fig. 3,
other experiments perturbed nodal and BMP in different ways. Those perturbations were scored by noting proneural soxC
expression, differentiation of serotonergic neurons (Ser), and of NgCAM staining of neurons. The 295 antibody stains the
CB. The nodal knockdown eliminates CB neurons and expands serotonergic neurons as in Fig. 3. Overexpression of Nodal
does the opposite as it results in clumps of soxC-expressing cells and a radialized embryo that contains a large number of
CB neurons and no ANE neurons. Lefty knockdowns also radialize the embryo (insert of soxC shows expression all around
the equator as viewed from the animal pole) and absence of Lefty allows Nodal to diffuse farther than normal thereby
radializing the domain of CB neurons again at the edge of the vegetal plate. Compared to the nodal over-expression in the
absence of Lefty there are very few CB neurons (The bright red cells above the blue CB are skeletogenic cells). BMP
overexpression causes increased numbers of serotonergic neurons to differentiate in the ANE, and a relative loss of CB and
EM neurons (skeletogenic cells only are stained). The chordin MO causes a loss of serotonergic neurons, and presence of
CB and EM neurons in a partially radialized embryo. In each case the data are consistent with predictions of function based
on effects of the nodal or BMP knockdowns. KD = knockdown, OE = overexpression. Scale bar = 20 ym.
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wnt3 wnt5 wnt6 wnt8 wntl6

w
foxQ2 foxQ2 foxQ2 foxQ2

wnt5 KD wnt6 KD wnt8 KD wnt16 KD

Fig. S4. Screen for Wnts that affect early neurogenesis. The top row shows the earliest expression of Wnt3,
Wnt5, Wnt6, Wnt8 and Wnt16 in L. variegatus. The bottom row shows the expression of foxQ2, a gene
necessary as an upstream protein for neurogenesis in the ANE. As shown, of the MO'’s to each of the Wnts
tested only knockdown of Wnt6 eliminated expression of foxQ2. Wnt3 knockdowns were not tested because first
expression of Wnt3 occurs after proneural specification has begun. Also, knockdown of Wnt8 causes an
overexpression of foxQ2, an observation that was noted in an earlier publication (Range et al., 2013).
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Knockdown
Control bmp delta fgfa  nodal wnt6

- - - -
delta -- -+ - - -- --
. - - - - - - -
Six3
- -- -- - -
foxQ2

Fig. S5. Additional perturbations of genes included in the GRNs
shown in Fig. 6. As with all perturbations shown, these data reflect
expression seen in at least 80% of more than 100 embryos in each of
three trials for each perturbation. Arrows indicate interpretation.
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NgCAM NgCAM

synB D5

Fig. S6. Controls. A. SynB and NgCAM stain the same SynB-positive neurons. NgCAM also
stains neurons of the gut sphincters and the posterior mouth ganglion. NgCAM also stains
non-neural skeletogenic cells and a patch of non-neural cells in the pharyngeal sphincter as
well. The non-neural staining allowed us to use this antibody in perturbations to show specific
effects on neural without affecting the skeletogenic lineage. B. NgCAM (red) stains
membranes of skeletogenic cells near the cell bodies of the syncitium. 1D5

(green) is a monoclonal antibody that stains all skeletogenic cells. C. A MO to soxC causes
delta expression in the gut to increase while at the same time the soxC MO causes a loss of
delta expression in the ANE and CB domains. Addition of soxC mRNA augments delta
expression in the ANE and CB domains and also rescues the soxC MO phenotype. D. Under
conditions where inhibition of proneural transcription factors block differentiation of
serotonergic and synaptotagmin B-expressing neurons, the embryos nevertheless appear to
be normal larvae. The soxC MO used in the perturbed embryos is the same concentration as
shown in Fig. 3, and both control and soxC-MO panels show different focal planes of two
larvae each. Both soxC morpholinos eliminate neurons but do not affect the overt appearance
of pluteus larva.

[
o
)

@©

£

o
qg
£

o)

|

(0]
i)

[

Q

S
Q

Q

Q

>
v

L]
+~

C

()

€

Q
ke

(]

>

(O]
(@]



Development: doi:10.1242/dev.167742: Supplementary information

Table S1. Genes screened for neural markers in early sea urchin neurogenesis

Gene Type Reference
acSc bHLH 1,2 Gene Type Reference
ato bHLH 1 nacha acetylcholine receptor 29
bace beta secretase 3 netrin axon guidance protein 1,18
brn124 Pou 1,4 neurod bHLH 1,11
delta  signal ligand 5 nfe2 basic zipper 11
dix h-box 1 ngn bHLH 1,2,19
ebf3 HLH 1 nos1 enzyme 30
emx Hox 1,4 nt NGF 31
ese ets-related 6 otp homeobox 2,20
eya coactivator 7 prox homeobox 16,21
foxg forkhead 1,8 rx homeobox 1,16
foxm forkhead 1,8 sip1 zinc finger 33
glass zn finger 1,9 six3 homeobox 1,16
glia zn finger 28 soxb1 sox/hmg 22
hbn hbox-paired 1,10 SOXC sox/hmg 11,23
hey bHLH 1,11 synb synaptotagmin b 1
hey4 bHLH 11 th tyrosine hydroxylase 1,2
hnf4 nuclear receptor 12 tix nuclear receptor 24
hox7 homeobox 16 trak mitochondrial protein 25
insm Snag zn finger 13 trim neural ubiquitin ligase 26
islet lim homeobox 1,14 vacht transporter 27
lox parahox 15 zic zn finger 32
mbx homeobox 17
1 (Burke et al., 2006a) 12 (Duncan et al., 1994) 23 (Garner et al., 2016)
> (Slota and McClay, 2018) 13 (Chiang and Ayyanathan, 2013) 24 (Yuetal., 2000)
3 (Vassar et al., 2009) 14 (Lee et al., 2015) 25 (van Sprpnsen etal.,, 2013)
4 (Yuh et al., 2005) 15 (Arnone et al., 2006) 26 (Khazaei et al., 2011)
5 (Sweet et al., 2002) 16 (Howard-Ashby et al., 2006a) 27 (Prado et al., 2006)
6 (Rizzo et al., 2006) 17 (Kawahara et al., 2002) 28 (Vokes et al., 2007)
7 (Pignoni et al., 1997) 18 (Serafini et al., 1994) 29 (Miyazawa et al., 2003)
8 (Tu et al., 2006) 19 (Sun et al., 2001) 30 (Bredt and Snyder, 1989)

9 (Moses et al., 1989) 20 (Di Bernardo et al., 1999) 31 (Patruno et al., 2001)
10(Walldorf et al., 2000) 21 (Torii et al., 1999) 32 (Materna et al., 2006)
11(Howard-Ashby et al., 2006b) 22 (Kenny etal., 1999) 33 (Sheng et a., 2003)
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