
RESEARCH ARTICLE

The complete cell lineage and MAPK- and Otx-dependent
specification of the dopaminergic cells in the Ciona brain
Kouhei Oonuma* and Takehiro G. Kusakabe

ABSTRACT
The Ciona larva has served as a unique model for understanding the
development of dopaminergic cells at single-cell resolution owing to
the exceptionally small number of neurons in its brain and its fixed cell
lineage during embryogenesis. A recent study suggested that the
transcription factors Fer2 and Meis directly regulate the dopamine
synthesis genes in Ciona, but the dopaminergic cell lineage and
the gene regulatory networks that control the development of
dopaminergic cells have not been fully elucidated. Here, we reveal
that the dopaminergic cells in Ciona are derived from a bilateral
pair of cells called a9.37 cells at the center of the neural plate.
The a9.37 cells divide along the anterior-posterior axis, and all of the
descendants of the posterior daughter cells differentiate into
the dopaminergic cells. We show that the MAPK pathway and
the transcription factor Otx are required for the expression of Fer2
in the dopaminergic cell lineage. Our findings establish the cellular
and molecular framework for fully understanding the commitment
to dopaminergic cells in the simple chordate brain.
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INTRODUCTION
Dopamine (DA) is a neurotransmitter that is crucial for the
regulation of animal behaviors such as mating, feeding and other
motivated behaviors, and in humans DA is related to neurological
diseases, including Parkinson disease, schizophrenia, multiple
sclerosis, attention deficit hyperactivity disorder (ADHD), and
Tourette syndrome (Klein et al., 2019; Montarolo et al., 2019;
Paschou et al., 2013). Studies of the developmental mechanisms
of dopaminergic cells (DA cells) will thus contribute to a better
understanding of brain development as well as therapeutics for
neurological disorders.
Vertebrates have several classes of DA cells in the brain.

For example, the mammalian brain contains DA nuclei in the
mesencephalon (A8-A10 DA nuclei), the diencephalon (A11-A15,
A17 DA nuclei) and the olfactory bulb in the telencephalon (A16
DA nuclei) (Arenas et al., 2015; Yamamoto and Vernier, 2011).
Secreted factors and trans-acting factors that are crucial for the
development of DA cells have been reported. In the mesencephalon
of vertebrates, secreted factors, such as FGF, Shh and Wnt, regulate
transcription factors that control the expression of genes related

to DA synthesis (DA pathway genes) (Arenas et al., 2015; Flames
and Hobert, 2011; Yamamoto and Vernier, 2011). Factors that
are important for the development of DA cells in regions other
than the mesencephalon are also well known (Flames and Hobert,
2011; Yamamoto and Vernier, 2011). However, those factors are
expressed not only in some DA nuclei but also in neuron subtypes
other than DA cells. The regulatory mechanisms that specifically
generate DA cells in individual DA nuclei are not yet understood.

The Ciona larva has served as a unique model for the study of the
development of DA cells in chordate brains (Horie et al., 2018;
Moret et al., 2005a; Razy-Krajka et al., 2012). The central nervous
system of the Ciona larva consists of only a few hundred cells, of
which approximately 180 are neurons (Ryan et al., 2016). Ascidian
embryos have a fixed cell lineage (Conklin, 1905; Guignard et al.,
2020; Nicol and Meinertzhagen, 1988a,b; Nishida, 1987). In
ascidian larvae, a single cluster of cells extends a coronet-like
protrusion to the cavity of the brain vesicle (Dilly, 1969; Eakin and
Kuda, 1971; Konno et al., 2010; Moret et al., 2005a; Nicol and
Meinertzhagen, 1991; Ryan et al., 2016; Taniguchi and Nishida,
2004), and most (if not all) of these cells have been considered to
be DA cells in the Ciona larva (Moret et al., 2005a; Razy-Krajka
et al., 2012; Ryan et al., 2016). The coronet-like structure evokes the
coronet cells of the saccus vasculosus in the hypothalamus of the
fish brain, and it has been proposed that the DA cells of the ascidian
larva are homologous to the coronet cells of fish (Moret et al.,
2005a; Razy-Krajka et al., 2012). TheCiona larva thus enables us to
examine the development of the DA cells resembling the saccus
vasculosus of the hypothalamus of fish at single-cell resolution,
from the stage of the fertilized egg.

It was recently shown that two transcription factors, Fer2
(previously described as Ptf1a/PTFb; see Gyoja and Satoh, 2013
for the orthologous families of the bHLH transcription factors)
and Meis, directly regulate the expression of DA pathway genes,
such as Tyrosine hydroxylase (Th) (Horie et al., 2018). However,
the developmental commitment of DA cells and the relevant
regulatory mechanisms remain poorly understood owing to a lack of
information about the DA cell lineage. Determination of the precise
cell lineage for the Ciona brain has been difficult because removal
of the chorion, which is a commonly used experimental method
for embryonic manipulation in Ciona, disrupts both the structure
and the left-right asymmetry of the brain vesicle during Ciona
embryogenesis (Oonuma et al., 2016; Shimeld and Levin, 2006).
Previously, we overcame this difficulty by using a combination of
new methods that allowed us to analyze the cell lineage in embryos
with an intact chorion; with these methods, we determined the
precise cell lineage of the Ciona brain photoreceptor cells (Oonuma
et al., 2016; Oonuma and Kusakabe, 2019).

In the present study, we applied our lineage determination
strategy to DA cells in the Ciona larva. Our results revealed that a
bilateral pair of medial neural plate cells gives rise to all DA cells. A
rotatory movement of brain vesicle cells seems to localize DA cells
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to the left wall of the larval brain. The clarification of the precise cell
lineage at single-cell resolution allowed us to identify the MAPK
pathway and the transcription factor Otx as molecular components
that specify the DA cell fate. Our findings thus reveal the complete
DA cell lineage, DA specification factors, and the timing of
commitment to the DA cell lineage. This study is an important step
towards a full understanding of the development of DA cells at the
single-cell level.

RESULTS
Dopaminergic cells are derived from a bilateral pair of
a-lineage cells of the neural plate
To elucidate the cell lineage of DA cells in Ciona, we labeled cells
of interest in the neural plate using the photoconvertible fluorescent
protein Kaede and then detected expression of the enhanced green

fluorescent protein (EGFP) variant G-GECO1.1, driven by the cis-
regulatory region of the DA cell-specific gene Fer2, at the larval
stage. Hereafter, we refer to G-GECO1.1 as EGFPv. The brain
vesicle of the ascidian larva is derived from 18 neural plate cells,
including a- and A-lineage cells (Fig. 1A). We first examined
whether A-lineage cells develop to DA cells by introducing two
DNA constructs, FoxB>Kaede-NLS and Fer2>EGFPv, into the
fertilized eggs with the chorion. When each pair of A-lineage cells
in the neural plate, i.e. A9.14/A9.14, A9.16/A9.16 and A9.13/
A9.13 (right cells underlined), was labeled with photoconverted
Kaede, EGFPv was not detected in the labeled A-lineage cells at the
larval stage (Fig. 1D-I″; Movies 1-3). This result showed that the
A-lineage cells did not give rise to DA cells. We then investigated
whether DA cells are derived from a-lineage cells by introducing
Dmrt1>Kaede-NLS and Fer2>EGFPv.When rows III and IV of the

