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Larvaceans are chordates with a tadpole-like morphology. In
contrast to most chordates of which early embryonic morphology is
bilaterally symmetric and the left-right (L-R) axis is specified by the
Nodal pathway later on, invariant L-R asymmetry emerges in four-
cell embryos of larvaceans. The asymmetric cell arrangements exist
through development of the tailbud. The tail thus twists 90° in a
counterclockwise direction relative to the trunk, and the tail nerve
cord localizes on the left side. Here, we demonstrate that larvacean
embryos have nonconventional L-R asymmetries: 1) L- and R-cells of
the two-cell embryo had remarkably asymmetric cell fates; 2) Ca%*
oscillation occurred through embryogenesis; 3) Nodal, an evolution-
arily conserved left-determining gene, was absent in the genome;
and 4) bone morphogenetic protein gene (Bmp) homolog Bmp.a
showed right-sided expression in the tailbud and larvae. We also
showed that Ca* oscillation is required for Bmp.a expression, and
that BMP signaling suppresses ectopic expression of neural genes.
These results indicate that there is a chordate species lacking Nodal
that utilizes Ca* oscillation and Bmp.a for embryonic L-R pattern-
ing. The right-side Bmp.a expression may have arisen via cooption
of conventional BMP signaling in order to restrict neural gene
expression on the left side.
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ore than a century ago, it was found that embryos of the

larvacean Oikopleura dioica show exceptional left-right
(L-R) asymmetry as early as the four-cell embryo stage (1-3).
Larvaceans are members of the tunicate subphylum, which in-
cludes the closest relatives to vertebrates. During embryogenesis of
O. dioica, the first and second embryonic cleavages take place in
L-R and anterior—posterior directions, respectively, as with most
ascidian species. In the four-cell embryo, however, anterior-left
and posterior-right blastomeres are formed slightly closer to the
vegetal pole, contacting each other at the vegetal side (Fig. 1). The
asymmetric cell contacts are stable during the cleavage stages,
forming an intricate median plane (2, 3). After gastrulation, the
tail of the tadpole larvae gradually rotates 90° in a counterclock-
wise direction relative to the trunk (4). Consequently, the nerve
cord is located on the left side, not the dorsal side, of the noto-
chord. The twisted positioning of the nerve cord is already visible
in the prehatching tailbud (Fig. 1 H and J), and is clearly evident in
the adult body (5-7). In the present study, we focused on this novel
L-R patterning process of a chordate species.

In the early embryos of most animals, the morphology is bi-
laterally symmetric; later in development, a symmetry break
occurs that leads to L-R patterning (8-10). In contrast to dorsal—
ventral (D-V) patterning, in which transforming growth factor-g
(TGF-p) family proteins, including bone morphogenesis proteins
(BMPs), are known to form conserved pathways for neural for-
mation (11-13), L-R symmetry breaking shows striking diversity,
and different models have been proposed in a variety of animal
species. These models include cilia-driven fluid flow (14-16), in-
tracellular ion flux (17-19), cilia-driven calcium oscillation (20, 21),
cellular rearrangement through cytoskeletal polarity (22-25),
directional cell migration (26), and directional rotation of the
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neurula by ciliary movement (27, 28). These are considered to
be biological cues that induce the left-sided expression of Nodal, a
member of the TGF-f family, leading to the L-R asymmetry of
Deuterostomia (e.g., vertebrates) and Lophotrochozoa (e.g., pond
snails). However, these mechanisms are not universal. For ex-
ample, motile cilia are not associated with L-R patterning in the
pond snail (29, 30), and Nodal is lost in Ecdysozoa (e.g., nem-
atodes and flies). This diversity of symmetry-breaking mecha-
nisms suggests that there may be organisms with novel strategies
for L-R patterning.

O. dioica is a planktonic tunicate that retains a notochord and
tadpole-like morphology throughout its life. Its notable features
include rapid development, with complete morphogenesis occur-
ring within 10 h postfertilization (hpf) at 19 to 20 °C; a low number
of cells (~3,500 in functional juveniles); and a transparent body
(2, 3). Its embryonic cell lineages and fate map have been well
described (3, 4, 31). Thus, O. dioica could serve as a valuable
system to monitor chordate development at the single-cell
resolution by live imaging (32, 33). Furthermore, the larvacean
has a small and differently arranged genome compared to those in
other nonparasitic metazoans (34, 35), and is known as a “suc-
cessful gene-loser” that lacks many evolutionarily conserved genes
such as those for retinoic acid signaling (36) and nonhomologous
DNA end-joining (37). In addition, the Oikopleura embryo does
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Fig. 1. L-R asymmetry consistently emerges at the four-cell embryo stage of larvaceans. (A-C) Vegetal view of the two-cell embryo (A) and four-cell embryo
(B) of the larvacean O. dioica, and four-cell embryo of the ascidian H. roretzi (C). Red arrow indicates the asymmetric contact point of the anterior-left and
posterior-right blastomeres. Note that the orientation of embryos in A and B is the same as in G. (D) Side views of the four-cell embryo. Cleavage planes for
the frontal and backside cells are labeled as plane 1 (dashed orange line) and plane 2 (dashed red line), respectively. The orientation of embryos was not
determined. (E) Angle between plane 1 and plane 2 (*P < 0.01, Student's t test). (F) Immunostaining of tubulin. Mitotic apparatus is not parallel between the
L- and R-cells of the two-cell embryo. The spindle orientations in the frontal and backside cells are marked with white and red dashed lines, respectively. Right
Insets represent the angle between the white and red lines. (G) Vegetal view of the eight-cell embryo. Lowercase and capital letters indicate blastomeres at
the animal and vegetal hemispheres, respectively. Red arrows depict the asymmetric contact points of the blastomeres. Right blastomeres are distinguished
from left ones by underlined letters. (H and /) Prehatching tailbud embryos from a lateral (H) and anterior (/) view. In the tail, the nerve cord (NC) was located
on the left side of the notochord (No). Red asterisks indicate the anterior tip. The image to the right of / is an enlarged view (/). ES, endodermal strand; mu,
muscle. (Scale bars, 20 pm and 50 pm for O. dioica and H. roretzi, respectively.) (J) The nerve cord is located on the left side of the tail. Schematic illustration of

the nervous system (red) and notochord (blue) in the tadpole larva of larvacean, ascidian, and vertebrate (zebrafish). Dorsal views.

not have cilia that can be used for symmetry breaking. These
features provide an opportunity to explore how L-R patterning
mechanisms can diverge in chordates to conserve the tadpole-
like shape.

In the present study, we aimed to determine how embry-
onic L-R asymmetry affects the L-R asymmetry patterning of
larvacean larvae.

