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nonchordate (N) form (Fig. 1). The N-form cadherins also
show variations in the number of ECs and the organization of
the PCCD complex (Oda et al., 2002).

All the classic cadherins detected in a wide range of
nonchordate bilaterian animals are N-form cadherins (Oda et
al., 2002). Recently, even in several vertebrate species, but not
in the urochordate Ciona intestinalis, genes for N-form
cadherins were found (Tanabe et al., 2004; Sasakura et al.,
2003). Therefore, it is likely that in the earliest chordates, an
N-form cadherin gene(s) existed that acted as a precursor for
the V-form and C-form cadherin genes. Two independent
structural simplifications may account for the generation of the
V-form and C-form cadherins in chordate evolution (Oda et al.,
2002). We could not find any genes that show significant
similarities to Bb1C and Bb2C in the completely sequenced
genomes of the vertebrates and urochordate or in nonchordate
animals. Thus, the C-form cadherins are likely to be an
innovation of cephalochordates, although the possibility is not
excluded that such cadherin genes were lost in some non-
cephalochordate lineages. Whether a V-form cadherin(s) is
present in the cephalochordates is the key to reconstructing the
phylogenetic relationships between Vertebrata, Urochordata
and Cephalochordata (Oda et al., 2002), but remains
unanswered.

The ECs play essential roles in the
homophilic interaction of the V-form
cadherins and the N-form cadherins.
However, despite their lack of ECs, Bb1C
and Bb2C can function in cell-cell
adhesion. Aggregation assays using a
mixture of cells expressing Bb1C and
Bb2C-GFP suggested that the amphioxus
cadherins bear distinct adhesive
specificities (Fig. 5D), which is similar to
what has been observed for the vertebrate
E- and N-cadherins and the Drosophila DE-
and DN-cadherin (Nose et al., 1988; Oda

and Tsukita, 1999). The N-terminal ECs of the V-form
cadherins are involved in generating this specificity in
homophilic binding (Nose et al., 1990). However, LGs display
in general a conserved structural fold that is suitable for
generating ligand-binding diversity (Rudenko et al., 2001).
Thus, in the C-form cadherins, the LGs may play the same
role as that of the N-terminal ECs of the V-form cadherins. It
will be necessary to investigate the mechanistic similarities
and differences between the V-form, C-form and N-form
cadherins to understand why the cadherins evolved into such
drastically diverse forms.

Immunohistochemical analyses showed that Bb1C and
Bb2C were localized at the apical areas of cell-cell contact in
the polarized epithelia of amphioxus embryos. This subcellular
localization indicates that these proteins play a role at the
adherens junctions. We know that Bb1C at least can complex
with the Drosophila catenins (Oda et al., 2002), which is
consistent with the colocalization of Bb1C and Bb2C with
Bb.β-catenin that we observed in immunohistochemical
analysis of amphioxus embryos and larvae. Thus, despite their
unique structures, Bb1C and Bb2C appear to function as major
adherens junction constituents in a manner similar to the
epithelial classic cadherins characterized in other animal
species (Oda et al., 1994; Miller and McClay, 1997).

Fig. 9. Expression of Bb1C and Bb2C in the
knife-shaped larva. (A-D) A stage L1 larva (24
hour) was simultaneously stained for Bb.β-
catenin (A), Bb1C (B,D in green), Bb2C (C,D in
red) and DNA (D in blue). Arrowheads indicate
the NoD, NoM and NoV cell layers of the
notochord (No). Asterisks and thin white arrows
indicate the lumen of the intestine (In) and the
apical surfaces of the intestinal epithelial cells,
respectively. Large white arrows point to the
posterior end of the notochord. Green arrows in
B point to lines of Bb1C concentration in the
nerve cord (Nc). (E) Schematic representation of
the area boxed in A. (F-H) High magnifications
of B-D corresponding to the area boxed in A. In
F, the arrows point to high concentrations of
Bb1C at the interfaces between NoV cells. In G,
the arrows point to high concentrations of Bb2C
at the interfaces between NoD cells, while the
arrowhead indicates the weaker concentrations
of Bb2C between a NoD cell and NoM cells.
Scale bars: 20 µm.
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interruptus (At-ci) (Fig. 5f; 100%, n = 8 for clones covering the germ 
disc rim and n = 7 for clones removed from the germ disc rim in 
the presumptive head region), a homologue of Drosophila ci (Sup-
plementary Fig. S6), which encodes a transcription factor that 
mediates the transduction of Hh signalling32. In At-ci eRNAi cell 
clones, At-otd expression was abrogated or greatly reduced (Fig. 5f; 
100%, n = 12). These results suggest that At-hh activity promotes  
At-otd expression via At-ci, while the At-otd activity promotes  
At-hh expression to maintain the head generative zone.

