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A B S T R A C T

In the deuterostomes and ecdysozoans that have been studied (e.g. chordates and insects), neural fate
specification relies on signaling from surrounding cells. However, very little is known about mechanisms of
neural specification in the third major bilaterian clade, spiralians. Using blastomere isolation in the annelid
Capitella teleta, a spiralian, we studied to what extent extrinsic versus intrinsic signals are involved in early
neural specification of the brain and ventral nerve cord. For the first time in any bilaterian, we found that brain
neural ectoderm is autonomously specified. This occurs in the daughters of first-quartet micromeres, which also
generate anterior neural ectoderm in other spiralians. In contrast, isolation of the animal cap, including the 2d
micromere, which makes the trunk ectoderm and ventral nerve cord, blocked ventral nerve cord formation.
When the animal cap was isolated with the 2D macromere, the resulting partial larvae had a ventral nerve cord.
These data suggest that extrinsic signals from second-quartet macromeres or their daughters, which form
mesoderm and endoderm, are required for nerve cord specification in C. teleta and that the 2D macromere or its
daughters are sufficient to provide the inductive signal. We propose that autonomous specification of anterior
neural ectoderm evolved in spiralians in order to enable them to quickly respond to environmental cues
encountered by swimming larvae in the water column. In contrast, a variety of signaling pathways could have
been co-opted to conditionally specify the nerve cord. This flexibility of nerve cord development may be linked
to the large diversity of trunk nervous systems present in Spiralia.

1. Introduction

Where studied, neural development usually begins with a region of
ectoderm receiving extrinsic signals instructing it to become neural
(Stern, 2005). Our understanding of this process largely comes from
data on two of three major bilaterian clades, deuterostomes (Alvarez
et al., 1998; Bertrand et al., 2003; Lea et al., 2009; Muñoz-Sanjuán and
Brivanlou, 2002; Pera et al., 2003; Rentzsch et al., 2004) and
ecdysozoans (Gómez-Skarmeta et al., 2003; Skeath, 1998; von Ohlen
and Doe, 2000). In vertebrates and insects, neural specification is
linked to dorsal-ventral (D-V) axis specification and involves multiple
signaling events. In vertebrates, neural tissue arises from future dorsal
ectoderm and relies in part on inhibition of BMPs by graded antago-
nists secreted from the organizer (e.g. Chordin, Noggin, and Follistatin)
as well as signaling by FGFs and Wnts (De Robertis and Kuroda, 2004;
Stern, 2006, 2005; Wilson and Edlund, 2001). In Drosophila melano-
gaster, a ventral-to-dorsal gradient of nuclear Dorsal (NF-κB) protein
in the early embryo helps establish the D-V axis, including the region of
neurogenic ectoderm. This is achieved by regulating components of

other signaling pathways including EGFR and Dpp (BMP2/4). Dorsal
upregulation of rhomboid generates a gradient of EGFR signaling in
the lateral (future ventral) ectoderm, which helps define the neurogenic
domain. Dorsal also upregulates sog (chordin) in the lateral ectoderm,
thus generating a dorsal gradient of Dpp (BMP2/4) signaling (Bier,
2011; Ferguson and Anderson, 1992; Irish and Gelbart, 1987; Lynch
and Roth, 2011; von Ohlen and Doe, 2000; Wilson et al., 2014).

Very little is known about neural specification in the third major
bilaterian clade, spiralians. Classic studies using blastomere isolation in
several organisms, including spiralians, have contributed to our under-
standing of the role of autonomous and conditional fate specification of
multiple tissues including neural ectoderm (Fig. 1A and B) (Costello,
1945; Goldstein, 1993; Novikoff, 1938; Reverberi, 1971; Thorpe et al.,
1997; Wikramanayake and Klein, 1997). Many taxa within Spiralia
have a stereotypical cleavage pattern called spiral cleavage, allowing
cell fate and lineage to be compared across taxa (Hejnol, 2010;
Lambert, 2010). Starting at the third round of divisions in these
animals, the four blastomeres (A–D) cleave asymmetrically to generate
a ‘first-quartet’ of smaller micromeres at the animal pole (1a–1d, also
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referred to as 1q) and larger macromeres at the vegetal pole (1A–1D,
also referred to as 1Q) (Conklin, 1897) (Fig. 1C). Daughters of 1q
micromeres (1q1) generate anterior neural ectoderm in many spiralians
(Ackermann et al., 2005; Dictus and Damen, 1997; Hejnol et al., 2007;
Henry et al., 2004; Henry and Martindale, 1998; Huang et al., 2002;
Render, 1991; Wilson, 1892). Furthermore, the 1q blastomeres and
their descendants asymmetrically inherit maternal mRNAs (Henry
et al., 2010; Kingsley et al., 2007; Lambert and Nagy, 2002;
Nakamura et al., 2017), although the functions of most of these
mRNAs remain unknown and none have yet been identified as neural
determinants. One maternal mRNA, IoLR5, is necessary for develop-
ment of the eyes and ciliary bands in the episphere of the snail Tritia
obsoleta (previously known as Ilyanassa obsoleta) (Rabinowitz and
Lambert, 2010).

The lineages that contribute to trunk neural ectoderm are more
variable in spiralians (Boyer et al., 1998, 1996; Dictus and Damen,
1997; Hejnol et al., 2007; Henry et al., 2004; Henry and Martindale,
1998; Meyer et al., 2010; Render, 1997). In annelids, one cell at the 16-
cell stage, the 2d micromere, generates the entire trunk ectoderm and

ventral nerve cord (VNC) (Fig. 1C) (Ackermann et al., 2005; Anderson,
1959; Huang et al., 2002; Meyer and Seaver, 2010; Wilson, 1892). In
contrast, 2d in mollusks makes only portions of the foot and shell gland
(Dictus and Damen, 1997; Hejnol et al., 2007; Render, 1997).
Furthermore, the D-quadrant, including 2d, is conditionally specified
in some spiralians (Henry and Perry, 2008; Martindale et al., 1985),
and subsequently acts as an organizer, specifying the dorsal-ventral (D-
V) axis and certain tissues in both the head and the trunk (reviewed
in Henry (2014) and Lambert (2008)).