Results

L-R Asymmetry in Blastomere Arrangement. We first confirmed
previous reports that the first sign of L-R asymmetry is visible
in the four-cell embryo (1, 2). To determine the side of observa-
tion, images were successively taken from the two- to eight-cell
stage, of which left and right sides can be distinguished by cell
size and topological arrangement (Fig. 1G). The morphology of
the two-cell embryo is bilateral (Fig. 14), as in all ascidians and
most vertebrates. Hereafter, we designated the blastomeres as the
left (L-) and right (R-) cell. The second and third cleavages oc-
curred along the anterior—posterior and animal-vegetal axes,
respectively (Fig. 1 B, D, and G). In the four-cell embryo, the
anterior-left and posterior-right blastomeres always formed slightly
closer to the vegetal pole, resulting in contact at the vegetal pole
(Fig. 1B, red arrow). On the other hand, the anterior-right and
posterior-left blastomeres made contact at the animal pole. Thus,
the second cleavage planes that bisect the L- and R-cells were not
precisely parallel (Fig. 1D). This was not the case in the four-cell
embryos of the ascidian Halocynthia roretzi (Fig. 1C). To statisti-
cally validate these observations, the angles between the second
cleavage planes on both sides were measured (Fig. 1E). The angle
in the O. dioica embryo ‘was 7.2° on| average, and significantly
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larger than that of H. roretzi (1.8° on average). The blastomeres
were thus shifted in the same direction in all embryos, although the
angle varied among embryos. These results confirmed that the O.
dioica embryo already shows L-R asymmetry as early as the four-
cell stage.

The L-R asymmetry of the four-cell embryos appeared to
originate with an event in the L- and R-cells of the two-cell em-
bryo. Time-lapse observation showed that the cell division planes
of the L- and R-cells were not parallel to each other (Movie S1).
Accordingly, our visualization of tubulin indicated that the mitotic
apparatus in the L- and R-cells were not parallel (Fig. 1F). This
misalignment was observed in all embryos examined (n = 23),
suggesting that some L-R asymmetric processes occurred during
the two-cell stage.

The asymmetric contact of blastomeres was maintained after
the eight-cell stage (Fig. 1G, red arrows). The median plane is
known to gradually tilt along the anterior—posterior axis during
embryogenesis (2-4). In our observations, the tail expectedly
showed an ~90° counterclockwise twist relative to the trunk of
the tailbud (Fig. 1 H and /) and in tadpole larvae (Fig. 1J), al-
though the causal relationship between the L-R asymmetry of
the blastomeres and the tail twist remains unknown. This twist
makes defining the D-V and L-R axes complicated. However,
when the D-V axis is set in reference to the trunk, the tail nerve
cord is located on the left, not dorsal, side of the notochord (Fig.
1 I’and J). This L-R asymmetry was also evident when tubulin 14
was expressed in the nerve cord, as observed through in situ
hybridization (38, 39). The nerve cord has been shown to include
descendants from both L- and R-cells, although it is present on
the left side of the tail (4).
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Collectively, we hypothesized that early embryonic L-R asym-
metry could be at the root of the morphological L-R asymmetry in
the tadpoles. Next, we aimed to characterize the differences be-
tween the L- and R-cells at the two-cell stage, as well as those
between their descendants throughout embryogenesis.

L- and R-Cells of the Two-Cell Embryo Show Distinct Cell Fates. First,
we investigated the fates of the L- and R-cells in the two-cell
embryo. In ascidians and Xenopus, cells descending from the L- or
R-cell primarily form the bilateral halves of larval and adult bodies
(40-42). In contrast, our recent study of the trunk epidermis of O.
dioica showed that the boundaries of L- and R-descendants were
largely disparate from the midline (33). While the cell lineages and
the 3D positions of nuclei have been well described before the
hatching period (tailbud stage, around 2.5 hpf) (4), it is unclear
whether the L- and R-cells have similar cell fates in fully formed
juveniles that have undergone complete cell differentiation and
organ formation. To investigate this, a cell-labeling experiment was
carried out. As shown in Fig. 24, the L- or R-cell from the two-cell
embryos expressing the photoconvertible nls-Kaede protein was
illuminated with UV light to change its color from green to red.
Red-colored nls-Kaede proteins were inherited in the descendant
cells (Fig. 24). Z-stack images of red-colored nuclei at 8 to 10 hpf
allowed us to investigate the distributions of descendant nuclei in
functional juveniles at a single-cell resolution (Movie S2). First, we
compared our results with those of previously described muscle
and notochord cells in tailbud embryos (Fig. 2C and SI Appendix,
Fig. S1D). Our results were in perfect agreement with those pre-
vious findings (4). Our analysis further clarified the origins of the
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Fig. 2. L- and R-cells have asymmetric cell fates. (A) The L- or R- cell of the
two-cell embryo was illuminated by UV light to convert the nls-Kaede green
fluorescent dye to red (asterisks). (B) Muscle cells. Red and blue arrowheads
represent descendants of the L- and R-cell, respectively. (C) Comparison of
muscle cell fates with that of a previous report (Upper) (4) and the present
study (Lower). Both were in good agreement. The 9th and 10th pairs of
muscle cells at the tip of the tail were not described in the previous study. (D)
Ventro-lateral view of four giant endostyle cells, aligned in each bilateral
line_(arrows). Asterisk indicates the mouth. (E) Edge cells of the tail fin
epidermis. Red and blue arrowheads represent descendants of the L- and R-
cell, respectively. (Scale bars, 20 pm.)
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9th and 10th pairs of muscle cells in the tip of the tail and the tip
cell of the notochord, which are generated after hatching and thus
were not clarified in the previous study. These cells were found to
be descendants of the R-cell (Fig. 2 B and C and SI Appendix, Fig.
S1 A-D).

Descendant cells of the L- and R-cells were distributed asym-
metrically throughout the organism, even in most morphologically
symmetric organs (Fig. 2 and SI Appendix, Fig. S1 E-G). A rep-
resentative example is the endostyle, a U-shaped symmetric organ
on the ventral side of the trunk (7, 43). Unexpectedly, descendants
of the L-cell occupied all bilateral giant cells (four cells on each
side) in the endostyle (Fig. 2D). No descendants of the R-cell were
found. Similarly, both oral glands, a symmetric pair of cells in the
vicinity of the mouth, were L-descendants (SI Appendix, Fig. S1E).
In contrast, the subchordal cells, a pair of cells in the ventral tail,
were R-descendants (SI Appendix, Fig. S1F). The oral gland and
subchordal cells have been proposed to share an ontogenic origin,
because only larvacean species with an oral gland have subchordal
cells (44). However, our results suggest that these two cells had
a different origin.