Fig. 1. Dopaminergic cells in Ciona
are derived from a-lineage cells but
not A-lineage cells. (A) Schematic of
the late gastrula embryo and the neural
plate cells that give rise to the brain
vesicle of the Ciona larva. Left: Dorsal
view of a whole embryo. Anterior is to
the top. Right: Six rows (rows I-VI) of
neural plate cells. The brain-lineage
cells and the non-brain cells are
surrounded by black lines and gray
lines, respectively. Cells of the brain
vesicle of the larva are derived from
a-lineage cells (light gray) and A-lineage
cells (dark gray). (B-I″) Results of the
developmental fate analysis of
a-lineage cells and A-lineage cells of
the neural plate. (B,D,F,H) Kaede-NLS
was expressed in a-lineage cells (rows
III and IV) using the promoter/enhancer
region of the Dmrt1 gene (B) and in
A-lineage cells (rows I and II) using the
cis-regulatory region of FoxB (D,F,H).
Anterior is to the top. Dorsal views.
Unconverted Kaede (green) and
photo-converted Kaede (magenta)
fluorescence is shown. Arrowheads
indicate cells exhibiting photo-
converted Kaede fluorescence. (C-C″,
E-E″,G-G″,I-I″) At the larval stage, the
distribution of cells labeled with photo-
converted Kaede (magenta) was
compared with that of DA cells labeled
with EGFPv (yellow) expressed under
control of the cis-regulatory region of
Fer2. (C″,E″,G″,I″) Brightfield images
merged with fluorescence images.
Anterior is to the left. Lateral views. In
the lower panel of G′, the reconstructed
section at the position indicated by the
horizontal line in the upper panel shows
that the photo-converted cell does not
overlap with the DA cells. Scale bars:
10 μm.
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neural plate were labeled with photo-converted Kaede, the labeled
cells expressed EGFPv at the larval stage (Fig. 1B-C″). Therefore,
DA cells are derived from a-lineage cells but not A-lineage cells.
To determine the DA cell lineage further, we labeled each pair of

both left and right cells in the a-lineage of the neural plate, namely,
the a9.37/a9.37 pair, the a9.38/a9.38 pair, the a9.33/a9.33 pair, the
a9.34/a9.34 pair, the a9.49/a9.49 pair and the a9.50/a9.50 pair.
Photo-converted Kaede fluorescence was detected in DA cells only
when the a9.37/a9.37 pair was labeled, not the other a-lineage cells
(Fig. 2; Movies 4-9). Next, we examined whether DA cells are
derived equally from the left and right a9.37 cells by labeling
either the left a9.37 cell or the right a9.37 cell alone with photo-
converted Kaede in the embryos carrying Dmrt1>Kaede-NLS and
Fer2>EGFPv. The number of the cells co-labeled with Kaede-red
and EGFPv was about the same between the left 9.37-labeled
embryos and the right a9.37-labeled embryos (Fig. 3A,B,B″,C,D,D″;
Table S1; Movies 10 and 11). In these embryos, the number of the
EGFPv-positive cells labeled with Kaede-green but not Kaede-red
was similar to the number of the EGFPv-positive cells labeled with
Kaede-red (Fig. 3B′,B″,D′,D″; Table S1). These results suggest that
the left and right a9.37 cells give rise to DA cells to an equal degree.

Spatial distribution of the descendants of the neural
plate cells
In the experiments described above, we also examined the spatial
distribution patterns of the descendants of each neural plate cell in
the brain vesicle. Overall, there was little position variation of the
labeled cells among individuals (Fig. S1). When both a9.37/a9.37

cells (which were bilaterally located along the midline) were
labeled, approximately 24 labeled descendants were observed, and
these were located at the left-ventral region of the brain vesicle
(Fig. 2G-G″; Table S2). When either a left or right a9.37 cell alone
was labeled, the right-cell descendants tended to be located at the
anterior region, and the left-cell descendants tended to be located at
the posterior region in the DA cell population (Fig. 3A-D″). These
results suggested that the descendants of the a9.37 cells rotate in a
counterclockwise direction when viewed from the dorsal side
during the embryogenesis.

To confirm the rotation in the a9.37-lineage cells, we labeled the
left or the right side of the embryos by introducing fluorescein
isothiocyanate (FITC) dye at the two-cell stage, and we detected the
expression of Fer2 as a marker of a9.37-lineage cells. At 13 h post-
fertilization (hpf ), cells expressing Fer2 were located left-right
symmetrically (Fig. 3E-F″). By contrast, the boundary between the
left- and right-derived descendants of a9.37 cells was slightly tilted
counterclockwise at 15 hpf when viewed from the dorsal side of the
brain vesicle, and the left-right asymmetry was remarkable at 17 hpf
(Fig. 3G-J″). These results revealed that the a9.37-lineage cells
rotate counterclockwise when viewed from the dorsal side from
15 hpf or possibly earlier. A similar rotation was also suggested in
the descendants of a9.33/a9.33 cells, which included approximately
18 cells, because about half of these cells were located anterior to
the DA cells and the other half were located posterior to the DA cells
at the larval stage (Fig. 2H-H″; Movie 5; Table S2). To verify the
rotation of a9.33-derived cells, we labeled a left and a right a9.33
cell with photoconverted Kaede. The labeled cells derived from the

Fig. 2. Left and right a9.37 cells give rise toDAcells. (A-F) Late gastrula embryos inwhich a particular bilateral pair of a-lineage neural plate cellswere labeledwith
photo-converted Kaede are shown. Anterior is to the top. Dorsal views. White dashed lines delineate rows III and IV of the neural plate. (G-L″) At the larval stage,
DA cells were visualized by immunofluorescence staining of the GFP reporter (yellow) and compared with photo-converted Kaede (magenta). (G″,H″,I″,J″,K″,L″)
Brightfield images merged with fluorescence images. Anterior is to the left. Lateral views. In H′ and J′, the inset shows the 3D reconstruction demonstrating that the
Kaede and EGFPv signals did not overlap each other. Scale bars: 10 μm.
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left a9.33 cell were located posterior to the DA cells at the
larval stage, whereas the descendants of the right a9.33 cell (with
the exception of a single cell) were located anterior to the DA
cells (Fig. S2). Thus, a9.33/a9.33-derived cells also rotate
counterclockwise, like the a9.37/a9.37 descendants.
Approximately 24 descendants of the a9.38/a9.38 pair formed two

groups with different locations (Table S2). One group was located in
the anterior medial and ventral regions of the brain vesicle, and the
other group was located dorsally to the DA cells (Fig. 2J-J″). Because
the a9.38/a9.38 cells are anterior to the DA progenitor a9.37/a9.37
cells in the Ciona neural plate (Fig. 1A), a rearrangement of the
relative positions between these cells must occur during brain vesicle
development; namely, the a9.37/a9.37-lineage cells move ventrally to
the a9.38/a9.38-lineage cells, or the a9.38/a9.38 descendants move to
the dorsal side of the a9.37/a9.37 descendants.
The number of descendants of the a9.34/a9.34, a9.49/a9.49,

a9.50/a9.50, A9.13/A9.13, A9.14/A9.14 and A9.16/A9.16 pairs in
the brain vesicle were approximately 24, 10, 12, 25, 48 and 48,
respectively (Table S2). Most of the descendants of a9.49/a9.49 and
a9.50/a9.50 were located at the dorsal side of the anterior brain
vesicle (Fig. 2I-I″,L-L″). One or two labeled cells derived from

a9.50/a9.50 cells were located at the dorsal side of the pigmented
ocellus, indicating that some descendants of a9.50/a9.50 cells move
posteriorly during larval development. The descendants of the
a9.34/a9.34 pair surrounded the otolith pigment cell (Fig. 2K-K″).
Most of the A9.13/A9.13-lineage cells were located at the region
posterior to the DA cells, the neck and the anterior nerve cord
(Fig. 1E-E″). Some descendants were observed in the anterior brain
vesicle. The descendants of A9.14/A9.14 were located at both the
left and right regions of the posterior brain vesicle (Fig. 1G-G″). The
right population of the labeled cells was reported to differentiate into
photoreceptor cells of the pigmented ocellus (Oonuma et al., 2016).
A9.16/A9.16-lineage cells were located at the posterior brain vesicle
and the neck region (Fig. 1I-I″), which is consistent with a previous
study (Cole and Meinertzhagen, 2004).