Comparisons of fate maps across annelids and mollusks suggests
that there may be differences in neural fate specification between the
brain and ganglia in the trunk as these tissues are generated from
different lineages. To begin to address this question, we examined
neural specification in the annelid Capitella teleta, whose brain is
derived from daughters of 1q micromeres (1q1) and whose VNC is
derived from daughters of 2d (2d1121 and 2d1122; Fig. 1C and D)
(Meyer et al., 2010; Meyer and Seaver, 2010). In addition to generating
the VNC, the 2d micromere in C. teleta has been hypothesized to act as
the organizer. However, laser ablation of 2d did not block expression of

Fig. 1. Early neural ectoderm specification across Bilateria and neural fate map in the annelid Capitella teleta. (A) Ectoderm receives early signals instructing
formation of neural versus non-neural ectoderm. (B) Generalized phylogeny of Bilateria and its sister group Cnidaria, showing that in the organisms studied so far, neural specification is
achieved via extrinsic signals (conditional specification). ** Within Deutorostomia, autonomous specification of the nerve cord has been reported in two species of ascidians (Hudson,
2003; Minokawa et al., 2001). In Spiralia, the mechanisms involved in neural specification are unknown. (C) Diagrams (modified from Meyer et al. (2010)) showing spiral cleavage in 8-
and 16-cell embryos and the larval body plan at stage 6 in the annelid Capitella teleta. Blastomeres that generate the brain (purple) and ventral nerve cord (orange) are indicated.
Blastomere nomenclature is as in Conklin (1897). (D) Lineage diagram (modified from Meyer et al. (2010)) showing the fates of early blastomeres in C. teleta. The cells that make the
brain (micromeres 1a–1d) are in purple, and the cell that makes the vast majority of the ectoderm in the trunk, including the ventral nerve cord, (micromere 2d) is in orange. A: anterior;
D: dorsal; EC: ectoderm; EN: endoderm; L: left; LD: left-dorsal; LV: left-ventral; MS: mesoderm; P: posterior; R: right; RD: right-dorsal; RV: right-ventral; VNC: ventral nerve cord.
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the pan-neural gene Ct-elav1 (Amiel et al., 2013). This result suggests
that the brain could be specified autonomously in the 1q1 blastomeres
and their daughters by asymmetric inheritance of determinants.
Alternatively, one or all of the remaining macromeres (2A, 2B, 2C,
and 2D) could induce brain fate in the 1q1 cells. There is less evidence
supporting either autonomous or conditional specification of VNC fate
in 2d. Ablation of the C, 2D, 3D, or 2D+3D macromeres in C. teleta
resulted in larvae with a fairly normal body plan and D-V axis, and
animals in which 2D+3D was ablated may have had a VNC based on a
nuclear staining and labeling with anti-acetylated-tubulin (Amiel et al.,
2013). However, Ct-elav1 expression was not examined in these
animals. Because secreted factors such as Chordin/Sog, FGFs and/or
EGFs are important for neural induction in arthropods and deuter-
ostomes, we hypothesized that VNC fate in C. teleta is conditionally
specified in the 2d cell or its daughters by neighboring cells. Because
ablation of 2D+3D may not block VNC formation, it is possible that all
second-quartet macromeres produce an inductive signal and that the
factors necessary to respond to this signal are asymmetrically segre-
gated to the 2d micromere and subsequently to its daughters to
generate the VNC. Alternatively, an inductive signal could be restricted
to the D quadrant, specifically 2D or its daughters, and all second-
quartet micromeres (2q) could be competent to respond. In this
scenario, 2d would be induced to produce neural tissue because of its
close proximity to 2D.

2. Results and discussion

2.1. Isolated 1q micromeres form brain tissue

To distinguish between intrinsic and extrinsic signals during neural
specification in C. teleta, we isolated and cultured blastomeres from 2-
to 16-cell embryos using a combination of chemical and mechanical
treatments, and compared them with normal larvae developed from
whole-embryo controls. After six days, whole-embryo controls devel-
oped into normal, segmented metatrochophore larvae divided into a
head, trunk, and pygidium (Fig. 2A) (Seaver et al., 2005). In normal
larvae, the trunk is delimited by two ciliary bands, the anterior
prototroch and the posterior telotroch (Fig. 2A and E). The anterior
brain and the VNC in the trunk contain a large number of differentiat-
ing neurons, as seen by expression of the pan-neural marker Ct-elav1
(Fig. 2B–E) (Meyer and Seaver, 2009) and the presence of serotonin+

(5HT+) and FMRF+ neurons and axons (Fig. 2F–I) (Meyer et al., 2015).
Pax expression also is visible in the brain and VNC at stage 6 (Fig. 2H
and I). In addition to the brain, the anterior neural system (ANS;
defined here as all neural cell types derived from 1q (Marlow et al.,

Fig. 2. Partial larvae derived from isolation of first-quartet (1a–1d) micro-
meres. (A) Diagram of an 8-cell, control embryo showing the first-quartet micromeres,
1a–1d (purple), whose daughters, 1a1 – 1d1 (1q1 collectively) form the larval brain
(purple) after six days. (B–I) Stage 6 larvae derived from a whole-embryo control. B, D,
F, and H are images of the two lobes of the brain (br) from an anterior view, ventral