Thus, the cell boundary between the L- and R-descendants is
complex and is not split along the midline. This was also ob-
served in the tail epidermis (Fig. 2E and SI Appendix, Fig. S1G).
The tail epidermis consists of an epithelial sheet monolayer. The
dorsal and ventral parts of the tail (left and right sides relative to
the body axes of the trunk) form cellular fins, and the edge of
each fin consists of a row of epidermal cells with a specific
morphology (45). The left and right halves of the tail epidermis
were exclusively derived from the L- and R-cells, respectively (S/
Appendix, Fig. S1G). However, this did not clarify the origin of
the midline fin edge cells. Our results showed that the R- and L-
cells invariably gave rise to anterior and posterior portions of the
fin edge cells, respectively (Fig. 2E). However, the posterior tip
contained two cells derived from the R-cell. These results
highlighted that L- and R-cells in the two-cell embryo show
stereotyped asymmetries in their cell fates; this is in contrast to
ascidian and vertebrate embryos.

Repetitive Asymmetric Ca?* Waves Occur during Embryogenesis.
Next, we tested whether the intracellular activity of the L- and
R-cells was symmetric. Intracellular Ca** was monitored using a
genetically encoded Ca®* indicator (G-Camp8) (46). Time-lapse
Ca** imaging revealed that asymmetric Ca** waves were present
across the L-R axis in the two-cell embryos (Fig. 3 A-C). As shown
in Fig. 3B, G-CampS8 fluorescence was elevated in one blastomere
of the two-cell embryo. The cell-to-cell propagation of the Ca**
wave passed through the center of the first cleavage plane (Fig.
3C) (n = 14 embryos). Each Ca®" wave lasted 10 s. These Ca™*
waves repeated at intervals of several minutes. The firing points of
the Ca>* waves did not coincide with the first cleavage plane (Fig.
3 D and E, SI Appendix, Fig. S2, and Movie S3). The whole-
embryo Ca®* wave was also present in 4-cell, 8-cell, 16-cell, and
32-cell embryos, and even in the gastrula and neurula (Movie S4).
However, it should also be noted that a recent Ca>* imaging study
in O. dioica revealed that the direction of the Ca®" wave became
roughly bilateral after the 16-cell stage (47). Hereafter, we will
refer to this repetitive Ca>* wave as Ca>* oscillation.

In most chordate embryos, such as ascidians and mammalians,
Ca®* oscillation starts after fertilization and terminates after
polar body extrusion (48-50). In contrast, in O. dioica, Ca**
oscillation lasted through cleavage, gastrulation, and neurulation
(81 Appendix, Fig. S34 and Movie S5), and was terminated at the
early tailbud stage (~2 hpf). Intervals of Ca®* waves varied be-
tween embryos (2 min 10 s to 4 min 45 s, n = 17 embryos),
suggesting that Ca®" oscillation has no relationship with the cell
cycle. We observed two to three waves during the two-cell stage.
Similarly, Ca** oscillation was also observed in unfertilized eggs
(SI Appendix, Fig. S3 B and C and Movie S6) during metaphase
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oscillation was observed before fertilization (red arrow) and after cleavage (blue arrow). (B and C) Sequential images of a Ca**

| Ca*-free ASW

100
50 ‘ ‘ |

Of )
Binial SV N S

-50

10 20 30 min

course of intracellular Ca* levels, visualized using G-Camp8. Note that Ca®*
wave in the two-cell embryo

and low (B) and high (C) time-resolution. The wave was transmitted from one cell to another via the center of the cleavage plane (red arrows). (D and E) The

firing point of the Ca%*
mCherry. Ca®*
levels. Embryos were recorded beginning 10 min after fertilization. (F-J) Ca**

wave (red arrows) was not from the first cleavage plane (blue arrows). F-actin in the cleavage furrow was visualized using Lifeact-
waves before and after cleavage plane formation are shown in D and E, respectively. (F-L) Ca®*
oscillation was monitored for 20 min after the application of DMSO (F), 2-APB

oscillation is dependent on intracellular Ca**
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of meiosis I (51). Accordingly, Ca®* oscillation was not abrogated
by cytokinesis or cyclin-dependent kinase 1 (CDK1) activity, as
determined by treatment with cytochalasin B and roscovitine,
respectively (SI Appendix,Fig. S4 A and B).

We next investigated whether the origin of the Ca** wave was
the same in the L- and R-cells. If so, the direction of the Ca**
wave could be considered one of the L-R pattering processes. To
test this, embryos were reared up to the cight-cell stage after
Ca”* imaging at the two-cell stage. At the elght -cell stage, the
left and right sides were distinguishable by cell size and geometry
(Fig. 1G). Our results showed that the Ca®" wave started from
the L-cell in 71% of embryos, and from the R-cell in 29% of
embryos, showing a significant difference (P < 0.05, binomial
test, n = 52). However, as the morphological asymmetries of
juvenile and adults are always consistent between individuals, the
direction of the Ca”* wave is likely not directly linked w1th L-R
patternlng It is also unclear how the direction of the Ca”* wave
is determined in the two-cell embryo. One plausible explanation
involves the sperm entry point, because the sperm aster forms
the pacemaker of Ca”* oscillation in ascidian embryos (48, 50).
However, this was not observed in larvacean embryos as cell-to-
cell propagation of Ca** waves was also observed in parthenoge-
netic embryos lacking a sperm aster (SI Appendix, Fig. S4C) (52).

Ca? Osullatlon Requlres Intracellular Ca®* Stores. To obtain insight
into how Ca®* oscillation is generated embryos were treated
with pharmacological inhibitors, a Ca* ionophore, and a Ca**

chelator (Frg 3 F-J). Dimethyl sulfoxide (DMSO) did not af-
fect Ca** oscillation and embryonic development (Fig. 3F). 2-
Aminoethoxydiphenyl borate (2-APB) and Ruthenium red,
inhibitors of the inositol trisphosphate (IP3)- and ryanodine-
sensitive Ca*" channel in the endoplasmic reticulum, respectively,
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+free seawater (L). Cell-to-cell contacts became loose in Ca®*

-free seawater (Inset, red arrow). (Scale bars, 20 pm.)

abrogated Ca®" oscillation (Fig. 3 G and H). The 2-APB treatment
gradually elevated basal G-CampS8 fluorescence, while Ruthe-
nium red exposure lowered the 51gnal intensity, suggesting that
these two agents abrogated Ca?* osc1llat10n through distinct
pathways. Treatment with ionomycin, a Ca** ionophore, ele-
vated basal Ca®* levels and disrupted Ca** oscillation (Fig. 37).
On the other hand, basal G-Camp8 fluorescence was decreased
by BAPTA-AM, a chelator of Ca®* (Fig. 3J). Despite this,
Ca*" oscillation was malntamed after BAPTA-AM exposure.
Thrs result implies that Ca®* oscillation was not directly dependent
n “steady-state” Ca>* concentrations. The effects of these agents

on embryogenesis and laterahty formation are discussed below.