Role of another Hh signalling target for promoting splitting. 
To identify targets of Hh signalling other than At-otd, we carried 
out a microarray-based screen for genes that were downregulated 

in At-hh pRNAi embryos at late stage 5 (Supplementary Table S2). 
A homologue of the Drosophila pair-rule gene odd-paired (opa)33, 
At-opa (Supplementary Fig. S6), emerged as a putative target of  
Hh signalling in this screen. At-opa transcripts were detected in a 
broad marginal region of the germ disc covering the presumptive 
head ectoderm at late stage 5 (Fig. 6a); consistent with the micro-
array data, this expression was missing in At-hh pRNAi embryos  
(Fig. 6a). Later, relatively strong expression of At-opa transcripts 
was persistently observed at and near the At-otd-positive At-hh 
stripe, whereas weaker levels of stripe expression appeared in form-
ing germ bands (Fig. 6b; Supplementary Fig. S7). pRNAi against  
At-opa caused a delay in axial elongation and simultaneously 
impaired the splitting of the head At-hh stripe without disrupting 
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Figure 5 | At-otd activity is required to maintain dynamic At-hh expression in the presumptive head ectoderm. (a) Detection of At-otd transcripts in 
embryos microinjected with control gfp  dsRNA (upper panels) and At-otdXE dsRNA (lower panels). Each embryo was photographed before (left) and 
after (right) staining for the lineage tracer FITC–dextran (pink). Arrowheads indicate areas where the lineage tracer and presumably the dsRNAs were 
introduced. (b) Control (gfp ) eRNAi embryo stained for At-hh transcripts (purple) and the cell-lineage tracer FITC–dextran (pink), which was detected 
in the presumptive head ectoderm. Embryos shown in the following panels were stained in the same way as this embryo, unless otherwise indicated. 
(c) At-otd eRNAi embryo in which the labelled cell clone (pink) extended from the L4 segment to the caudal lobe. (d) Two At-otd eRNAi embryos that 
experienced having a labelled clone (pink) at the anterior margin of the nascent germ band at stages 6 and 7. The embryo in the left panel was fixed at 
stage 7, and that in the middle and right was allowed to develop until stage 8 and fixed for staining. The right panel shows the DNA fluorescence image. 
(e) At-otd eRNAi embryos in which the labelled clone (pink) was slightly removed from the anterior margin (white dots). The right embryo was slightly 
older than the left one. Arrowheads in the right panel indicate the adjacent At-hh stripes that each exhibited a characteristic splitting pattern with sizes 
adjusted to the fields. (f) At-ci eRNAi embryos; the lower one was stained for At-otd transcripts (purple) and the cell-lineage tracer FITC–dextran (pink). 
All embryos in this figure were at germ band-forming stages (corresponding to stage 7) except the embryo in right and middle panels of d, which was at 
stage 8. Boxed areas in the upper panels are magnified in the lower panels (b,c,e, left column of d). White dots indicate the anterior margin (b,d,e), and 
black dots indicate the At-hh stripe at the L4 segment (b–f). Scale bars, 100 Mm.
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interruptus (At-ci) (Fig. 5f; 100%, n = 8 for clones covering the germ 
disc rim and n = 7 for clones removed from the germ disc rim in 
the presumptive head region), a homologue of Drosophila ci (Sup-
plementary Fig. S6), which encodes a transcription factor that 
mediates the transduction of Hh signalling32. In At-ci eRNAi cell 
clones, At-otd expression was abrogated or greatly reduced (Fig. 5f; 
100%, n = 12). These results suggest that At-hh activity promotes  
At-otd expression via At-ci, while the At-otd activity promotes  
At-hh expression to maintain the head generative zone.