The DA cell population comprises 16 cells derived from the
posterior daughter cells of a9.37/a9.37
To characterize the complete DA cell lineage, we chased both the
left and right a9.37 cells throughout embryogenesis. As a probe to
chase the a9.37-lineage, we detected transcripts of the DA cell-
specific gene Fer2 (Horie et al., 2018; Razy-Krajka et al., 2012) by

Fig. 3. DA cells are equally derived from left
and right a9.37 cells. (A,C) Kaede was photo-
converted in either the left a9.37 cell or right a9/
37 cell at the late gastrula stage. Anterior is to
the top. Dorsal views. White dashed lines
delineate the neural plate cells of rows III and
IV, which develop into the brain vesicle of the
larva. (B-B″,D-D″) Immunofluorescence
staining of the GFP reporter (yellow) was
performed in larvae expressing the
non-converted Kaede (green) and the
photo-converted Kaede (magenta).
(B″,D″) Brightfield images merged with
fluorescence images. Anterior is to the left.
Lateral views. (E-J″) Counterclockwise rotation
of a9.37-lineage cells in embryos in which the
left blastomeres were labeled with FITC.
Anterior is to the top. Dorsal views. Fer2mRNA
(magenta) was detected by WISH. The
detection of FITC (green) was performed by
immunofluorescent staining before the
detection of Fer2 transcripts. Yellow dashed
lines indicate themidline of the embryos.White
dashed lines outline the left a9.37-lineage
cells. Scale bars: 10 μm.
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whole-mount in situ hybridization (WISH). Although Fer2 mRNA
was not detected in the a9.37 cells, the posterior daughter cells
(a10.73/a10.73) expressed Fer2 at 7.5 hpf (Fig. 4A,B,I). The Fer2-
expressing a10.73 cells divided along the anterior-posterior axis
(Fig. 4C,D,I). The 11th generation cells (a11.145/a11.145 and
a11.146/a11.146) divided along the left-right axis at from 9 h
40 min to 10 hpf and continued to express Fer2 (Fig. 4E,F,I). The
divisions of the eight 12th generation cells along the anterior-
posterior axis were observed from 12 h 30 min to 13 hpf (Fig. 4G-I).
In the resultant 16 cells, Fer2 and Th were expressed (Fig. 4J-J″),
which is consistent with a report suggesting that the expression of
Th is directly regulated by Fer2 (Horie et al., 2018). These findings
revealed that the number of a9.37-cell descendants expressing Fer2
becomes 16 by 13 hpf (the late tailbud stage).
Th encodes tyrosine hydroxylase, which generates a precursor of

dopamine (L-DOPA) from tyrosine, and is specifically expressed in
DA cells. To determinewhether the 16 cells expressing bothFer2 and
Th at the late tailbud stage differentiate into DA cells, we counted the
number of cells expressing Fer2 and Th after 13 hpf (Table 1). At 15
and 17 hpf, Fer2 mRNAwas detected in all 16 cells, indicating that
the 16 cells derived from the a10.73/a10.73 cells continuously
express Fer2. Likewise, Th was expressed in approximately 16 cells
from pre-hatched embryos (17 hpf) to hatched larvae (18-21 hpf)
(Table 1). These results suggest that the total number of DA cells is 16
and that all DA cells are derived from the a10.73/a10.73 pair.
We also examined the expression patterns of the transcription

factorMeis, which has been suggested to regulate the expression of

DA marker genes such as Th (Horie et al., 2018). In contrast to the
DA cell-specific expression of Fer2,Meis started to be expressed in
both a10.73 and a10.74 cells, and the expression continued in the
descendants of these cells (Fig. S3A-D″). Th expression started in
the late a11.145 and a11.146 cells (Fig. S3E-F″). These results are
consistent with the suggestion that Fer2 and Meis synergistically
regulate the expression of the DA marker genes (Horie et al., 2018).

The MAPK pathway is required for the DA cell fate
We next investigated the molecular mechanisms of the
developmental fate decision for DA cells. Our findings revealed
that all of the descendants of a10.73 cells expressed the DA cell
marker Th and appeared to differentiate into DA cells. By contrast,
the sister cells, a10.74, and their descendants did not express either
Fer2 or Th. Thus, the division of a9.37 cells, giving rise to a10.73
and a10.74 cells, segregates the developmental fate of the DA cells
from the non-DA cell fate.

Fig. 4. DA cells are descendants of the
posterior daughter cells of a9.37 cells. (A-H)
The developmental expression profiles of Fer2
were examined by fluorescence in situ
hybridization. Fer2 transcripts are shown in
magenta. Nuclei were counterstained with DAPI
(green). Anterior is to the top. Dorsal views. White
dashed lines delineate a9.37-lineage cells. Cell
division patterns are indicated by red lines
connecting sister cells. (I) Schematic of the cell
division patterns through development of
a9.37-lineage cells. Green: nuclei of
a9.37-lineage cells. Magenta: Fer2 transcripts.
Anterior is to the top. Dorsal views. Numbers
indicate the standard nomenclature of
a9.37-lineage cells. Cell division patterns are
indicated by red lines connecting nuclei of sister
cells. (J-J″) Both Fer2 and Th were co-expressed
in only 16 cells (surrounded by white dashed
lines). Nuclei were counterstained with DAPI.
Anterior is to the top. Dorsal views. Scale bars:
10 μm.

Table 1. The average number of cells expressing Fer2 or Th

Stage
Cells expressing
Fer2 s.e.m. n

Cells expressing
Th s.e.m. n

15 hpf 16.00 0.00 3 – – –

17 hpf 16.00 0.00 6 16.14 0.14 7
18 hpf – – – 15.89 0.11 9
19 hpf – – – 15.67 0.21 6
21 hpf – – – 15.67 0.24 9
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We focused on the FGF/MAPK pathway because this signaling
pathway generates the anterior-posterior regionalization of the
neural plate in Ciona embryos (Hudson, 2016). Indeed, we detected
the double phosphorylation of ERK (dpERK), a marker of
the MAPK pathway, in the a10.73 cells but not in the a10.74 cells
(Fig. S4A-A″). To determine whether FGF/MAPK signaling
regulates the developmental fate of the a10.73 cells, we
performed pharmacological inhibition of the FGF receptor and
MEK, which phosphorylates and activates ERK. Because the
treatment with an FGF receptor inhibitor, SU5402, repressed cell
division in row III of the neural plate (Fig. S5), we could not
examine MAPK pathway activation. In contrast, when embryos
were treated with a MEK inhibitor, U0126, from 6.5 hpf, the
expression of Fer2 in the a10.73 cells and their descendants was lost
(Fig. 5A-B′; Fig. S6). The MAPK pathway is therefore required for
the expression of Fer2 in the a10.73 cells of the Ciona embryo.
In our examination of the Ciona Ghost database (Imai et al.,