down. C, E, G, and I are images of the left-brain lobe (br) and the ventral nerve cord
(VNC) from a left-lateral view, anterior left. An asterisk marks the position of the mouth.
(J) Diagram of isolated 1a–1d micromeres from an 8-cell embryo, which form a partial
larva consisting of a swimming head with neural tissue after six days. (K–S) Partial larvae
derived from isolated 1a–1d micromeres, which would normally form the head ectoderm
including the brain and prototroch. Lateral views have the prototroch positioned to the
right of the panel. Anterior views have the anterior end of the larva towards the reader.
Panels B, C, and K–M show expression of Ct-elav1, a marker of differentiating neurons.
Panels D, E, and N–P are Z-stack projections of widefield images showing false-colored
Ct-elav1 expression (red) and anti-acetylated-Tubulin (yellow, cilia) staining. Panels F–I
and Q–S are CLSM z-stacks of different labels as follows. (F, Q) Cyan: TO-PRO-3 (DNA);
white: anti-serotonin; magenta: 22C10 (larval and juvenile eye sensory cells). (G) Cyan:
TO-PRO-3 (DNA); orange: F-actin (muscle fibers); white: anti-serotonin. (H, I, R) White:
anti-FMRF; green: DP311 (Pax). (S) Cyan: Hoechst (DNA); yellow: anti-acetylated-
Tubulin (cilia). The same animals are shown in K and N, L and O, and M, P, and S. The
closed arrowhead in H and I points to FMRF+ neurons in the brain while the open
arrowhead in H points to the anterior mouth cell (F-AMC, (Meyer et al., 2015)) in the
trunk. The arrow in Q points to the sensory cell of the larval eye. The arrow in S points to
a cluster of nuclei. Number of animals with phenotypes shown above is provided in Table
S1. 5HT: serotonin; br: brain; cm: circular muscles; fg: foregut; je: juvenile-eye sensory
cell; le: larval-eye sensory cell; lm: longitudinal muscles; pt: prototroch; scac+: acetylated-
Tubulin+ cells; SC: sensory cell; ‘S’-f: ‘S’-shaped FMRF+ cell; tt: telotroch; VNC: ventral
nerve cord. All scale bars are 50 µm.
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Fig. 3. Partial larvae derived from isolation of animal cap micromeres, including 2d. (A) Diagram of a whole-embryo control showing the fate of first-quartet micromeres
1a1–1d1 (purple) and the 2d micromere (orange), which form the larval brain and ventral nerve cord, respectively, after six days. (B–E) Stage 6 larvae derived from a whole-embryo
controls. All are images of the left-brain lobe and the ventral nerve cord (VNC) from a left-lateral view, anterior left. An asterisk marks the position of the mouth. (F) Diagram of isolated
first- and second-quartet micromeres, including 2d, which form a partial larva with a head with neural tissue and an elongated trunk comprising ectoderm but no neural tissue or muscle
fibers after six days. (G–N) Partial larvae derived from isolated first- and second-quartet micromeres, including 2d. Panels B, G, and I show expression of Ct-elav1, a marker of
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2014; Wanninger, 2008; Williams et al., 2017)) also contains two
clusters of acetylated-tubulin+ sensory cells (scac+) positioned dorsal to
the brain (Fig. 2D) (Amiel et al., 2013; Meyer et al., 2015) and one pair
of differentiated larval eyes and one pair of presumptive juvenile eyes
positioned on the left and right sides of the brain (Fig. 2F). Each larval
and juvenile eye has one sensory cell, which can be visualized with
22C10 (Yamaguchi and Seaver, 2013) (Fig. 2F le and je, respectively),
and the larval eyes also have one orange pigment cell (Rhode, 1993).
Other tissues present in stage 6 larvae include longitudinal and circular
muscle fibers derived from third- and fourth-quartet micromeres (3a,
3c, 3d, and 4d) and a developing foregut derived from the 2q
micromeres (Fig. 2G) (Boyle and Seaver, 2008; Hill and Boyer, 2001;
Seaver et al., 2005). Additional FMRF immunoreactivity is present in
‘S-shaped’ cells throughout the ectoderm while additional DP311 (Pax)
immunoreactivity is present in a small subset of cells around the
foregut and in the mesoderm, and weakly in cells of the prototroch and
telotroch.

To test whether or not the brain is autonomously specified in C.
teleta, we isolated micromeres 1a–1d (1q). After six days, these partial
larvae expressed the pan-neural gene Ct-elav1 (n=26/26; Fig. 2J–P).
The partial larvae appeared to be a swimming ‘head’ (Fig. 2J; Table S1)
with a prototroch at one end, which we inferred to be the posterior end
(Fig. 2K–P). We observed Ct-elav1 expression in one (n=16/26;
Fig. 2K and N) or two domains (n=7/26; Fig. 2L and O), sometimes
with extended posterior projections (n=3/26; Fig. 2M and P). Clusters
of scac+ cells were present near the Ct-elav1 expressing domains, but in
a varied number and position (Fig. 2N–P). This supports the inter-
pretation that Ct-elav1 was expressed in brain tissue in the 1q-derived
partial larvae because these cells are normally associated with the
brain. However, the disorganization of the scac+ clusters and the
presence of one or two Ct-elav1+ domains with occasional posterior
projections suggests a lack of bilateral and possibly D-V symmetry in
the swimming heads. In further support of the head identity of the
partial larvae, some had the orange pigment cells of the larval eyes
(Video 1; Table S1) and the sensory cells of the larval and juvenile eyes
(Fig. 2Q; Table S1), which are also normally associated with the brain.
We also found Pax+ cells (n=17/17) and one or two FMRF+ neurons
(n=14/17), further confirming the formation of neural tissue in the 1q-
derived partial larvae. Finally, we saw several ‘S’-shaped FMRF+ cells
(‘S’-f) (n=13/17) (Fig. 2R) and clusters of more densely packed nuclei
(e.g. black arrow in Fig. 2S) that were associated with Ct-elav1
expression where examined and likely represented brain tissue.
Interestingly, we did not detect serotonin+ neurons (n=0/33) in the
1q-derived partial larvae (Fig. 2Q, R), indicating that these cells may
either be specified conditionally or that they may derive from a lineage
other than 1q (discussed further below). Finally, the segregation of the
different neural and ciliary markers demonstrates that these partial
larvae formed and partitioned neural, non-neural, and prototrochal
fates.