To test the role of free Ca®* in seawater, embryos were in-
cubated in artlflcral seawater and Ca®*-free seawater (Fig. 3 K
and L). In Ca**-free seawater, the embryonic shape was ab-
normal (Fig. 3 L, Insets), probably because of the d155001at10n of
cells within the Vrtellrne membrane. However, Ca®* oscrllatron
was maintained (Fig. 3L). These results suggested that Ca** o
cillation is regulated through intracellular endoplasmlc retlculum-
related mechanisms, but not by extracellular Ca**

Larvaceans Lack Nodal and Show Right-Sided Bmp.a Expression. In
chordates, the left-side expression of Nodal in the embryo directs
L-R asymmetry. This is a conserved developmental process for
L-R pattering in all chordate species studied to date. However, we
did not find any Nodal homologs in the genome browser of Nor-
wegian O. dioica (Oikobase, http://oikoarrays.biology.uiowa.edu/
Oiko/) (53) or in our newly constructed genome and transcriptome
databases of Japanese O. dioica (54) (sequence information is
available from the ANISEED, https://www.aniseed.cnrs.fr/browser/).
Phylogenic analyses indicated the presence of three TGF-p
homologs, but none belonged to the branch of Nodal proteins
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(Fig. 44). These results suggest that O. dioica lacks the conven-
tional Nodal-dependent L-R patterning mechanism. Consistent
with a previous study, Pitx, a transcription factor that functions
downstream of Nodal, did not show asymmetric expression (55).

The three TGF-f homologs were identified as BMP proteins
(Fig. 44), whose genes were designated Bmp3, Bmp.a, and Bmp.b.
Bmp.a and Bmp.b were originally named Bmp4 and Bmp?7 in the
Oikobase, respectively (53). These two genes formed sister
branches with the BMP2/4 and BMP5/7/8 subfamilies. Therefore,
it is difficult to precisely determine their position on the phylogenic
tree. Here, we renamed them Bmp.a and Bmp.b, following the
nomenclature of tunicate genes (56). BLASTP analysis of Bmp.a
and Bmp.b against the human protein database indicated the best-
hit proteins as BMP2 and BMP5, respectively. Whole-mount in
situ hybridization (WISH) detected the expression of Bmp.a in the
right-ventral side of tailbud embryos (Fig. 4B) and hatched larvae

2.5 hpf (tailbud)

Bmp2/4

f—

2.5 hpf (tailbud)
Left sagittal

Right sagitt

G

Right lateral (epidermis,

merge

Fig. 4. The larvacean genome lacks Nodal, but bone morphogenic protein.a
(bmp.a) shows right-sided expression. (A) Phylogenic tree of the TGF-p super-
family. Branches of Nodal proteins are labeled with red lines. Three Bmp ho-
mologs in O. dioica are labeled with rectangles. The expression of Bmp.a (B and
D) and Bmp.b (C and E) was determined by in situ hybridization of prehatching
tailbud embryos (B and C) (anterior views) and hatched larvae (D and E) (dorsal
views). Bmp.a expression was observed on the right side (black arrowheads).
Brain-specific expression of Pax6 (red asterisks) was used for the orientation of
embryos. (F-l) BMP signaling was detected predominantly on the right side.
BMP was detected using an antibody against p-Smad1/5/8 (green). Nuclei were
counterstained with DAPI (blue). (F-H) Right views of prehatching tailbud
embryos (2.5 hpf). Pictures taken at three focus planes are shown. (/) Dorsal
views of hatched larvae (3 hpf). Images show p-Smad1/5/8 staining (Left), DAPI
counterstaining (Center), and merged images (Right). White and red arrow-
heads indicate signals in the epidermis and internal tissue, respectively. Yellow
arrowheads indicate signals in the tail. Asterisks indicate the anterior tip of the
larvae. (Scale bars, 20 pm.)
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(Fig. 4D). To confirm the orientation of Bmp.a expression, em-
bryos were double-stained for a brain marker gene, Pax6 (57).
Positive Bmp.a signals were found on the right side of the trunk. In
contrast, Bmp.b expression was observed on the left and right sides
(Fig. 4 C and E).

To confirm whether BMP signaling occurs predominantly on
the right side, we used an antibody against phosphorylated
Smad1/5/8 (p-Smad1/5/8). p-Smad1/5/8 is transported into the
nucleus in response to BMP signaling. Nuclear p-Smad1/5/8 ex-
pression was confirmed in the larvacean (Fig. 4 F-I and SI Ap-
pendix, Fig. SS5), consistent with previous observations in ascidians
(58). Nuclear p-Smad1/5/8 signals were consistently lost after
treatment with Dorsomorphin, a specific inhibitor of BMP
receptor (SI Appendix, Fig. S54). As shown in Fig. 4 F-H, we
observed strong p-Smadl1/5/8 signaling on the right side of
prehatching tailbud embryos, primarily in the nuclei of internal
cells and the epidermis. Similarly, p-Smad1/5/8 was detected in
internal cells on the right side of hatched larvae (Fig. 4/ and SI
Appendix, Fig. S5B). Furthermore, moderate p-Smad1/5/8 ex-
pression was detected in the tail (Fig. 47 and SI Appendix, Fig.
S5B), as well as the muscle, notochord, and tail epidermis.
These results suggested that BMP signaling targets inner cells
in the trunk and tail.

Bmp.a-Expressing Cells Are Descendants of the R-Cell. We next de-
termined whether the Bmp.a-expressing cells originated in the
epidermis or endoderm, as well as whether they were descen-
dants of the L- or R-cells of the two-cell embryo. As shown in
Fig. 1G, L-R and animal-vegetal orientations can be defined
based on cell size and cell contacts after the eight-cell stage.
Eight-cell embryos were treated with cytochalasin B to block cell
division, and the expression of Brachyury and Bmp.a was moni-
tored at the hatching stage (3 hpf) (Fig. 54). Brachyury is a key
transcription factor for notochord formation (59). Brachyury
mRNA was detected in anterior cells of the vegetal hemisphere
(A-lines in Fig. 5B), which includes cells with a notochord fate
(4). On the other hand, Bmp.a mRNA was detected in anterior
cells of the animal hemisphere (a-lines in Fig. 5C). It is known
that the frequency of cell-type specific marker expression is re-
duced in cleavage-arrested embryos compared to that in normal
embryos (60). Accordingly, Brachyury expression was detected in
about 20% of the L- (A) and R-cells (A) in all embryos (Fig. 5D).
In contrast, Bmp.a expression was detected in 40% of the R-cells
(a), but none of the L-cells (a) (Fig. 5D). In a similar experiment
using the two-cell embryo, Bmp.a was expressed in one of the two
cells, although the left and right side could not be distinguished
(Fig. 5 E-G). In contrast, Brachyury expression was detected in
both blastomeres in ~40% of embryos. These results suggested
that Bmp.a is expressed in descendants of the R-cell.