2004), we noted that the Achaete-Scute a-like1 (Acsal1) gene
seemed to be expressed in cells anteriorly adjacent to cells
expressing Fer2 at the early tailbud stage. Herein, we confirmed
the expression patterns of Fer2 and Acsal1 (Fig. S7A,A′). Acsal1
was expressed in the a10.74 cells, but not in their mother cells, a9.37
cells (Fig. S7B-C″). We thus used Acsal1 as a specific marker of
a10.74 and examined whether the fate of a10.73 cells was
transformed into the a10.74-like fate by a MEK inhibitor. When
embryos were treated with U0126, Acsal1 was expressed in the
a10.73 cells as well as in the a10.74 cells (Fig. 5C-D′). These results
indicate that theMAPK pathway represses the a10.74-like fate in the
a10.73 cells and directs them to the DA cell fate.
FGF signaling regulates the regionalization of the neural plate of

ascidian embryos via the MAPK pathway, and one of the FGF
ligands, Fgf9/16/20, was reported to be expressed in cells near a9.37
cells (Hudson andYasuo, 2005; Hudson et al., 2007).We detected the
expression of Fgf9/16/20 in cells that were anteriorly and posteriorly
adjacent to the a9.37 cells and their daughter cells, a10.73 and a10.74
(Fig. S8).Moreover, transcripts ofFgfr, the only FGF receptor gene in
Ciona, were broadly expressed in the neural plate (Fig. S8). Therefore,
FGF signaling can occur in both a10.73 and a10.74 cells, whereas the
MAPK pathway is active only in the a10.73 cells.
InCiona development, ephrin-Eph signaling has been reported to

inhibit FGF/MAPK signaling (Haupaix et al., 2013, 2014; Liu and
Satou, 2019; Picco et al., 2007). According to the Ghost database,
Efna.b, Eph.a and Eph.c are expressed in the anterior neural plate. In

our present experiments, we detected transcripts of Efna.b and
Eph.a in both a10.74 and a10.73 cells, but the expression levels
were higher in the a10.73 cells compared with a10.74 cells
(Fig. S8). Eph.c mRNA was detected at a very low level in the
a10.73 and a10.74 cells (Fig. S8). Therefore, we focused on Eph.a
receptor and generated a dominant-negative form of Eph.a
(dnEph.a) to determine whether ephrin-Eph signaling inhibits
the MAPK pathway in the a10.74 cells. When dnEph.a was
overexpressed in the whole neural plate using the Etr1 promoter/
enhancer (Shimai and Kusakabe, 2018), dpERKwas not detected in
a10.74 cells, but the signal intensity of dpERK in other cells was
higher in embryos overexpressing dnEph.a than in control embryos
(Fig. S4B,C). These results suggest that ephrin-Eph signaling does
not inhibit the MAPK pathway in 10.74 cells.

Otx promotes Fer2 expression independently of the
MAPK pathway
The transcription factor Otx is essential for the development of the
anterior central nervous system in animals (Acampora et al., 1995;
Foucher et al., 2006;Matsuo et al., 1995;Wada et al., 2004). Otx has
been reported to regulate the specification and differentiation of DA
cells in mouse (Arenas et al., 2015; Omodei et al., 2008; Panman
et al., 2014). Because Ciona Otx is continuously expressed in the
cell lineage of the brain vesicle, including DA cells from cleavage to
the tailbud stages (Hudson and Lemaire, 2001), it is possible that
Otx contributes to the development of DA cells by regulating Fer2
expression and activating the MAPK pathway.

To examine this hypothesis, we knocked down Otx function
using an antisense morpholino oligonucleotide (MO). Fer2 mRNA
was detected in control embryos, but not in the Otx morphant
embryos (Fig. 6A,B). In contrast to the Fer2 expression, the
presence of dpERK in a10.73 cells was not influenced by Otx MO
(Fig. 6C,D). Inhibition of MEK activity by treatment with U0126
also did not affect Otx expression in the mother cells of a10.73 and
a10.74 cells, a9.37 cells (Fig. 6E,F). These results suggest that Otx
upregulates the expression of Fer2 and contributes to the
specification of the DA cell fate in parallel with the MAPK
pathway in a10.73 cells (Fig. 6G).

Outlining putative cell boundaries based on dpERK cytoplasmic
signals revealed that a10.73 cells were larger than a10.74 cells in
control embryos (Fig. 6C). Consistent with this, a10.73 cell volume
was larger than that of a10.74 cells (Fig. S9). In contrast, no
difference between a10.73 and a10.74 cell size was observed in the

Fig. 5. The MAPK pathway
specifies the DA cell fate in a10.73
cells. (A-D′) Transcripts of Fer2
(A-B″) and of the a10.74 cell marker
gene Acsal1 (C-D′) were detected
in embryos treated with DMSO
(A,A′,C,C′) or U0126 (B,B′,D,D′)
by fluorescent WISH. Magenta:
expression of Fer2 and Acsal1.
Green: nuclei counterstained with
DAPI. Anterior is to the top. Dorsal
views. White dashed lines delineate
a10.73 and a10.74 cells. Scale bars:
10 μm.
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Otx morphants (Fig. 6D). These findings suggest that there is a
difference in cell size between a10.73 and a10.74, which is
regulated by Otx.

DISCUSSION
We elucidated the complete cell lineage and the number of DA cells
in the brain vesicle of the Ciona larva. Our results also revealed that
theMAPK pathway andOtx are essential for the specification of DA
cells.

The cell lineage of DA cells
Previous studies have inferred the cell lineage of DA cells in the
Ciona larva (Cole and Meinertzhagen, 2004; Moret et al., 2005a).
Moret et al. (2005a) proposed that DA cells were derived from
a9.34/a9.34 or a9.38/a9.38 cells, and Cole and Meinertzhagen
(2004) inferred that DA cells were derived from the left a9.33 and
a9.37 cells and not from their right counterpart cells. However, the
results of these studies were not conclusive, because they were
based on observations of unlabeled embryos without the use of DA
cell markers (Cole and Meinertzhagen, 2004) or on the expression
of marker genes without chasing of cells during their development
(Moret et al., 2005a). In this study, by labeling cells of the neural
plate and chasing their developmental fates with DA cell markers,
we showed that DA cells are derived from both left and right a9.37
cells. We further revealed that all descendants of a10.73 cells, one of
the daughter cells of a9.37 cells, develop into DA cells. These
findings thus decisively revise the cell lineage of DA cells in the
Ciona larva. We also revealed that the number of DA cells is 16,
which is the same as the number of the coronet cells determined by
the previous studies (Ryan et al., 2016; Ryan and Meinertzhagen,
2019). Therefore, it is plausible that all the coronet cells are DA
cells. In another ascidian, Halocynthia roretzi, it was reported that
the coronet cells are derived from the a8.19/a8.19 cells (mother cells
of a9.37/a9.37 cells) and the left a8.17 cell (Taniguchi and Nishida,
2004), suggesting a partial conservation of the cell lineage of DA

cells between two ascidian species. In Halocynthia, however, only
an uncharacterized antigen (Hpr-1) has been used as the coronet cell
marker, and other molecular markers, such as Th and Fer2, have not
been identified. Therefore, further investigations are required to
understand precisely the species differences of the cell lineage of the
DA/coronet cells. The developmental fate of a10.74 cells, the other
daughter cells of a9.37 cells, is still unclear. Because two groups of
interneurons (cor-ass BVINs and ciliated BVINs) are adjacent to the
DA cells (Ryan et al., 2016; Ryan and Meinertzhagen, 2019),
a10.74 cells may develop into these interneurons.

With the complete cell lineage of the DA cells in hand, we can
now propose the details of the commitment to the DA cell fate at the
single-cell level (Fig. 7A). It has been suggested that Fer2 andMeis
directly regulate the expression of DA synthesis genes (Horie et al.,
2018). The present study revealed that Fer2 and Meis start to be
expressed from the early neurula stage in a10.73 cells, all of the
descendants of which differentiate to DA cells. The expression of Th
begins in the daughter cells of a10.73 cells from the initial tailbud
stage. These observations suggest that the specification of DA cells
occurs in a10.73 cells and then the DA cell fate is determined in
their daughter cells, i.e. a11.145 and a11.146 cells (Fig. 7A).