Role of another Hh signalling target for promoting splitting. 
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interruptus (At-ci) (Fig. 5f; 100%, n = 8 for clones covering the germ 
disc rim and n = 7 for clones removed from the germ disc rim in 
the presumptive head region), a homologue of Drosophila ci (Sup-
plementary Fig. S6), which encodes a transcription factor that 
mediates the transduction of Hh signalling32. In At-ci eRNAi cell 
clones, At-otd expression was abrogated or greatly reduced (Fig. 5f; 
100%, n = 12). These results suggest that At-hh activity promotes  
At-otd expression via At-ci, while the At-otd activity promotes  
At-hh expression to maintain the head generative zone.
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Hh signalling in this screen. At-opa transcripts were detected in a 
broad marginal region of the germ disc covering the presumptive 
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was persistently observed at and near the At-otd-positive At-hh 
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the travelling process or the anterior terminal patterning (Fig. 6c; 
Supplementary Fig. S3). This situation resembles what is seen during 
Drosophila pair-rule patterning, which is coupled with convergent 
extension34. A similar delay in axial elongation was also observed in 
At-otd pRNAi embryos (Supplementary Fig. S3).

To more directly investigate the role of At-opa in head segmenta-
tion, we used eRNAi (Fig. 6d). In At-opa eRNAi cell clones located 
in the presumptive head ectoderm, the At-hh stripe was prevented 
from splitting (Fig. 6e; 90%, n = 10). These results suggest that  
At-opa activity promotes stripe splitting in the head generative zone.

Regulation of At-opa striped pattern formation. To investigate the 
role of At-otd in the regulation of At-opa expression, we examined 
At-otd eRNAi cell clones. In cell clones located in the thoracic and 
opisthosomal region, At-opa expression was not affected (n = 8). In 
contrast, in cell clones located in the presumptive head ectoderm, 
the levels of At-opa expression were considerably reduced, and the 
head At-opa stripes failed to separate (Fig. 6f; 90%, n = 10), suggest-
ing that At-otd activity is required in the presumptive head ectoderm 
for normal development of the striped pattern of At-opa expression. 
Similar phenotypes were observed in At-ci eRNAi cell clones located 
in the presumptive head ectoderm (Fig. 6f; 100%, n = 11). Further-
more, depletion of At-opa transcripts by At-opa pRNAi resulted in 

a uniform pattern of At-opa transcription (Supplementary Fig. S8). 
This suggests that the activity of At-opa is required for its striped 
pattern of transcription to be established.

Discussion
We have identified the splitting of gene expression stripes as a mode 
of segmentation in A. tepidariorum that occurs in the presumptive 
head ectoderm using microinjection-based techniques, such as 
cell labelling and eRNAi. This segmentation type presents several 
unique features compared with Drosophila blastoderm subdivi-
sion and vertebrate oscillatory segmentation (Compare Fig. 7 with 
Fig. 1a,b). First, movement of a gene expression wave is a critical 
step in specifying the segmentation field. This was suggested by the 
observation that stripe-travelling defects caused by At-otd pRNAi 
(ref. 23; Supplementary Fig. S3) and eRNAi (Fig. 5d) were followed 
by failures in the formation of the head region. Second, there is a 
narrow (stripe-shaped) generative zone from which new repetitive 
units form in a specific sequence. Segmentation in this zone would 
resemble those in the presomitic mesoderm of vertebrate embryos 
and the posterior growth zone of short-germ arthropod embryos in 
that they show temporal repetition. Third, development of segmen-
tal gene expression patterns is associated with convergent extension 
elongating the tissue axis. Fourth, the changing patterns of gene 
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smo function in the same pathway. Specific reduction of the target
transcripts was also confirmed. The resultant embryos are referred
to as At-hh and At-smo RNAi embryos.