This finding was then confirmed through an independent ap-
proach. Bmp.a expression in the tailbud embryos was detected by
fluorescent in situ hybridization using FastRed and nuclei coun-
terstained with DAPI (Fig. 5H). The spatial distribution of Bmp.a-
expressing cells was compared with z-stack images in which the L-
and R-descendants were labeled with nls-Kaede, using the position
of some landmark cells with defined nucleus sizes (Fig. 5/ and
Movie S7). All Bmp.a-expressing cells were identified as descen-
dants of the R-cell, but not the L-cell (Fig. 5 H and I).

Ca?* Oscillation Is Required for Bmp.a Expression. In vertebrate
embryos, Ca®* pulses have been observed in the cilia of cavities,
primarily node in mice or its homologs in other animals; Ca®*
pulses in the cilia are required for Nodal-dependent L-R pat-
terning (20, 21). In larvaceans, it was recently reported that the
knockdown of gap junction proteins caused uncoordinated Ca**
wave propagation between cells and abnormal embryogenesis (47).
We hypothesized that Ca** oscillation might have a role in right-
sided Bmp.a expression. Embryos were treated with ionomycin
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Fig. 5. Bmp.a-expressing cells are descendants of the R-cell. (A-G) Two- or
eight-cell embryos were cultured with cytochalasin B to block cell division.
(A) Experimental design. In situ hybridization of Brachyury and Bmp.a
mRNAs was carried out at the hatching stage (3 hpf). (B and C) Brachyury (B)
and Bmp.a (C) mRNA levels were detected in anterior cells in the vegetal
hemisphere (A-line) and animal hemisphere (a-line), respectively. Left and
right orientation is reversed in the animal view. (D) Proportion of signal-
positive blastomeres in B and C. The number of positive embryos is indicated
above each bar. (E-G) Cleavage-arrested two-cell embryos analyzed as in
B-D. Dotted lines indicate the first cleavage plane. The orientation of
these embryos is unknown as they are cleavage-arrested at the two-cell
stage. (H and /) Pictures of tailbud embryos (2.5 hpf) were taken at four
and eight focus planes, respectively. Right views. The trunk is up, and the
tail is down. (H) Bmp.a mRNA was visualized with FastRed. Nuclei were
counterstained with DAPI (blue). A pair of small nuclei (left and right
nuclei_indicated with_orange and _green arrowheads, respectively) was
used as the landmark for cells in the medial plane. Four adjacent epider-
mal cells surrounded the landmark, which are labeled as dorsal left (L1d),
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(1 pM), 2-APB, and Ruthenium red. While these agents effectively
disrupted Ca®* oscillation (Fig. 3 G-T), they also abrogated cell
cleavage and caused abnormal embryogenesis. Therefore, to
address this issue, experiments were performed in the presence
of cytochalasin B from the eight-cell stage to keep the embryonic
configuration constant and minimize the indirect effects of the
drugs. As shown in Fig. 64, Bmp.a expression was abrogated in
embryos treated with these inhibitors. However, Brachyury ex-
pression was not affected (Fig. 64). We identified a significant
reduction in the proportion of Bmp.a-, but not Brachyury-,
expressing embryos (Fig. 6B). Similarly, quantitative real-time
PCR (qPCR) showed decreases in the expression of Bmp.a
after inhibitor treatments (Fig. 6C), although Brachyury expression
was unaffected (Fig. 6D).

These results suggest that the disruption of Ca** oscillation
potentially abrogated Bmp.a expression. However, there remain
two other possibilities: 1) Pharmacological treatment may have
affected Bmp.a expression and disrupted embryogenesis, and 2)
Bmp.a expression is dependent on “steady-state” Ca®* concen-
trations rather than Ca*" oscillation. Thus, we optimized the
concentration of ionomycin and found that 0.1 pM and 0.3 pM
did not affect embryogenesis; more than 90% of embryos de-
veloped into the tailbud (Fig. 6F). Treatment with 0.3 pM
ionomycin did not affect the location of the nerve cord on the left
side based on morphology (zFig. 6F). However, 0.3 pM ionomycin
was sufficient to disrupt Ca™* oscillation (Fig. 37) and reduce the
proportion of Bmp.a-, but not Brachyury-, expressing embryos (Fig.
6 E and G). Furthermore, treating embryos with an inhibitor of
Ca®*/calmodulin-dependent protein kinase-II (CaMK-IT), KN93,
significantly decreased the number of Bmp.a-expressing embryos
(SI Appendix, Fig. S64). KN93-treated embryos developed into the
tailbud. These results support that Ca>* oscillation is required for
Bmp.a expression.

Next, we tested whether steady-state Ca>* concentrations were
important for Bmp.a expression (Fig. 6 H-J) using BAPTA-AM,
a Ca®* chelator. As shown in Fig. 3J, intracellular Ca®* was
lowered by BAPTA-AM treatment. Nonetheless, Ca®* oscilla-
tion was sustained, and more than 80% of embryos developed
into a tailbud (Fig. 6I). BAPTA-AM treatment did not affect
right-sided Bmp.a expression or Brachyury expression in the no-
tochord (Fig. 6H). Therefore, it is likely that an intracellular
steady-state Ca”* level is not the primary regulator of Bmp.a
expression. Instead, it is likely that Ca®* oscillation has a role in
activating Bmp.a expression.

To determine the sensitive period, we disrupted Ca®* oscilla-
tion for different durations or during different developmental
periods using 2-APB, an inhibitor of the IP3 receptor (SI Ap-
pendix, Fig. S6 B and C). First, 2-APB treatment was initiated at
four stages: 0.5 hpf, 1 hpf, 1.5 hpf, and 2 hpf. Bmp.a expression in
each group was then determined by qPCR. Exposure from 2 hpf
was the least effective among the groups (SI Appendix, Fig. S6B).
This was expected, because Ca”* oscillation terminates at around
2 hpf (SI Appendix, Fig. S34). Next, the duration of treatment
was fixed at 1 h. Embryos were treated at three different periods:
0.5 to 1.5 hpf, 1 to 2 hpf, and 1.5 to 2.5 hpf, although we could
not confirm whether the drug was completely washed out (S/
Appendix, Fig. S6C). The results indicated that 1 to 2 hpf was
the most effective period (less than 10% that of the DMSO-
control group).