What activates the MAPK pathway only in a10.73 cells?
Our results demonstrated that the MAPK pathway segregates the
developmental fate of DA cells between a10.73 and a10.74 cells.
The MAPK pathway is active in only a10.73 cells, not in a10.74
cells. What mechanisms are responsible for activating the MAPK
pathway exclusively in a10.73 cells? Previous investigations of
Ciona embryos reported that FGF/MAPK signaling is active in rows
I and III of the neural plate, including a9.37 cells (Hudson, 2016;
Hudson et al., 2007). A gene encoding the FGF ligand Fgf9/16/20 is
expressed in cells anterior and posterior to the a9.37 cells and their
daughter cells, a10.73 and a10.74 (Fig. S8; Haupaix et al., 2014;
Hudson, 2016; Hudson and Yasuo, 2005). In contrast to the FGF
ligand, a gene encoding the FGF receptor is broadly expressed from

Fig. 6. Otx upregulates the expression of Fer2 independently of the MAPK pathway. (A,B) Expression of Fer2 in a control embryo (A) and an Otxmorphant
embryo (B) at the early tailbud stage. Anterior is to the left. Lateral view. (C,D) Immunofluorescent staining of dpERK in a control embryo (C) and anOtxmorphant
embryo (D). Anterior is to the top. Dorsal view. (E,F) Expression of Otx in a control embryo (E) and an embryo treated with U0126 (F) at the late gastrula stage.
Anterior is to the top. Dorsal view. In C-F, the a10.73 and a10.74 cells and their mother cells, a9.37, are indicated by the white dashed lines. (G) Schematic of the
gene regulatory networks in DA cell development. Otx and the MAPK pathway independently upregulate Fer2 expression, and then Fer2 and Meis synergically
promote expression of Th. Scale bars: 10 μm.
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the late gastrula to the early neurula stages (Fig. S8). We thus
speculate that there is competence to respond to FGF in both a10.73
and a10.74 cells, suggesting several possible explanations for the
observation of MAPK pathway activation only in a10.73 cells: (1)
factors other than the FGF ligand/receptor activate the MAPK
pathway in a10.73 cells, (2) the activity of the MAPK pathway
derived from the FGF ligand/receptor is inhibited in only a10.74
cells by factors other than ephrin-Eph signaling (Fig. S4B,C), (3)
FGF receptor protein in a10.73 cells but not a10.74 cells is
preferentially distributed to the side facing the cells expressing the
FGF ligand, or (4) the occurrence of FGF/MAPK signaling relies on
the ratio of the cell-surface contact with cells providing the FGF
ligand (Guignard et al., 2020; Ohta and Satou, 2013; Tassy et al.,
2006).
FGF/MAPK signaling induced by FGF8 is required for the

development of DA cells in the midbrain of mice and in some
regions of the diencephalon of zebrafish (Arenas et al., 2015;
Flames and Hobert, 2011; Hegarty et al., 2013; Ryu et al., 2006).
The MAPK pathway is thus used for the regulation of the
development of DA cells in both Ciona and vertebrates.

The role of Otx in DA cell development in Ciona
We propose two possibilities regarding the role of Otx in the
development of DA cells in Ciona. The first possible mechanism is
thatOtx directly and/or indirectly upregulates the expression of Fer2
in a10.73 cells in parallel with the MAPK pathway (Fig. 6G). Otx is
continuously expressed in the DA-lineage cells from cleavage to at

least the tailbud stages, and the transcription regulatory mechanisms
of Otx change several times during the development (Hudson and
Lemaire, 2001; Oonuma et al., 2014). It has been suggested that
from the cleavage to the early gastrula stages, Otx expression is
regulated by the transcription factors GATA and Ets activated by
FGF signaling (Bertrand et al., 2003), whereas the transcription
factors Sox, Zic and Fox have been suggested to regulate the
transcription of Otx from the mid to late gastrula stages (Oonuma
et al., 2014). Either of these two pathways, i.e. GATA/Ets-Otx or
Sox/Zic/Fox-Otx, may activate Fer2 in the DA-lineage cells.

The second possible mechanism underlying the role of Otx in the
development of Ciona DA cells is that Otx may control the
asymmetric cell fate through an unequal cleavage. Interestingly, in
Otxmorphants, the size of a10.74 cells was similar to that of a10.73
cells, whereas in control embryos a10.74 cells were smaller than
a10.73 cells (Fig. 6C,D). In ascidians, an unequal cleavage
segregates the primordial germ line and somatic cell fates from
the 16- to 110-cell stages and this unequal cleavage is related to
eccentric positioning of the division plane (Negishi and Nishida,
2017). It is possible that the asymmetric cell size contributes to the
distinct fates of a10.73 and a10.74 cells and that Otx indirectly
controls the unequal cell division via cell division-related factors
and/or other factors, such as secreted ligands. Also, because Fer2 is
not expressed in the mother cells of a10.73 cells, i.e. a9.37 cells (in
which Otx mRNA and dpERK are known to be present), it is
possible that there is a repressor that inhibits Fer2 expression in
a9.37 cells and that segregation of this repressor into a10.74 cells is

Fig. 7. TheCionaDA cell lineage and the developmentalmovement of neural plate cells. (A) The complete cell lineage of DA cells from the one-cell stage to the
larval stage. Only the lineage of the left side is shown. Red and blue bars indicate the period when transcripts of Fer2/Meis and Th were detected, respectively. Red
and blue arrows indicate the times when specification and determination of the DA cell fate occur, respectively. (B) Schematic of the neural plate at the late gastrula
stage. Anterior is to the left, and right is to the top. The brain-lineage cells and the non-brain cells are surrounded by black lines and gray lines, respectively. Light
yellow: left a9.37; yellow: right a9.37; magenta: left a9.33; green: right a9.33. (C) Schematics of the movement of the descendants of a9.37/a9.37 and a9.33/a9.33
cells. Anterior is to the left, dorsal is to the top. Arrows indicate themovement direction of the a9.37/a9.37- and a9.33/a9.33-lineage cells. Twopigment cells are shown
in black. The asterisk indicates an a9.33-derived cell that remains at the right side apart from the other right a9.33-lineage cells. Colors correspond to those used in B.
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caused by an unequal cleavage. Given that we observed that
treatment with a MEK inhibitor did not influence the size of a10.73
and a10.74 cells, we speculate that the MAPK pathway may not be
related to the asymmetric cell size. This speculation is consistent
with the parallel regulation of Fer2 expression by Otx and the
MAPK pathway.
Our present findings suggest similarities and differences in the

developmental mechanisms underlying the development of DA
cells between ascidians and vertebrates. In both the brain vesicle
of Ciona and the midbrain of mammals, the transcription factor
Otx/Otx2 is essential for the development of DA cells (Fig. 6A,B;
reviewed by Arenas et al., 2015; Flames and Hobert, 2011; Hegarty
et al., 2013). In the mouse, Otx2 has been reported to specify
midbrain DA cells via other transcription factors, i.e. Lmx1a and
Lmx1b (Arenas et al., 2015; Flames and Hobert, 2011; Hegarty
et al., 2013). Two Lhx1 genes also regulate the expression of DA
marker genes, such as Th via Nurr1/Nr4a2 and Pitx3.
In contrast to the mammalian midbrain, the Otx-Fer2-Th pathway

is thought to be active in Ciona. Because Lmx1 and Pitx homologs
of ascidians do not seem to be expressed in the DA-lineage cells
(Imai et al., 2004) and given that a Fer2 homolog does not exist in
humans (Gyoja and Satoh, 2013), Otx may be the common key
factor in DA cell development between ascidians and mammals; in
addition, the regulatory factors between Otx and the DA pathway
genes may have changed during evolution.