Given that our isolation approach removed all other blastomeres, it
provides new insight into the autonomous specification of anterior
neural tissue in the 1q cells. Similar to our findings, laser ablation
experiments in C. teleta have shown that the D cell at the 4-cell stage,
1D at 8-cell stage, or 2d and 2D at the 16-cell stage are not necessary
for anterior neural specification (Amiel et al., 2013). Taken together,
both blastomere isolation (this study) and laser ablation (Amiel et al.,
2013) experiments demonstrate that 1q micromeres in C. teleta may
form brain tissue by inheriting maternal determinants at the third

division, and do not require extrinsic signals from the 1Q macromeres,
or subsequent lineages including the hypothesized organizer 2d,
mesoderm, or endoderm. Alternatively, cells other than the brain
precursors could inherit determinants, and later conditional signaling
between the daughters of 1q could then specify neural fate. Previous
fate-mapping experiments in C. teleta found that the 1q1 blastomeres
contribute to neural and non-neural ectoderm while the 1q2 blasto-
meres form the prototroch (Fig. 1D) (Meyer et al., 2010). Additional
lineage tracing done by Eisig in 1898 found that the 1q111 blastomeres
form both neural and non-neural ectoderm in Capitella capitata (Eisig,
1898). This suggests that although neural (or other) determinants may
be inherited by the 1q blastomeres at the 8-cell stage, neural
specification occurs much later in a subset of their descendants.

2.2. Isolated 1q and 2q micromeres do not form the ventral nerve
cord

In order to test if specification of the VNC in the trunk requires
extrinsic signals, we tried to isolate 2d at 13- to 16-cell stages.
However, isolated 2d blastomeres lysed within hours or days.
Costello (1945) was capable of isolating 2d blastomeres from only
three embryos of the annelid Alitta succinea (previously Nereis
limbata), but also found that they arrested after cleaving several times.
To overcome this, we isolated the animal cap as soon as 2d was born.
This included 2d plus the other 1q and 2q micromeres. This allowed us
to test if the second-quartet macromeres (2Q; i.e. vegetal pole), which
form endoderm and mesoderm, send extrinsic signals to 2d or its
daughters to induce neural tissue of the VNC. The whole-embryo
controls had a brain and VNC that expressed Ct-elav1, in addition to
mesodermal and endodermal tissues (Fig. 3A–E). Also visible were the
prototroch and telotroch, as well as the neurotroch, which is positioned
at the ventral midline below the VNC (Fig. 3C).

When we isolated animal caps at the 16-cell stage, about half of
them (n=25/52) developed into elongated, swimming larvae with a
head, a trunk delimited by a prototroch and telotroch, and a pygidium
(Fig. 3F–N; Table S1), as expected from the fate map (Meyer et al.,
2010). The other half developed into swimming larvae with a head and
a shortened trunk (n=27/52; Table S1), which we think resulted from
improper division of 2d. In the animals with an elongated trunk, we did
not detect ganglia, serotonergic neurons, or expression of Ct-elav1
(n=0/18) between the prototroch and telotroch (Fig. 3G–J), indicating
that these larvae lacked a VNC. In contrast, the tissue anterior to the
prototroch expressed Ct-elav1 (n=13/18), coincident with a high
density of nuclei, which we interpret as the brain (Fig. 3G–K; Table
S1). As further confirmation that Ct-elav1 expression was in brain
tissue in larvae derived from animal caps isolated at the 16-cell stage,
we detected the pigment and sensory cells of larval eyes, the sensory
cells of the juvenile eyes (Fig. 3N; Video 2; Table S1), and the scac+ cells
(Table S1) on one end of the partial larvae. Unexpectedly, we also
detected serotonin+ neurons in the head (n=24/24), which sent axons
posteriorly towards the elongated trunk (Fig. 3M). The head of the
animal cap isolates appeared to have bilateral symmetry and a D-V
axis, as seen by the formation of two brain lobes and lack of Ct-elav1+

posterior projections. Both of these findings are in contrast to the 1q
isolates, which lacked serotonin+ neurons and did not have clear D-V or
left-right axes. Within the trunk, the neurotroch ciliary band serves
both as a marker of cell fate, since it is mostly derived from daughters
of 2d (Fig. 1D) (Meyer and Seaver, 2010), and a D-V marker, since it is

differentiating neurons. Panels C, H, and J are Z-stack projections of widefield images showing false-colored Ct-elav1 expression (red) and anti-acetylated-Tubulin (yellow) staining.
Panels D, E, and K–N are CLSM z-stacks of different labels as follows. (D) Magenta: 22C10 (eye sensory cells); cyan: TO-PRO-3 (DNA); white: anti-serotonin. (E, L) F-actin (muscle
fibers). (K) TO-PRO-3 (DNA). (M) anti-serotonin. (N) 22C10 (eye sensory cells). The same animals are shown in G and H, I and J, and K, L, and M. In G, the trunk is demarcated with a
dashed line while in G and H, the head and pygidium (pg) are indicated with brackets. In I, the trunk is demarcated with black dashed lines while in I and J, the head and pygidium are
marked with white dashed lines. In K, the head is outlined with a dashed line and the pygidium is bracketed. In N, the trunk plus pygidium is outlined with a dashed line and the
pygidium is bracketed. Number of animals with phenotypes shown above is provided in Table S1. 5HT: serotonin; 5HT-bn: serotonin+ brain neurons; am: anterior muscles; br: brain;
cm: circular muscles; fg: foregut; je: juvenile-eye sensory cell; le: larval-eye sensory cell; lm: longitudinal muscles; pg: pygidium; pt: prototroch; scac+: acetylated-Tubulin+ cells; SC:
sensory cell; tt: telotroch; VNC: ventral nerve cord. All scale bars are 50 µm.
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localized to the ventral midline (Fig. 3C). Within the trunks of the
animal-cap larvae, we detected scattered cells with tufts of cilia that
could be remnants of the neurotroch (Table S1), but these cells were
not localized to one side of the animal, suggesting a loss of the D-V axis
in the trunk. Based on nuclear staining and DIC microscopy, the
animal-cap larvae lacked a foregut (data not shown), which is normally
derived from the 2a–2c micromeres (Fig. 1D) (Meyer et al., 2010).
However, this should be confirmed with additional molecular markers
in the future. We also did not detect any yolk granules based on DIC
microscopy or muscle fibers based on staining for f-actin, confirming
the absence of endodermal and mesodermal fates, respectively
(Fig. 3G, I, and L). As mesoderm and endoderm is normally generated
by daughters of second-quartet macromeres (Meyer et al., 2010), this

further verifies their removal in the animal-cap isolates.
Blastomere isolation and ablation experiments have shown that the