dorsal right (R1d), ventral left (L1v), and ventral left (R1v). Other left (L) and
right (R) epidermal cells are sequentially numbered and labeled with orange
and green letters, respectively. Red letters indicate Bmp.a mRNA* cells,
which are located within green nls-Kaede (R-origin) cells in /. (/) The L-cell of
the two-cell embryo was labeled with photoconverted red nis-Kaede (red
fluorescence). The L- and R-descendants are indicated as described in H.
(Scale bars, 20 pm.)
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Fig. 6. Disruption of Ca®* oscillation abrogates Bmp.a expression. (A) Eight-cell embryos were treated with cytochalasin B with ionomycin or the indicated
inhibitors at the eight-cell stage. Bmp.a (Left) and Brachyury (Right) mRNA levels were detected at the hatching period (3 hpf). Asterisks indicate in situ
hybridization signals. (B) Proportions of positive embryos in A (Fisher’s exact test). (C and D) gPCR analyses of Bmp.a (C) and Brachyury (D) expression. Ex-
pression levels were normalized to that of cytoplasmic actin (Student’s t test). (E-G) Bmp.a expression was abrogated by treatment with low concentrations
(0.1 to 0.3 pM) of ionomycin. Embryos developed into normal-shaped tailbud embryos without cleavage arrest. (E) Anterior view. Arrowheads indicate Bmp.a
expression on the right side (Left images) or Brachyury expression in the notochord (Center images). Insets represent lateral views. Right images highlight the
nerve cord (NC) on the left side of the notochord (No). Numbers indicate the ratio of tailbud embryos with this morphological asymmetry of the NC. (F and G)
The proportion of normal-shaped tailoud embryos (F) and positive embryos (G) (Fisher’s exact test). (H-J) Low steady-state Ca?* levels did not affect Bmp.a
expression. (H) Embryos were treated with BAPTA-AM. Anterior views. Arrowheads indicate Bmp.a expression on the right side (Left images) or Brachyury
expression in the notochord (Right images). Insets represent lateral views. (I and J) Proportion of normal-shaped tailbud embryos (/) and positive embryos (J)
(Fisher’s exact test). (Scale bars, 20 pm.) *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.

BMP Signaling Plays a Suppressive Role in Nerve Gene Expression. We  As mentioned above, when Bmp.a expression was initiated in the
next investigated whether BMP signaling affects neural gene ex-  tailbud embryos (Fig. 4B), the tail nerve cord was formed on
pression. BMPs are an evolutionally conserved protein family that  the left side (Fig. 1 H and I). We therefore investigated whether
control D-V patterning and neural formation (12, 13). In ver-  BMP signaling plays a role in neural gene expression to clarify the
tebrates, activating BMP signaling has been shown to ventralize =~ mechanisms through which larvae maintain or restrict nerve cord
embryos, resulting in the loss of neural cell differentiation (12, 13).  differentiation. Embryos were treated with Dorsomorphin, an in-
In ascidians, however, the embryo lacks an organizer, and BMP  hibitor of the BMP receptor. Given that right-sided Bmp.a expres-
signaling is not required for central nervous system formation (61).  sion was observed from the tailbud stage (Fig. 4B), Dorsomorphin
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was applied at the early tailbud stage. Dorsomorphin-treated
larvae displayed ectopic expression of the neural markers Pax6
(Fig. 74), glutamic acid decarboxylase (GAD), and galanin (Fig.
7B). Pax6 is expressed specifically in the anterior brain (57).
Ectopic Pax6 expression was observed in the tail region as well
as the trunk in all treated larvae. This was also the case for
GAD and galanin, which are usually expressed in the left tail
ganglion in normal embryos (38) (Fig. 7B). However, the effect
of Dorsomorphin was gene-specific, as few changes were ob-
served in the expression of choline acetyltransferase (ChAT),
another marker of neural cells in the tail (38, 39) (Fig. 7B).
qPCR analysis also showed increases in Pax6 expression upon
Dorsomorphin treatment (Fig. 7C). To verify these results us-
ing a different approach, Bmp.a expression was knocked down
by double-stranded DNA (dsDNA)-mediated gene knockdown
(DNAI) (62). Bmp.a knockdown also caused ectopic Pax6 ex-
pression and elevated Pax6 mRNA levels (S Appendix, Fig. S7).
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Fig. 7. Blockage of BMP signaling induces ectopic brain marker expression.
(A and B) WISH of Pax6 (a marker gene for the anterior brain), as well as
GAD, galanin (marker genes for the tail ganglion), and ChAT (a marker gene
for the tail nerve cord neurons). Prehatching larvae were treated with dorso-
morphin, a BMP inhibitor. (A) Larvae at 2 h after hatching (5 hpf). (B) Larvae
after organogenesis (8 hpf). Dorsal views. (C) qPCR analyses of Pax6 and Bmp.a
expression, normalized to that of g-tubulin (Student’s t test, *P < 0.05). (D)
Model of L-R patterning in larvacean embryo. Bmp.a expression occurred in
the descendants of the right-anterior animal cell (a-line, hatched). The right-
sided BMP signal restricted neural gene expression on the left side. (E) L-R
patterning was abrogated when Bmp.a expression was lost. (Scale bars, 20 pm.)
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These results suggest that BMP signaling has a suppressive role in
the expression of neural genes such as Pax6 in larvaceans.

Discussion

In this study, we showed that the larvacean O. dioica is a chor-
date species lacking Nodal that displays an unusual L-R pat-
terning process requiring Ca®* oscillation for right-sided Bmp.a
expression. Our analyses also show that Bmp.a-expressing cells
are exclusively derived from right-anterior animal cells, which
correspond to the “a” cell of the eight-cell embryo that origi-
nates from the R-cell. These results expand on the monumental
findings of Delsman (1), who initially described the L-R asym-
metry of cellular arrangement in larvaceans as early as the four-
cell stage, and provide insights into its relationship with mor-
phological L-R differences in the larval body.

Our results indicated that the cell fates of the L- and R-cells
were different. Tracing the descendants of the L- or R-cell
demonstrated that even symmetric organs in larvae show consis-
tent asymmetry in their L- and R-origins. For example, bilateral
giant cells in the endostyle were descendants of the L-cell only. As
shown by the generation of a mirror-imaged trunk epidermis, L-
and R-descendants consistently invaded by crossing the median
plane (4, 33). This is in contrast to ascidians, in which one blas-
tomere in the two-cell embryo may give rise to the left or right half
of tadpole larvae (40), and for which the endodermal cell lineages
have symmetric tissue fates during metamorphosis (41). Asym-
metric cleavage patterns and asymmetric cell contacts at the four-
cell stage may be more similar to those observed during spiral
cleavage in snails (29) or during the asymmetric arrangement of
the four anterior (AB) blastomeres of Caenorhabditis elegans em-
bryos (63), rather than those of chordates. Intriguingly, C. elegans
also lacks Nodal.