Cell movement in the brain vesicle from the tailbud to the
larval stages
We chased the labeled cells of the neural plate using Kaede
fluorescence in this study. Our results provide new insights into how
the brain vesicle of Ciona larva develops from the neural plate. We
identified three types of cell movement in the brain vesicle. First, the
developing brain vesicle rotates clockwise when viewed from the
posterior side; as a result, the descendants of both the medial neural
plate cells (a9.37/a9.37 and a9.38/a9.38) and the lateral neural plate
cells (a9.33/a9.33) become located at the left side of the brain
vesicle by the late tailbud stage (Fig. 2G-G″,H-H″,J-J″, Fig. 7B,C).
A similar rotation was reported in another ascidian species,
Halocynthia roretzi (Taniguchi and Nishida, 2004).
Second, descendants of the a9.37/a9.37 and a9.33/a9.33 cells

showed counterclockwise rotation when viewed from the dorsal side
(Fig. 7C). The movement of the a9.37/a9.37-lineage cells seemed to
start from 13 hpf to 15 hpf, because the a9.37/a9.37-lineage cells
showed left-right symmetry at 13 hpf but left-right asymmetry at
15 hpf (Fig. 3E-J″). Our findings also revealed that left and right
a9.33-lineage cells are located at the posterior and anterior sides of
the DA cells, respectively (Fig. S2; Fig. 7C).
Third, the descendants of the posterior neural plate cells a9.37/

a9.37 are located ventrally to descendants of the anterior neural plate
cells a9.38/a9.38 at the larval stage, suggesting that a rearrangement
of these cells occurs in addition to the aforementioned rotations
(Fig. 2G-G″,J-J″). In these three kinds of the rotations, at least first
and second rotations may occur simultaneously because the
descendants of a9.37/a9.37 cells tilted counterclockwise and
moved to the left side of the brain vesicle during the tailbud
stages (Fig. 3E,G,I).
In ascidian larvae, brain vesicle rotation contributes to the

generation of left-right asymmetry of the brain vesicle (Ryan et al.,
2016; Taniguchi and Nishida, 2004). Vertebrate brains also show
left-right asymmetry. For example, the brains of flounder fish
exhibit a conspicuous left-right asymmetry that is generated by
rotation of the forebrain and left-right asymmetric growth of the

midbrain (Suzuki et al., 2009). The development of the parapineal
and pineal gland in fish (Concha and Wilson, 2001; Concha et al.,
2012) and the morphology and function of the mammalian
brain (Duboc et al., 2015; Kawakami et al., 2008) are other well-
known examples of left-right asymmetry in vertebrate brains.
These asymmetric brain regions are derived from the forebrain
and midbrain. The brain vesicle of the ascidian larva has been
considered to be homologous to the forebrain and midbrain of
vertebrates (Kusakabe, 2017; Moret et al., 2005b; Wada et al.,
1998), although the homology is not fully agreed (e.g. Dufour et al.,
2006). The forebrain and midbrain of vertebrates and the brain
vesicle of ascidians both function to sense and integrate external
information. In both vertebrates and ascidians, Nodal signaling
regulates the left-right asymmetry of the brain by influencing the left
side (Concha et al., 2012; Kawakami et al., 2008; Nishide et al.,
2012; Yoshida and Saiga, 2011). It is thus likely that a common
ancestor between ascidians and vertebrates had a left-right
asymmetric brain development of which was regulated by Nodal
signaling. Left-right asymmetry of sensory information-processing
brain regions may have been evolutionarily conserved because of
the importance of these regions for brain function.

MATERIALS AND METHODS
Biological materials
Ciona intestinalis type A (also called C. robusta) adults were provided by
the Maizuru Fisheries Research Station of Kyoto University and by the
Misaki Marine Biological Station of the University of Tokyo through the
National Bio-Resource Project (NBRP) of the Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan. Eggs and sperm
were obtained surgically from the gonoducts. After insemination, embryos
were raised in artificial seawater (Marine Art BR; Tomita Pharmaceutical
Company, Tokushima, Japan) containing 0.005% streptomycin sulfate
(S6501, Sigma-Aldrich) at 18°C. Embryonic developmental stages were
determined according to the FABA Developmental Table (Hotta et al.,
2007) and expressed in hpf.

DNA constructs, morpholino oligonucleotides, microinjection
and photoconversion
The reporter constructs Dmrt1>Kaede-NLS and FoxB>Kaede-NLS
were generated as described previously (Oonuma et al., 2016). The
Fer2>G-GECO construct, in which the cis-regulatory region of Fer2
(Horie et al., 2018) is connected with the coding sequence for a GFP-derived
Ca2+ indicator, G-GECO1.1 (Zhao et al., 2011), was kindly provided by
Dr T. Horie (University of Tsukuba, Japan). To construct pSP-Dmrt1>PH::
GFP, we amplified the open reading frame of PH::GFP from pRN3-
PH-GFP, which was a gift from Dr A. McDougall (Université Pierre et
Marie Curie and CNRS, France) (forward primer 5′-CCCCTTGCG-
GCCGCCATGGACTCGGGCCGGGAC-3′; reverse primer 5′-CAGCTG-
GAATTCTTACTTGTACAGCTCGTCCA-3′) and a pSP vector containing
the Dmrt1 promotor/enhancer region from Dmrt1>Kaede-NLS (forward
primer 5′-TAAGAATTCCAGCTGAGCGC-3′; reverse primer 5′-GGC-
GGCCGCAAGGGGAT-3′) by PCR. Then, these two amplified DNAs
were fused using the In-Fusion HD cloning kit (Clontech Laboratories).

To obtain pSP-Etr>dnEph.a, we first constructed pSP-Etr>Kaede.
We amplified the enhancer/promoter region of the Etr gene from the
Ciona genome (forward primer 5′-CTGAAGCTTGCATGCCGACC-
ACGGAGTTAATTGA-3′; reverse primer 5′-TCCTCTAGAGTCGAC-
TCTGGATAAAGCAATACATACGAG-3′) and a pSP-Kaede vector
(forward primer 5′-GTCGACTCTAGAGGATCCCC-3′; reverse primer
5′-GCATGCAAGCTTCAGCTG-3′) by PCR. Then, we fused these two
amplified DNAs using the In-Fusion HD cloning kit (Clontech
Laboratories). Next, total RNA was isolated from tailbud embryos at
15 hpf with a NucleoSpin miRNA kit (740971, MACHEREY-NAGEL).
First-strand cDNAwas prepared from 1.3 μg total RNA with a SuperScript
IV First-Strand Synthesis System kit (18091050, Thermo Fisher Scientific),
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and used to amplify a cDNA sequence of Eph.a by PCR using a pair of
primers (forward primer, 5′-CCCCTTGCGGCCGCCATGGATTATCT-
GGCTGTCCT-3′; reverse primer, 5′-GCTCAGCTGGAATTCTCACA-
GTTTAAAATCAATTTCTTTCGC-3′). We also amplified a pSP vector
containing the upstream region of Etr from pSP-Etr>Kaede (forward
primer 5′-GAATTCCAGCTGAGCGCCGGTCG-3′; reverse primer 5′-
GGCGGCCGCAAGGGGAT-3′) by PCR. Then, these two amplified DNA
fragments were fused using the In-Fusion HD cloning kit (Clontech
Laboratories).