D quadrant can develop into an almost normal larva in some spiralians
(Clement, 1956; Wilson, 1904a, 1904b), making it plausible that the
2D macromere or its descendants are sufficient to induce trunk neural
fate. In order to test this possibility, we isolated the animal cap
(including 2d) plus the 2D macromere at the 16-cell stage (SFig. 1,
Table S1). We found that 13 out of 16 animals had ganglia in the trunk,
and 12 of these expressed Ct-elav1 in the ganglia, demonstrating that
2D or its descendants are sufficient to induce formation of the VNC. In
these isolations, we also observed the presence of a foregut (n=12/16;
SFig. 1D, H), a neurotroch that was localized to the ventral side of the
larvae (n=15/16; SFig. 1C, E, F, I), and yolky endoderm (e.g. SFig. 1F).

Fig. 4. Models of evolution of the head and trunk in spiralians. (A) The anterior neural system (ANS), including the brain, of spiralians is autonomously specified by
asymmetric inheritance of maternal determinants into the first-quartet micromeres, 1a–1d (purple). In contrast, the trunk neural system (ventral nerve cord in annelids) is conditionally
specified in the appropriate micromere(s) (2d micromere in annelids, orange) by extrinsic signals from neighboring blastomeres. The BMP, MAPK and/or Wnt signaling pathways are
potential candidates for this neural inducing signal. Modified from Henry (2014) with permission from UPV/EHU Press. (B) The last common ancestor of annelids and mollusks, and
possibly all spiralians, had a swimming larval stage in which early ANS formation in the head (purple) was selected for, enabling the larva to respond to environmental cues in the water
column. A rapid and restricted specification of the ANS, such as by inheriting maternal mRNAs and proteins, may have enhanced success and survival of the swimming larva. Adapted
from Nielsen (2012) with permission of CSIRO Publishing and (Conzelmann et al., 2011) with permission from PNAS. (C) In the ancestor of annelids and mollusks, and possibly all
spiralians, the first-quartet micromeres, 1a–1d, developed an ANS via autonomously specification. This is supported by the conserved fate of 1a–1d, which form the head, including the
brain and the prototroch (purple). In contrast, the blastomeres that formed the trunk and nerve cord diverged in different lineages. For example, in annelids (e.g., Platynereis dumerilii
and Capitella teleta) the 2d micromere makes the entire post-trochal ectoderm (orange) including all of the ventral nerve cord; whereas, in mollusks (e.g., Patella vulgata, Crepidula
fornicata, and Chaetopleura apiculata), the 2d micromere only generates a portion of the foot and shell gland (orange) (Dictus and Damen, 1997). The ability of different signaling
pathways to specify neural tissue at later time points in the trunk may have provided flexibility, possibly resulting in morphological divergence in spiralian nerve cords. Diagrams
adapted from Dickinson et al. (1999), Dictus and Damen (1997), Henry et al. (2004) and Williams et al. (2014), with permission from ElSevier and Springer Nature. Silhouettes of P.
dumerilii and C. teleta available in PhyloPic (www.phylopic.org), by Duygu Özpolat and Frank Föster, respectively.
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The left mesodermal band also was presumably present, but muscle
fibers were not examined.

As further evidence that the D quadrant is sufficient to specify VNC
tissue in C. teleta, we isolated the D macromere at the 4-cell stage
(SFig. 2, Table S1), which should generate brain tissue (1d), trunk
ectoderm including the VNC and neurotroch (2d), and mesoderm and
endoderm (2D). Partial larvae derived from the D macromere had Ct-
elav1 expression in the head (n=14/17) and trunk (n=5/17; SFig. 2G,
H) and serotonin+ neurons and axons in the head and trunk (n=7/7;
SFig. 2C, E, arrows), indicating that these animals formed a brain and
VNC. We also detected ectopic Ct-elav1 expression in the pygidium in
one animal (n=1/17; SFig. 2G, H). Some of the animals had cilia in the
trunk, likely the neurotroch, but the cilia were not localized to one side
of the animal (n=3/7). Finally, these larvae had muscle fibers (n=7/7;
SFig. 2C, F) and yolky endoderm cells (SFig. 2B). These data suggest
that 2d in the presence of the 2D macromere is capable of making VNC
tissue.

The absence of a VNC in the trunk of larvae derived from isolated
animal caps supports the hypothesis that neural tissue in the trunk is
conditionally specified in C. teleta. Although the molecular pathways
responsible for neural specification in the trunk have not yet been
identified in annelids (Amiel et al., 2013; Demilly et al., 2013; Denes
et al., 2007; Kuo and Weisblat, 2011), we can hypothesize which
blastomeres provide the extrinsic signal(s). 1q and 2q micromeres are
not sufficient (this study) and 1q is not necessary (Yamaguchi et al.,
2016) for VNC specification. 1q also appears to not be necessary for
trunk development in the snail T. obsoleta, although neural fate was
not assessed (Sweet, 1998). We found that 2D is sufficient for VNC
specification in C. teleta (SFig. 1 and 2). As 2D generates both
mesoderm and endoderm, it will be interesting to see if other
macromeres such as 2B, which only generates endoderm, are also
sufficient to induce neural fate in the trunk of C. teleta. Interestingly,
the animal cap + 2D isolates appeared to generate more Ct-elav1+

ganglia than the D isolates (~8 versus 3 ganglia, respectively; compare
SFigs. 1B and 2G); however, there also appeared to be posteriorly-
localized ganglia in the D isolates that lacked Ct-elav1 expression
(compare SFig. 2C and G). There are multiple possible explanations for
the difference in Ct-elav1 expression in the trunks of the two sets of
isolates. One possibility is that neural differentiation in the D isolates
could be delayed since the VNC in C. teleta develops from anterior to
posterior (Meyer et al., 2015). Another possibility is that micromeres
other than 1d and 2d augment fate specification of the VNC, or that
multiple inductive events are important for VNC specification.