In cleavage-arrested embryos at the two-cell stage, Bmp.a was
expressed in one of the two cells. This implies that there are
intrinsic mechanisms for cell-autonomous right-biased Bmp.a
expression, in which a certain maternal factor could be differ-
entially inherited by the L- and R-blastomeres. However, this
was not confirmed because the left and right side could not be
distin;uished in the two-cell embryos.

Ca”?" imaging revealed that Ca** oscillation continued beyond
gastrulation and neurulation, and was observed even before
fertilization, unlike what is seen in ascidians and vertebrates
(48-50). Moreover, the Ca** wave was also controlled through
a process distinct from those in other chordates. For example,
sporadic Ca®* pulses arise independently in each cell in the
gastrulae of ascidian species (64, 65). In contrast, Ca** waves
run through the whole embryo until early tailbud in larvaceans.
However, our results do not support the requirement for con-
sistent Ca®* oscillation for normal embryogenesis. A low con-
centration of ionomycin abrogated Ca®* oscillation, but most
embryos still developed the tailbud shape.

On the other hand, the present results showed that right-sided
Bmp.a expression requires Ca®" oscillation. Ca®* oscillation has
been shown to be necessary for the expression of certain genes in
cell culture (66). In mouse and zebrafish, it has been proposed
that repetitive Ca®* pulses are generated via ciliary Ca®* channels
for left-sided Nodal expression and consequent L-R asymmetry
(20, 21), highlighting the role of Ca®* signaling in L-R patterning.
However, our results did not precisely match the model estab-
lished in vertebrates. First, the generation of Ca** oscillation was
not dependent on the intake of Ca** ions from extracellular fluid,
unlike in vertebrates (20, 21). Second, the O. dioica embryo does
not have cilia. Third, Ca** oscillation runs through the entire
embryo. Finally, O. dioica lacks the Nodal-dependent L-R pat-
terning mechanism. The direction of the wave in cleavage-stage
embryos varied between individuals and was not precisely cor-
related with the L-R axis. Therefore, Ca®* oscillation should be
considered to permit, rather than direct, Bmp.a expression.
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BMP has a suppressive effect on Pax6, GAD, and galanin gene
expression. p-Smad1/5/8 immunostaining indicated that BMPs
were expressed predominantly on the right side. p-Smad1/5/8 was
also detected in the tail. Because the tail nerve cord was already
formed on the left side when right-sided Bmp.a expression was
initiated, it is likely that BMP signals are utilized for the main-
tenance, rather than initiation, of tail nerve cord growth. BMP
signaling is conserved for D-V patterning and the suppression of
neural formation in the ventral side in all vertebrates (12, 13).
Thus, we propose a model in which BMP signaling may be
coopted to restrict neural gene expression on the left side in
larvaceans (Fig. 7 D and E). It is well established that the D-V
axis shows 180° inversion between Drosophila and Xenopus em-
bryos in relation to the spatial pattern of BMP signaling (11-13).
Our data could be regarded as an example of induction of a 90°
rotation for L-R patterning by D-V patterning and BMP
expression in larvaceans.

In summary, our study provides evidence of a chordate species
that lacks Nodal and utilizes Ca** oscillation and Bmp.a for L-R
patterning. The larvacean provides a valuable research model to
study the divergence of the L-R patterning process in tadpole
body formation. However, several important questions remain
unanswered. First, it is uncertain when and how the descendants
of the L- and R-cells diverge. As mentioned above, there is min-
imal evidence that the direction of the Ca®" waves is a determi-
native factor. Transcriptomic analysis of the L- and R-cells and
their descendants should also be performed in the future. Fur-
thermore, it remains to be determined how the cell arrangement
becomes asymmetric at the four-cell stage, and how this early
asymmetry affects late asymmetry of larval morphologies. This
may be clarified through the characterization of intracellular
components that control spindle orientation. Finally, it will be
important to determine how these early asymmetries eventually
lead to the left twisting of the tail nerve cord.

Methods

Animals and Reagents. O. dioica were cultured over 350 generations for more
than 6 y in an inland laboratory at Osaka University at 20 °C, as previously
described (3, 58). Larvaceans hatched at 3 hpf, and underwent complete
organogenesis and formed fully functional bodies by 10 hpf. The anatomical
terms used are according to those in the latest version of the anatomical
atlas (7). All experiments were repeated at least twice independently. Em-
bryonic cells in the eight-cell embryo were named following the nomen-
clature used by Delsman (1).

In Situ Hybridization and Immunostaining. cDNA sequences of the genes of
interest were identified by BLAST using the public genome database of the
Norwegian O. dioica population (Oikobase: http:/oikoarrays.biology.uiowa.edu/
Oikof/index.html) and our own transcriptome database of a Japanese O.
dioica population constructed by the de novo assembly of RNA sequencing
data from eggs and larvae (54). Sequence information of genes used in
this study has been available from the public genome database (ANISEED:
https://www.aniseed.cnrs.fr/browser/). Primer pairs were designed to am-
plify cDNA fragments; their sequences and the identifiers for genes used
in the present study are also shown in S/ Appendix, Table S1.

WISH was carried out following our recently developed protocol (67).
Digoxigenin (DIG)- or fluorescein-labeled RNA probes were synthesized with
SP6 or T7 RNA polymerase (Roche Diagnostics). Signal detection was carried
out using nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate
(NBT/BCP). For double staining with FastRed (Sigma Aldrich), embryos were
treated with 0.1 M glycine (pH 2.2) for 30 min to terminate the NBT/BCIP
reaction and washed with PBS containing 0.1% Tween-20 (PBSTw, pH 7.4).
Specimens were then incubated with blocking buffer and 1:3,000 antifluorescein-
alkaline phosphatase (Roche Diagnostics) at 4 °C overnight. The FastRed
chromogenic reaction was carried out under the same conditions used for
the NBT/BCP reaction.