Time-lapse recording of At-smo RNAi embryos revealed that in
the most severely affected egg sacs, more than 60% of embryos
showed defects associated with CM cell migration. The defects were
categorized into three types (Fig. 2B,C; see Movie 1 in the
supplementary material): the first and the second defects were a
prevention and a delay, respectively, of the cumulus shift observed
around the center of the germ disc, whereas the third defect was a
cumulus shift that continued around the periphery of the germ disc.
These three types of defect were also found in At-hh RNAi embryos
(Fig. 2E,F; see Movie 1 in the supplementary material). However,
more than 70% of the embryos showed a normal, or an almost
normal, cumulus shift, even in severely affected egg sacs. Owing to
the low penetrance of the cumulus-shift phenotypes, we initially
failed to identify At-hh as positive in the screen described above (see
Table S3 in the supplementary material).

In our analyses of serial egg sacs from females injected with At-
smo dsRNA (Fig. 2B,C; see also Fig. 8H), we noticed that
prevention of cumulus shift was observed only around the time
that the maximum effect of RNAi was expected (around the
twentieth day from the start of injection, when four injections
were performed) (Akiyama-Oda and Oda, 2006; Oda et al., 2007).
By contrast, the delayed and continued cumulus-shift defects were
observed in a wider time window, and the proportion of the latter
decreased around the twentieth day. Based on these observations,
we concluded that the prevention of cumulus shift reflects a
severe effect of At-smo RNAi, whereas the continued shift reflects
a mild effect, and the delayed shift an intermediate effect.

The CM cells in At-ptc, At-hh and At-smo RNAi
embryos have normal morphology and undergo
normal differentiation
We next examined whether the CM cells formed normally in At-ptc,
At-hh and At-smo RNAi embryos. As revealed by phalloidin staining,
the CM cells showed normal internalization and clustering and a
normal distribution of F-actin (Fig. 3A). No abnormalities were

observed in the configuration of the surface epithelium around the
closed blastopore (data not shown). Staining for the CM cell markers
022_P10 and At-dpp and for phosphorylated (p) Mad showed that the
CM cells differentiated normally in these RNAi embryos and that they
acted as the source of the Dpp signal (Fig. 3B-D).

At-ptc RNAi embryos develop a D-V axis that is
parallel to the Em-Ab axis
We examined the consequences of the arrest of the Dpp signal source
at the germ disc center in At-ptc RNAi embryos. The D-V pattern
elements are arranged in the order: the extraembryonic tissue, the At-
gataC expression domain and the At-short gastrulation (At-sog)
expression domain (Fig. 4A,B). Observation of these D-V pattern
elements in At-ptc RNAi embryos showed that although a D-V axis
developed, it was oriented in parallel to the Em-Ab axis (Fig. 4C,D).
Normally, expression of At-sog, which encodes a Dpp antagonist, is
confined to the ventral midline region of the elongating germ band,
where At-single-minded (At-sim) is subsequently expressed
(Akiyama-Oda and Oda, 2006). In the At-ptc RNAi embryo, this
process appeared to take place in the apical region where expression
of the anterior marker At-orthodenticle (At-otd) was observed (Fig.
4E-G). These results indicated that the At-ptc RNAi embryo failed to
orthogonalize the major embryonic axes. This was consistent with the
expression pattern of the segment marker At-engrailed (At-en), which
was expressed in concentric circles (Fig. 4H). Taken together, these
data suggested that the cumulus shift is a crucial step in the formation
of the bilaterally symmetric body pattern.