The 2d micromere itself could be involved in setting up later
inductive events (e.g. from the mesoderm), as it is hypothesized to act
as the organizer in C. teleta. Amiel et al. (2013) ablated 2d in C. teleta
but the resulting animals still had muscle fibers and yolky endoderm
cells and expressed the mesodermal markers Ct-gataB3 and Ct-twist1.
Because the mesoderm tissue was greatly reduced in these animals, 2d
is important for some mesoderm formation. However, these data make
it less likely that 2d specifies mesoderm fate in neighboring cells, which
then signal back to 2d to specify neural fate. In contrast, in leech
removal of the M teloblast on one side of the animal (resulting in no
mesoderm on that side of the animal) or all mesoderm in the mid-body
did not block neural specification in the trunk (Torrence et al., 1989).
This suggests that neural specification in leech does not rely on an
inductive signal from the mesoderm. Furthermore, in leech the neural
precursor cells that generate the VNC arise from multiple cell lineages
(N, O, P, Q, and M teloblasts) that occupy spatially distinct positions
along the D-V axis (Shankland, 1995). Taken together, these data
suggest that the mechanism of VNC specification may differ between C.
teleta and leech.

2.3. Function of the organizer in C. teleta

Organizing activity from the D quadrant has been demonstrated in

a number of mollusks and in a few annelids (Amiel et al., 2013; Henry
and Perry, 2008; Henry, 2014; Henry et al., 2006; Lambert, 2008;
Lambert and Nagy, 2001; Nakamoto et al., 2010). In C. teleta, we
revealed that the hypothesized organizer in C. teleta, 2d (Amiel et al.,
2013), is not necessary for specification of the brain, although it may be
necessary for specification of serotonin+ neurons in the brain. Larval
eyes in C. teleta (this study) and in A. succinea (Costello, 1945), which
are derived from the 1a1 and 1c1 micromeres, also can be specified
without extrinsic signals from 2d. Interestingly, in the snail T. obsoleta,
both maternal determinants and an organizing signal from the D-
quadrant are necessary for normal eye formation (Clement, 1962;
Rabinowitz and Lambert, 2010; Sweet, 1998). The swimming heads
derived from 1q in C. teleta have an anterior-posterior axis, but we
could not identify a clearly defined D-V axis or serotonin+ neurons with
our current markers, suggesting that 2d organizing activity may be
important for D-V axis specification and formation of serotonin+

neurons in the brain but not anterior-posterior axis formation.
Larvae derived from animal caps isolated at the 16-cell stage had all

three axes as well as serotonin+ neurons in the head. This supports the
idea that 2d organizes the D-V and left-right axes in the head and either
conditionally specifies serotonin+ neurons in the head, or directly
generates them since 2d makes a small number of brain cells (Meyer
et al., 2010; Meyer and Seaver, 2010). We did not detect a clear D-V
axis in the trunk of the animal cap isolates since they lacked a VNC and
foregut, and the ciliated cells in the trunk (possibly neurotroch) were
disorganized and not concentrated on one side of the larvae. This is in
contrast to the animal cap + 2D isolates, in which the foregut, VNC, and
neurotroch were all clearly localized to the ventral side of the trunk.
This could indicate that cells other than 2d (e.g. 2D or its daughters)
organize the D-V axis in the trunk and provide inductive signals for the
foregut and VNC, although additional molecular markers should be
used to further characterize the phenotypes in the animal cap isolates.
Interestingly, Amiel et al. (2013) found that the D macromere but not
2d is necessary for expression of the foregut marker Ct-foxA, suggest-
ing that either 2D or its descendants induce foregut tissue in C. teleta.

2.4. Implications for evolution of the spiralian head and anterior
neural system

Trochophore and metatrochophore larvae of mollusks and annelids
share many morphological and molecular similarities across a variety
of species (Jägersten, 1972; Marlow et al., 2014; Nielsen, 2005, 2004;
Xu et al., 2016), including the anterior pre-trochal region of the larvae
(episphere in bona fide trochophore larvae). This region is derived
from 1q micromeres and is homologous between annelids and mol-
lusks. Furthermore, 1q1 blastomeres form the brain while 1q2 blas-
tomeres form primary prototroch cells where examined (Ackermann
et al., 2005; Anderson, 1959; Costello, 1945; Dictus and Damen, 1997;
Hejnol et al., 2007; Henry et al., 2007, 2004; Henry and Martindale,
1998; Huang et al., 2002; Marlow et al., 2014; Mead, 1897; Meyer
et al., 2010; Render, 1991; Wanninger, 2008; Weisblat et al., 1984;
Williams et al., 2017; Wilson, 1904a, 1904b, 1892). Based on a few
studies, the prototroch and some fates within the larval anterior neural
system (ANS) have been shown to be autonomously specified in
daughters of 1q. Wilson (1904b) described the formation of the apical
organ (part of the ANS in trochophore larvae) from single cell
isolations of 1a, 1b, 1c, and 1d in the gastropod Patella caerulea,
while in the scaphopod Dentalium sp., only 1d isolates formed the
apical organ (Wilson, 1904a). Likewise, in the annelids A. succinea
(Costello, 1945) and Chaetopterus sp. (Henry, 1986), 1q isolates
formed an apical tuft, which is usually associated with the apical
organ. Likewise, the prototroch was shown to be autonomously
specified in daughters of 1q in A. succinea, Dentalium sp., and
Patella caerulea (Costello, 1945; Wilson, 1904a, 1904b). Finally, our
results suggest that the ANS, including the brain, and prototroch of C.
teleta also are autonomously specified.
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Based on homology of the 1q lineages in spiralians and the
autonomous specification of some 1q fates in a few annelids and
mollusks, we hypothesize that ANS and other fates derived from 1q
may have been autonomously specified in the last common ancestor of
annelids and mollusks (Fig. 4). It has been suggested that autonomous
specification evolved to enable the early formation of functional cells
(e.g. neurons). Furthermore, autonomously-specified cells/tissues have
been suggested to display less plasticity and regulative capacity than
conditionally-specified cells/tissues (Davidson, 1990). That is, the
presence of determinants may constrain the range of potential fates
that a cell can generate. If Davidson's hypothesis is correct, asymmetric
inheritance of determinants in the 1q micromeres (Fig. 4A) in the last
common ancestor of annelids and mollusks may have resulted in rapid
specification and differentiation of the ANS and prototroch. This would
have enabled the swimming larvae to sense and respond to environ-
mental cues such as light (Jékely et al., 2008; Randel et al., 2014;
Tosches et al., 2014; Zantke et al., 2013), pressure, temperature, and
water-borne chemicals (Fig. 4B). Comparing autonomous versus con-
ditional mechanisms of neural specification across Spiralia should help
elucidate the relative advantages of these two modes of specification.