To detect the activation of the BMP signaling pathway, embryos and larvae
were fixed as previously described (67). After treatment with with 3% H,0,
for 30 min, samples were incubated with a rabbit polyclonal antibody tar-
geting a synthetic phosphopeptide derived from human Smad1 (Abcam;
ab97689; 1:25,000) in Can-Get-Signal Immunostain Solution B (Toyobo) at
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4 °C overnight. This antibody was selected because Oikopleura Smad has the
same C-terminal amino acid sequence as human Smad1. The signal was vi-
sualized with a tyramide signal amplification kit (Invitrogen) using horse-
radish peroxidase-conjugated goat anti-rabbit IgG (Histofine Sample Stain
MAX PO; Nichirei Biosciences) and Alexa Fluor 488-conjugated tyramide.
Specimens were washed three times in PBSTw and mounted in VECTASHIELD
with DAPI (Funakoshi Co.) to counterstain nuclei. Alternatively, samples
were stained with 0.1 ug/mL DAPI in buffer and observed with a noncover
water lens. For tubulin immunostaining, embryos were fixed with 100%
methanol, followed by incubation with 100% ethanol for 30 min. After
washing with PBSTw, samples were incubated with the antitubulin antibody
YL1/2 (NB600-506; 1:1,000; Novus Biologicals) in PBSTw overnight. Samples
were then incubated with the secondary antibody (Alexa Fluor 488-
conjugated goat anti-rat 1gG; 1:1,000) overnight.

Live Imaging. The mMESSAGE mMACHINE kit and Poly (A) Tailing kit (Ambion)
were used to synthesize mRNAs encoding nis-Kaede for cell fate tracing (33),
G-Camp8 for Ca®* imaging (gift from J. Nakai and M. Okura, Saitama
University, Saitama, Japan), and Lifeact-mCherry for F-actin visualization.
The G-Camp8 cDNA sequence was amplified by PCR (forward primer, 5'-
TATATCTCGAGAAGCTTATCTCGCCACCATGGGTTCTC-3’; reverse primer, 5'-
TATATAGCGGCCGCTCTACAAATGTGGTATGGCTG-3’), and subcloned into
the Xhol/Notl sites of the pSD64TF-H2B-EGFP vector (32). The Lifeact-mCherry
construct was generated by PCR mutagenesis of the pSD64TF-H2B-mCherry
vector (32) (forward primer, 5'-AATTCGAAAGCATCTCAAAGGAAGAAACGGTA-
CCGCGGGCCCGG-3'; reverse primer, 5'-TCTTGATCAAATCTGCGACACCCATGGT-
GGCCAGAATTCG-3'). These primers were designed to replace the H2B
sequence with the Lifeact sequence.

For live imaging, the ovarian microinjection of mRNA was performed at
~12 h before spawning, as described previously (32, 58). The injected mRNAs
are incorporated into multiple oocytes because each pro-oocyte is connected
to a shared cytoplasm through pores known as the ring canal (51), and
mRNA diffuses within the syncytial cytoplasm to form a concentration gra-
dient and is eventually brought into 20 to 30% of spawned eggs (32, 58).
Eggs or embryos with the required fluorescence intensity were selected and
used for imaging.

Labeling L- or R-Cells with Photoconvertible nls-Kaede. To convert nls-Kaede
fluorescence from green to red, one blastomere in the two-cell embryo
was exposed to UV light for 3 s at least 5 min after the first cleavage under an
Olympus BX-61 microscope with a LUMPlanFL N 40x/0.80 water immersion
lens (Olympus). The field iris diaphragms were adjusted to cover one blas-
tomere of the embryo. The distribution of labeled nuclei in descendant cells
(red cells) was monitored at 10 hpf using a DeltaVision wide-field microscope
(GE Healthcare). To immobilize hatched larvae during data collection, ani-
mals were mounted on agarose gel plates or attached to the bottom of
glass-bottomed dishes (33). At least three independent observations were
carried out for both L- and R-cell-labeled individuals.

Time-Lapse Imaging of Intracellular Ca®* Levels. G-CaMP8 mRNA was injected
into an immature ovary together with Lifeact-mCherry mRNA as an injection
marker. For time-lapse imaging, vitelline membranes of injected eggs were
attached to a glass-bottomed dish coated with poly-L-lysine. G-CaMP8
fluorescence was recorded using an Olympus BX61 microscope equipped
with a LUMPIlanFL N 40x/0.80 water immersion lens. Images were acquired
at 2.5-s intervals unless otherwise stated. Relative changes in fluorescence
intensity (AF/F,) were calculated as previously described (68). Signal intensity
was measured using ImagelJ. F values were calculated as follows: The signal
intensity outside the eggs was subtracted from that in the eggs, and the
median F value for >100 flames of the baseline period was defined as Fy. AF/Fq
was measured for each egg using the equation AF/Fy = [F — Fol/Fo.

Pharmacological Inhibitors. Animals were treated with 0.1 to 1 pM ionomycin
(a calcium ionophore; Cayman Chemical), 50 uM 2-APB (an IP3 receptor in-
hibitor; Wako Pure Chemical), 150 pM Ruthenium Red (a ryanodine receptor
inhibitor, Wako Pure Chemical), 50 uM BAPTA-AM (a calcium chelator,
Nacalai Tesque), 3 pM Dorsomorphin (a BMP receptor inhibitor, Wako Pure
Chemical), 20 pM roscovitine (a CDK-1 inhibitor, Cell Signaling Technology),
2.5 pg/mL cytochalasin B (a cytokinesis inhibitor, Sigma Aldrich), or 100 pM
KN-93 (a CaMK-II inhibitor, Tokyo Chemical Industry). DMSO (solvent, 0.2 to
0.5%) was used as a control.

DNAi. dsDNA-induced gene knockdown (62) was adopted for the knock-

down of Bmp.a. A PCR product covering more than half of the BMP.a
protein-coding region was amplified, purified, and injected into the ovary.
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Next, 0.5 pg/uL mRNA encoding Lifeact-EGFP or Lifeact-mCherry was coin-
jected as an injection marker together with 0.2 pg/uL dsDNA. Only eggs that
had EGFP or mCherry fluorescence were used for analysis. In some experi-
ments, a PCR product encoding the fluorescent protein Kaede was used as
control dsDNA.

qPCR. Total RNA from each sample was purified from 20 eggs with NucleoSpin
RNA XS (Macherey-Nagel) and converted to ¢cDNA with PrimerScript RT Re-
agent with gRNA Eraser (Takara Bio) according to the manufacturer’s pro-
tocol. gPCR was performed with the ABI 7300 Real-Time PCR System
(Applied Biosystems) using the TB Green Advantage gPCR Premix (Takara
Bio). PCR was performed for 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and
72 °C for 30 s. Three to five separate samples were analyzed for each ex-
periment. The amplified products were confirmed by a melting curve and
gel electrophoresis. The mRNA expression levels of Bmp.a and Brachyury
were normalized against s-tubulin or cytoplasmic actin as an internal con-
trol. The oligonucleotide sequences used for qPCR are summarized in S/
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Appendix, Table S1. Primers were designed to produce PCR products with a
size of 80 to 250 bp.

Statistical Analysis. Statistical analyses were carried out using Student’s t test,
the y° test, Fisher's exact test, the binomial test, or one-way ANOVA with
Tukey’s post hoc test. A value of P < 0.05 was considered statistically
significant.
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