At-hh and At-smo RNAi embryos fail to develop a
D-V axis
In At-hh and At-smo RNAi embryos, regardless of CM cell
migration, the germ disc gradually shrank during and after stage 6
and failed to form a germ band (see Movie 1 in the supplementary
material). Although the relative quantity of At-dpp transcripts was
not much changed in these RNAi embryos (see Fig. S3D in the
supplementary material), the D-V pattern did not develop (Fig. 4I).
At-sog expression decreased, and the At-gataC expression domain
failed to form. This condition was in contrast to the clear D-V
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Fig. 2. Cumulus-shift defects in
At-smo , At-ptc and At-hh RNAi
embryos. (A-F)�Cumulus
movement from early stage 5 (~32
hours AEL) to stage 6 in gfp (A),
At-smo (B,C), At-ptc (D) and At-hh
(E,F) RNAi embryos. In control
embryos (A), the cumulus arrives at
the rim of the germ disc by 6
hours (light-blue dots),
corresponding to late stage 5.
Prevention and delay of cumulus
shifts are seen in B-E (the light-blue
arrows point to the light-blue
dots.) Continued cumulus shifts
are seen in C and F. The embryos
in C and B are derived from egg
sacs produced by female #2 on
days 12 and 23, respectively (see
Fig. 8H). Scale bar: 200��m.
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smo function in the same pathway. Specific reduction of the target
transcripts was also confirmed. The resultant embryos are referred
to as At-hh and At-smo RNAi embryos.

Time-lapse recording of At-smo RNAi embryos revealed that in
the most severely affected egg sacs, more than 60% of embryos
showed defects associated with CM cell migration. The defects were
categorized into three types (Fig. 2B,C; see Movie 1 in the
supplementary material): the first and the second defects were a
prevention and a delay, respectively, of the cumulus shift observed
around the center of the germ disc, whereas the third defect was a
cumulus shift that continued around the periphery of the germ disc.
These three types of defect were also found in At-hh RNAi embryos
(Fig. 2E,F; see Movie 1 in the supplementary material). However,
more than 70% of the embryos showed a normal, or an almost
normal, cumulus shift, even in severely affected egg sacs. Owing to
the low penetrance of the cumulus-shift phenotypes, we initially
failed to identify At-hh as positive in the screen described above (see
Table S3 in the supplementary material).

In our analyses of serial egg sacs from females injected with At-
smo dsRNA (Fig. 2B,C; see also Fig. 8H), we noticed that
prevention of cumulus shift was observed only around the time
that the maximum effect of RNAi was expected (around the
twentieth day from the start of injection, when four injections
were performed) (Akiyama-Oda and Oda, 2006; Oda et al., 2007).
By contrast, the delayed and continued cumulus-shift defects were
observed in a wider time window, and the proportion of the latter
decreased around the twentieth day. Based on these observations,
we concluded that the prevention of cumulus shift reflects a
severe effect of At-smo RNAi, whereas the continued shift reflects
a mild effect, and the delayed shift an intermediate effect.

The CM cells in At-ptc, At-hh and At-smo RNAi
embryos have normal morphology and undergo
normal differentiation
We next examined whether the CM cells formed normally in At-ptc,
At-hh and At-smo RNAi embryos. As revealed by phalloidin staining,
the CM cells showed normal internalization and clustering and a
normal distribution of F-actin (Fig. 3A). No abnormalities were

observed in the configuration of the surface epithelium around the
closed blastopore (data not shown). Staining for the CM cell markers
022_P10 and At-dpp and for phosphorylated (p) Mad showed that the
CM cells differentiated normally in these RNAi embryos and that they
acted as the source of the Dpp signal (Fig. 3B-D).