2.5. Implications for nerve cord development and evolution of body
plans

In contrast to autonomous specification, conditional specification
has been suggested to take longer and to have a prolonged period of
commitment, during which time cells are able to modify fates based on
signals from surrounding tissues (Davidson, 1990). Deuterostomes and
ecdysozoans largely undergo conditional neural specification via dif-
ferent combinations of signals including BMPs, Wnts, FGFs, EGFs, and
the MAPK cascade (Alvarez et al., 1998; Bertrand et al., 2003; Gómez-
Skarmeta et al., 2003; Lea et al., 2009; Muñoz-Sanjuán and Brivanlou,
2002; Pera et al., 2003; Rentzsch et al., 2004; Skeath, 1998; Stern,
2006, 2005; von Ohlen and Doe, 2000). Our study in C. teleta shows
that specification of the VNC also requires extrinsic signals from the 2Q
macromeres (vegetal pole) or their descendants. We think it plausible
that conditional neural specification could be more labile than auton-
omous specification. This plasticity could allow different signaling
pathways to drive neural specification and could result in more varied
phenotypes, such as the striking morphological diversity of nerve cords
seen across Spiralia and Bilateria (Hejnol and Lowe, 2015; Lowe et al.,
2006). Remarkably, in two species of ascidians, neural specification of
the nerve cord occurs autonomously (Hudson, 2003; Minokawa et al.,
2001), while the brain is conditionally specified (Bertrand et al., 2003).
Because a large percentage of the ascidian embryo is autonomously
specified (Davidson, 1990; Kumano and Nishida, 2007), autonomous
neural specification in this species could be linked to factors other than
those discussed here.

It has been hypothesized that a BMP-Chordin network was used to
induce neural tissue as part of D-V axis specification in the last
common ancestor of Bilateria (De Robertis, 2008). In other annelids
(Helobdella and P. dumerilli), BMP signaling does not seem to be
important for neural induction, but may be involved in D-V axis
specification (Denes et al., 2007; Kuo and Weisblat, 2011). In mollusks,
BMPs are important for specification of the shell while their ancestral
function during D-V axis and neural specification is not as clear
(Hashimoto et al., 2012; Herpin et al., 2007; Iijima et al., 2008; Kin
et al., 2009; Lambert et al., 2016; Nederbragt et al., 2002; Tan et al.,
2017). In contrast, the MAPK cascade has been shown to function in D-
V specification in multiple molluscan species (Henry, 2014; Kozin
et al., 2013). Interestingly, a recent study in the snail T. obsoleta found
that BMP signaling affects D-V specification and may promote rather
than inhibit neural formation (Lambert et al., 2016). Given these
differences, it is difficult to speculate what the neural inducing signal in
annelids is, and it may be a combination of BMP, Wnt, and/or the
MAPK cascade (Fig. 4A). In chordates, the importance of BMP

antagonism in inducing neural tissue varies depending on organism,
and in mice and chick, FGF (via the MAPK cascade) and Wnt signaling
play a key role (De Robertis and Kuroda, 2004; Stern, 2006, 2005;
Wilson and Edlund, 2001). This has led to the suggestion that neural
induction in chordates, which is very likely a homologous process, has
undergone developmental system drift (DSD), i.e. the underlying gene
regulatory network (GRN) has diverged (True and Haag, 2001). There
is also evidence of DSD underlying neural development in insects
(Biffar and Stollewerk, 2015, 2014; Suryamohan et al., 2016).
Alternatively, in a scenario where BMP/MAPK/Wnt were all used
ancestrally to specify neural ectoderm (Arendt and Nübler-Jung, 1997;
De Robertis and Sasai, 1996), one or more of these pathways could
have lost its function as a neural inducer in different bilaterian lineages,
while the remaining pathways could have become sufficient for this
specification. It will be interesting to compare mechanisms of trunk
neural specification in annelids and mollusks, and, if trunk neural
tissue is homologous between these clades (see Hejnol and Lowe
(2015)), to gauge if DSD has occurred (Fig. 4C).

3. Conclusions

Our data provided here in the annelid C. teleta demonstrate that the
brain is autonomously specified in 1q micromeres, while the VNC,
derived from 2d, requires extrinsic signals from the 2Q macromeres or
their descendants. We also show that the 2D macromere is sufficient to
induce neural fate in the VNC. These findings increase our under-
standing of how neural fate specification is accomplished outside of
Ecdysozoa and Deuterostomia and suggest an unusual combination of
inherited maternal determinants and signaling pathways that specify
neural tissue in the head versus the trunk. Future efforts using a
combination of blastomere manipulations and transcriptomic profiling
should begin to unravel the gene regulatory networks underlying ANS
and trunk neural specification in C. teleta. Finally, it will be very
exciting to determine if the differences in conditional specification of
the trunk neural system are linked with the large diversification of
trunk body plans within Spiralia.

4. Materials and methods

4.1. Animal care and embryo collection

Adults of Capitella teleta Blake et al. (2009) were cultured in glass
finger bowls with artificial sea water (ASW) and fed with sieved mud as
in Grassle and Grassle (1976) and Seaver et al. (2005). Females with
broods were collected from the lab colony or from mating dishes. For
mating dishes, males and females were kept in isolation in separate
bowls with mud and ASW for a few days before being combined in the
same bowl 12–16 h before collection of the embryos. Embryos were
obtained by dissecting the broods with Dumont #5 forceps and
transferred with a mouth pipet to 0.22 µm filtered ASW with 60 µg/
mL penicillin and 50 µg/mL streptomycin (ASW+PS).