MOs were obtained from Gene Tools. An antisense MO was arbitrarily
designed to bind to the sequence flanking and contain the first methionine
codon of the Otx gene. As the negative control, an antisense MO against the
bacterial lacZ gene (Satou et al., 2001) was used. The nucleotide sequences of
the MOs were: Otx, 5′-TACGACATGTTAGGAATTGAACCCG-3′; lacZ,
5′-TACGCTTCTTCTTTGGAGCAGTCAT-3′ (underlining indicates the
complementary sequence of the translation start site). MOs were dissolved
at 2 mM in 1 mM Tris-HCl pH 8.0, 0.1 mM EDTA. Wada et al. (2004)
reported defects of the adhesive pulp and lack of melanization of the brain
pigment cells as the specific phenotype of the Otx morphant larvae, and we
confirmed the effectiveness of theOtxMO by observing this phenotype in all
injected larvae (n=56).

Microinjection of DNA constructs and MOs into Ciona eggs with intact
chorion, and photoconversion of Kaede fluorescence were carried out as
described previously (Oonuma et al., 2016).

Whole-mount in situ hybridization
Whole-mount fluorescent in situ hybridization was carried out using
digoxigenin- or FITC-labeled RNA probes as described by Oonuma and
Kusakabe (2019). To synthesize RNA probes for Fer2, Fgf9/16/20, Meis
and Th, we used a plasmid clone obtained from the Ciona Gene Collection
release 1 (Satou et al., 2002): Gene Collection IDs (and KH gene model
IDs) R1GC30n10 (Eph.a, KH.C1.404), R1GC16p22 (Eph.c, KH.C7.568),
R1GC21d13 (Efna.b, KH.C3.202), R1GC44e22 (Fer2, previously
described as PTFb/Ptf1a, KH.L116.39), R1GC29b12 (Fgf9/16/20,
KH.C2.125), R1GC32j14 (Fgfr, KH.S742.2), R1GC32a16 (Meis,
KH.C10.174), R1CiGC13g19 (Otx, KH.C4.84) and R1GC05g24 (Th,
KH.C2.252). For the synthesis of the RNA probe for Achaete-Scute a-like1
(Acsal1, KH.C2.560), the template DNA was obtained as follows.
First-strand cDNA from embryos at 15 hpf was used to amplify a cDNA
sequence of Acsal1 by PCR using a pair of primers (forward primer, 5′-
CGGGGATCCAAACACGTCAACTCTGCG-3′; reverse primer, 5′-TG-
GGTCGACCTAATTTATAATATTTAGCACTGGTCTTTC-3′; restriction
sites are underlined). The amplified sequence was inserted into the BamHI/
SalI sites of pBluescript II SK(+). Antisense digoxigenin- and fluorescein-
labeled RNA probes were synthesized using T7 RNA polymerase from
plasmid DNA linearized with BamHI for Acsal1, Efna.b, Eph.a, Eph.c,
Fer2, Fgf9/16/20 and Meis, with AccI for Th and with SalI for Eph.a and
Fgfr. Recapitulation of the expression patterns of these transcripts was
confirmed with at least five embryos.

Immunofluorescent staining
Immunofluorescent staining for G-GECO1.1 and PH::GFP was carried out
by the method described by Oonuma et al. (2016). A rabbit anti-GFP
antibody (A11122, Thermo Fisher Scientific) was used as the primary
antibody (1:1000), and Alexa Fluor 633-conjugated anti-rabbit IgG
(A21070, Thermo Fisher Scientific) or Alexa Fluor 488-conjugated anti-
rabbit IgG (A11008, Thermo Fisher Scientific) were used as the secondary
antibody (1:1000).

Immunofluorescent staining for dpERK was performed as follows. The
early neurula embryos (7.5 hpf) with the chorion intact were fixed in 4%
paraformaldehyde in 0.1 M MOPS (pH 7.5) and 0.5 M NaCl at room
temperature for 30 min and were then washed with T-TBS (Tris-buffered
saline, 0.01% Triton X-100). After the embryos were incubated with 80%
methanol on ice for 10 min and washed with T-TBS, tungsten needles were
used to remove the chorion and then the embryos were incubated in 1%
bovine serum albumin (BSA)/T-TBS solution at room temperature for
30 min. The specimens were incubated in signal booster immunostain
solution F (BCL-ISF; Beacle) with anti-dpERK mouse IgG antibody

(M9692, Sigma-Aldrich; 1:1000) for 16 h at 4°C. After being washed with
T-PBS (0.1% Triton X-100 in PBS), the specimens were incubated in signal
booster immunostain solution F with Histofine Simplestain Max-PO(M)
(424131, Nichirei Biosciences) as the secondary antibody (1:10) for 2.5 h at
room temperature, and then washed three times with T-PBS. Signal
amplification was performed with the TSA system using Alexa Fluor 594-
conjugated tyramide (T20915, Thermo Fisher Scientific; 1:100) for 20 min
at room temperature. Fluorescent images were obtained with a laser
scanning confocal microscope (FV1200 IX83, Olympus) at 1-μm intervals
in the z-axis.

Pharmacological inhibition
U0126 (U120, Sigma-Aldrich) and SU5402 (SML0443, Sigma-Aldrich)
were dissolved at 10 mM in dimethylsulfoxide (DMSO) and stored as stock
solution at −25°C. Embryos with intact chorion were treated with 5 μM
U0126 or 5 μM SU5402 in artificial sea water from 6.5 to 7.5 hpf.