4.2. Blastomere manipulation

Embryos at the selected cleavage stage were incubated in 4-well
gelatin-coated dishes with 1x Calcium and Magnesium Free Artificial
Sea Water (CMF-ASW) (Strathmann, 1987) for 5–10 min (min),
followed by incubation in 1% protease (Sigma-Aldrich cat# P6911)
and 1% sodium thioglycolate (Sigma-Aldrich cat# T0632) in CMF-ASW
for 5 min rocking at room temperature (~22 °C). Embryos then were
washed three times with ASW+PS. After partial dissociation, the
selected blastomeres were removed from the rest of the embryo using
an eyelash brush and raised individually in ASW+PS for six days in 24-
well dishes at 19 °C. The ASW+PS was changed daily. Control embryos
from the same brood were kept in ASW+PS in 4-well dishes, with daily
ASW+PS water changes.
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4.3. Immunohistochemistry

Immunohistochemistry was carried out as in Meyer et al. (2015).
Briefly, animals were relaxed with a 1:1 mixture of ASW plus 0.37 M
MgCl2 for 12 min before fixing with 4% paraformaldehyde (stock 32%
paraformaldehyde from Electron Microscopy Sciences) in ASW for
30 min at room temperature. Fixative was removed by washing several
times with 1x PBS and then 1x PBS + 0.1% Triton-X 100 (PBT).
Animals were then transferred to RainX-coated three- or nine-well spot
glass dishes containing PBT, blocked in 10% goat serum with 1x PBT
(block) for 1 h at room temperature, and then incubated in primary
antibody in block overnight at 4 °C. After primary incubation, animals
were washed several times in PBT and then incubated in secondary
antibody overnight at 4 °C. After secondary antibody incubation,
animals were washed at room temperature several times over an hour
in PBT and quickly washed with PBS to remove the detergent. After the
PBS washes, animals were stained for DNA and, if applicable, f-actin in
PBS and then cleared and mounted (see Imaging section below).
Primary antibodies used were as follows: 1:600 rabbit anti-serotonin
(5HT; Sigma-Aldrich, cat #S5545), 1:20 mouse anti-Futsch clone
22C10 (Developmental Studies Hybridoma Bank), 1:800 mouse anti-
acetylated tubulin (clone 6-11B-1, Sigma, cat #T6793), 1:10 anti-Pax3/
7 (clone DP311 (Davis et al., 2005)). The 22C10 monoclonal antibody
developed by S. Benzer and N. Colley was obtained from the
Developmental Studies Hybridoma Bank, created by the NICHD of
the NIH and maintained at The University of Iowa, Department of
Biology, Iowa City, IA 52242. Secondary antibodies used were as
follows: 1:300 goat anti-mouse F(ab’)2 FITC (Sigma-Aldrich, cat
#F8521) and 1:600 sheep anti-rabbit F(ab’)2 Cy3 (Sigma-Aldrich, cat
#C2306) in block. F-actin and DNA staining were performed by
incubating the embryos in 1:100 BODIPY FL-Phallacidin (Life
Technologies, cat #B607; stock concentration 200 Units/mL in metha-
nol) and 0.1 µg/mL 33342 Hoechst (Sigma-Aldrich, cat #B2261) or
1:1000 TO-PRO-3 (Life Technologies, cat #T3605) in PBS according to
(Meyer et al., 2015, 2010).

4.4. Whole Mount In Situ Hybridization (WMISH)

Animals were relaxed as above and fixed with 4% paraformaldehyde
overnight at 4 °C. After fixation, animals were rinsed three times with
PBS, and then dehydrated in a series of methanol dilutions (25%, 50%,
75% and 100%) and stored at −20 °C. WMISH was carry out as
in Meyer et al. (2015) with a slight modification. Proteinase-K
(Invitrogen, cat #59895) was not used in the larvae developed from
isolated blastomeres as the egg envelope had already been removed.
Animals were hybridized for 72 h at 65 °C with 1 ng/µL of DIG-labeled
anti-sense Ct-elav1 RNA probe as used in Meyer and Seaver (2009).
Ct-elav1 mRNA was detected using a dilution of 1:5000 anti-DIG-AP
(Roche) overnight. NBT/BCIP substrate was added to develop a color
reaction for 8–43 h at room temperature. The color reaction was
stopped using PBS + 0.1% Tween-20 (PTw). Animals were then
transferred to 3-well glass dishes, washed several times with PBS and
incubated with anti-acetylated tubulin and anti-serotonin following the
immunohistochemistry protocol above, and stained with Hoechst.
Anti-serotonin was not detected either in isolated embryos or controls
after the WMISH.

4.5. Imaging and image handling

WMISH animals were mounted in 80% glycerol in PBS, mounted
on glass slides with #1½ coverslips and imaged using DIC optics on an
AxioImager M2 compound microscope (Zeiss) coupled with an 18.0
megapixel EOS Rebel T2i digital camera (Canon). Animals for im-
munofluorescence were mounted and imaged as above, except that an
AxioCam MRm rev.3 camera (Zeiss) and Zen Blue software (Zeiss)
were used to capture the images. Animals for confocal laser scanning

microscopy (CLSM) were cleared and mounted in SlowFade® Gold (Life
Technologies, cat# S36936) and imaged using a TCS SP5-X (Leica). For
videos 1 and 2, animals were mounted in ASW+PS and recorded with
the EOS Rebel T2i as above. DIC images (.TIFF) were rendered in
Helicon Focus (HelSoft). Z-projections were obtained from the CLSM
scans using Fiji (Image J2, NIH). Contrast and brightness of immu-
nohistochemistry and WMISH images were edited in Photoshop CC,
and figure panels were constructed using Illustrator CC (Adobe
Systems, Inc.).
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