Cell volume measurement
Membrane-localized GFP was expressed in cells of the neural plate derived
from the a-lineage using pSP-Dmrt1>PH::GFP, and immunofluorescent
staining against GFP was performed. After immunostaining, confocal
images of the fluorescent signal were obtained at 1-μm intervals in the z-
axis. Then, based on these images, three-dimensional (3D) models of a10.73
and a10.74 cells were constructed using the open source software TrakEM2
that was a plugin of ImageJ (Cardona et al., 2012). From the 3D models, the
volume of a10.73 and a10.74 cells was measured using TrakEM2. Statistical
analysis was performed using an unpaired Student’s t-test (two-sided).
P<0.001 was considered statistically significant.
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Fig. S1. Little position variation of cells labeled with the photo-converted Kaede among individuals. Other 
individuals with the larvae shown in Fig.1,2. Anterior is to the left. Lateral views. Scale bars: 10 μm.
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Fig. S2. Movement of a9.33/a9.33 cells through the embryogenesis. (A,B) 
Asymmetric distribution of descendants of left and right a9.33 cells. Anterior is to the left. 
Dorsal views. Nuclei of left (A) or right (B) a9.33-lineage cells were labeled by Kaede-red 
fluorescence (magenta). White arrowhead: A right a9.33-derived cell that did not move to 
the left side of the brain vesicle. Scale bars: 10 μm.
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Fig. S3. Spatio-temporal expression patterns of Meis and Th. (A−F”) Anterior is to the 
top. Dorsal views. Meis mRNA (A−D”) and Th mRNA (E−F”) (magenta) were detected by 
WISH at the indicated stages (hpf and FABA stages). Nuclei were counter-stained with 
DAPI (green). White dotted lines: a9.37-lineage cells. iTB, initial tailbud; lN, late neurula. 
Scale bars: 10 μm. 
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Fig. S4. Cells in which the MAPK pathway is activated in the neural plate and 
overexpression of the dominant negative form of Eph.a (dnEph.a) receptor. (A−C” )
The immunofluorescent staining of dpERK (magenta) at 7.5 hpf. Nuclei were
counter-stained with DAPI (green). White dotted lines: The daughter cells of a9.37 cells.
(B-C” ) dpERK was not detected in a10.74 cells of the control embryos (B-B” ) and the
embryos overexpressing dnEph.a (C-C” ). Anterior is to the top. Dorsal views. Scale bars:
10 μm.
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Fig. S5. Cells in row III of the neural plate do not divide by the treatment with 
SU5402. (A,B) Neurula embryos treated with DMSO (A) or an FGF receptor inhibitor, 
SU5402 (B). Anterior is to the top. Dorsal views. Nuclei were stained with DAPI (green). 
White dotted lines indicate cells in the row III of the neural plate including the a9.37-lineage 
cells. Scale bars: 10 μm.
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Fig. S6. MAPK pathway is required for the maintenance of Fer2 
expression after the neurula stage. (A−D) Fer2 mRNA (magenta) was
detected in embryos treated with DMSO (A,C) or U0126 (B,D) by the
fluorescent-WISH. Green: Nuclei counter-stained with DAPI. Anterior is to the
top. Dorsal views. White dotted lines: descendants of a10.73 cells. Scale bars:
10 μm.
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Fig. S7. The Acsal1 gene is specifically expressed in the a10.74-lineage cells. 
(A,A') Comparison of expression patterns between Acsal1 and Fer2 genes at the early 
tailbud stage (10.5 hpf) by WISH. (A) Anterior is to the left. Lateral views. (A') 
Nuclei were counter-stained with DAPI (gray). Anterior is to the top. Dorsal views. (B−
C") Acsal1 mRNA (magenta) was detected at 6.5 hpf (B−B") and 7.5 hpf (C−C") by
fluorescent-WISH. Nuclei were counter-stained with DAPI (green). Anterior is to the top. 
Dorsal views. White dotted lines: a9.37 cells (B−B"), a10.73 and a10.74 cells (C−C").
Scale bars: 10 μm.
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Fig. S8. The expression patterns of Fgf9/16/20, Fgfr, Efna.b, Eph.a and Eph.c 
before and after the a9.37 cell division. The expression of each gene was detected by 
WISH (magenta). Nuclei were counter-stained with DAPI (green). Anterior is to the top. 
Dorsal views. White dotted lines: a9.37-lineage cells. Scale bar: 10 μm. 
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Fig. S9. The cell volume of a10.73 cells is higher than that of a10.74 cells. (A) 
The detection of membrane localized GFP (PH::GFP) expression (magenta) by the 
immunofluorescent staining against GFP. Nuclei were counter-stained with DAPI 
(green). Anterior is to the top. Dorsal views. (B) Boxplots indicate the cell volumes of 
a10.73 and a10.74 cells (n=5). The average volumes are 1120.52 μm3 (a10.73) and
361.376 μm3 (a10.74), respectively. Scale bar: 10 μm. Statistical analysis was done
by standard Student t-test. (*P < 0.001).
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Table S1. The average number of cells expressing Fer2 reporter at the larval 

stage 
� �������"������������������� ��� �

�������������†� ���#�������
��������� �!�� �������������� �!�� �
�

��� ��	���� 7.6	±	0.40	 8 ± 0.00 ��

���� ��	���� 7.25 ± 0.48 8 ± 0.00 ��

†The cells labeled with Kaede red fluorescence at the late gastrula stage. 

The numbers of cells are presented as mean ± standard error (s.e.m.). 

Table S2. The average number of cells in the larval brain vesicle derived from each pair of 
neural plate cells 

Labeled 
cells† 

The average labeled cell 
number 

s.e.m. n= 

a9.37/a9.37 23.5 0.50 4 
a9.33/a9.33 17.7 0.95 6 
a9.49/a9.49 9.5 0.29 4 
a9.38/a9.38 23.6 0.24 5 
a9.34/a9.34 24.3 0.25 4 
a9.50/a9.50 12.2 1.36 5 
A9.13/A913 24.8 0.77 6 
A9.14/A914 48 1.22 5 
A9.16/A916 48.3 1.11 4 

†The cells labeled with red fluorescence of photo-converted Kaede at the late gastrula stage. 

The cell numbers and standard error of the mean (s.e.m.) are shown. 
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Movie 1. Serial optical sections of confocal images of A9.13/A9.13 lineage-cells in the 
Ciona larva shown in Fig. 1E–E’’. Localization of the fluorescence of Kaede-red and 
Fer2>EGFPv were visualized in magenta and yellow, respectively. Anterior is to the left. 
Lateral views. This movie progresses from dorsal to ventral regions of the larva.

Movie 2. Serial optical sections of confocal images of A9.14/A9.14 lineage-cells in the 
Ciona larva shown in Fig. 1G–G’’. Localization of the fluorescence of Kaede-red and 
Fer2>EGFPv were visualized in magenta and yellow, respectively. Anterior is to the left. Lateral 
views.
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http://movie.biologists.com/video/10.1242/dev.198754/video-2
http://movie.biologists.com/video/10.1242/dev.198754/video-1


Movie 3. Serial optical sections of confocal images of A9.16/A9.16 lineage-cells in the
Ciona larva shown in Fig. 1I–I’’. Localization of the fluorescence of Kaede-red and
Fer2>EGFPv were visualized in magenta and yellow, respectively. Anterior is to the left.
Lateral views.

Movie 4. Serial optical sections of confocal images of a9.37/a9.37 lineage-cells in the
Ciona larva shown in Fig. 2G–G’’. Localization of the fluorescence of Kaede-red and
Fer2>EGFPv were visualized in magenta and yellow, respectively. Anterior is to the left.
Lateral views.
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http://movie.biologists.com/video/10.1242/dev.198754/video-4
http://movie.biologists.com/video/10.1242/dev.198754/video-3


Movie 5. Serial optical sections of confocal images of a9.33/a9.33 lineage-cells in the
Ciona larva shown in Fig. 2H–H’’. Localization of the fluorescence of Kaede-red and
Fer2>EGFPv were visualized in magenta and yellow, respectively. Anterior is to the left.
Lateral views.

Movie 6. Serial optical sections of confocal images of a9.49/a9.49 lineage-cells in the
Ciona larva shown in Fig. 2I–I’’. Localization of the fluorescence of Kaede-red and
Fer2>EGFPv were visualized in magenta and yellow, respectively. Anterior is to the left.
Lateral views.
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http://movie.biologists.com/video/10.1242/dev.198754/video-5


Movie 7. Serial optical sections of confocal images of a9.38/a9.38 lineage-cells in the
Ciona larva shown in Fig. 2J–J’’. Localization of the fluorescence of Kaede-red and
Fer2>EGFPv were visualized in magenta and yellow, respectively. Anterior is to the left.
Lateral views.

Movie 8. Serial optical sections of confocal images of a9.34/a9.34 lineage-cells in the
Ciona larva shown in Fig. 2K–K’’. Localization of the fluorescence of Kaede-red and
Fer2>EGFPv were visualized in magenta and yellow, respectively. Anterior is to the left.
Lateral views.
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http://movie.biologists.com/video/10.1242/dev.198754/video-8
http://movie.biologists.com/video/10.1242/dev.198754/video-7


Movie 9. Serial optical sections of confocal images of a9.50/a9.50 lineage-cells in the
Ciona larva shown in Fig. 2L–L’’. Localization of the fluorescence of Kaede-red and
Fer2>EGFPv were visualized in magenta and yellow, respectively. Anterior is to the left.
Lateral views.

Movie 10. Serial optical sections of confocal images of left a9.37 lineage-cells in the
Ciona larva shown in Fig. 3B–B’’. Localization of the fluorescence of Kaede-green,
Kaede-red and Fer2>EGFPv were visualized in green, magenta and yellow, respectively. 
Anterior is to the left. Lateral views.
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Movie 11. Serial optical sections of confocal images of right a9.37 lineage-cells in the 
Ciona larva shown in Fig. 3D–D’’. Localization of the fluorescence of Kaede-green, 
Kaede-red and Fer2>EGFPv were visualized in green, magenta and yellow, respectively. 
Anterior is to the left. Lateral views.
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