At-ptc RNAi embryos develop a D-V axis that is
parallel to the Em-Ab axis
We examined the consequences of the arrest of the Dpp signal source
at the germ disc center in At-ptc RNAi embryos. The D-V pattern
elements are arranged in the order: the extraembryonic tissue, the At-
gataC expression domain and the At-short gastrulation (At-sog)
expression domain (Fig. 4A,B). Observation of these D-V pattern
elements in At-ptc RNAi embryos showed that although a D-V axis
developed, it was oriented in parallel to the Em-Ab axis (Fig. 4C,D).
Normally, expression of At-sog, which encodes a Dpp antagonist, is
confined to the ventral midline region of the elongating germ band,
where At-single-minded (At-sim) is subsequently expressed
(Akiyama-Oda and Oda, 2006). In the At-ptc RNAi embryo, this
process appeared to take place in the apical region where expression
of the anterior marker At-orthodenticle (At-otd) was observed (Fig.
4E-G). These results indicated that the At-ptc RNAi embryo failed to
orthogonalize the major embryonic axes. This was consistent with the
expression pattern of the segment marker At-engrailed (At-en), which
was expressed in concentric circles (Fig. 4H). Taken together, these
data suggested that the cumulus shift is a crucial step in the formation
of the bilaterally symmetric body pattern.

At-hh and At-smo RNAi embryos fail to develop a
D-V axis
In At-hh and At-smo RNAi embryos, regardless of CM cell
migration, the germ disc gradually shrank during and after stage 6
and failed to form a germ band (see Movie 1 in the supplementary
material). Although the relative quantity of At-dpp transcripts was
not much changed in these RNAi embryos (see Fig. S3D in the
supplementary material), the D-V pattern did not develop (Fig. 4I).
At-sog expression decreased, and the At-gataC expression domain
failed to form. This condition was in contrast to the clear D-V
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smo function in the same pathway. Specific reduction of the target
transcripts was also confirmed. The resultant embryos are referred
to as At-hh and At-smo RNAi embryos.

Time-lapse recording of At-smo RNAi embryos revealed that in
the most severely affected egg sacs, more than 60% of embryos
showed defects associated with CM cell migration. The defects were
categorized into three types (Fig. 2B,C; see Movie 1 in the
supplementary material): the first and the second defects were a
prevention and a delay, respectively, of the cumulus shift observed
around the center of the germ disc, whereas the third defect was a
cumulus shift that continued around the periphery of the germ disc.
These three types of defect were also found in At-hh RNAi embryos
(Fig. 2E,F; see Movie 1 in the supplementary material). However,
more than 70% of the embryos showed a normal, or an almost
normal, cumulus shift, even in severely affected egg sacs. Owing to
the low penetrance of the cumulus-shift phenotypes, we initially
failed to identify At-hh as positive in the screen described above (see
Table S3 in the supplementary material).

In our analyses of serial egg sacs from females injected with At-
smo dsRNA (Fig. 2B,C; see also Fig. 8H), we noticed that
prevention of cumulus shift was observed only around the time
that the maximum effect of RNAi was expected (around the
twentieth day from the start of injection, when four injections
were performed) (Akiyama-Oda and Oda, 2006; Oda et al., 2007).
By contrast, the delayed and continued cumulus-shift defects were
observed in a wider time window, and the proportion of the latter
decreased around the twentieth day. Based on these observations,
we concluded that the prevention of cumulus shift reflects a
severe effect of At-smo RNAi, whereas the continued shift reflects
a mild effect, and the delayed shift an intermediate effect.

The CM cells in At-ptc, At-hh and At-smo RNAi
embryos have normal morphology and undergo
normal differentiation
We next examined whether the CM cells formed normally in At-ptc,
At-hh and At-smo RNAi embryos. As revealed by phalloidin staining,
the CM cells showed normal internalization and clustering and a
normal distribution of F-actin (Fig. 3A). No abnormalities were

observed in the configuration of the surface epithelium around the
closed blastopore (data not shown). Staining for the CM cell markers
022_P10 and At-dpp and for phosphorylated (p) Mad showed that the
CM cells differentiated normally in these RNAi embryos and that they
acted as the source of the Dpp signal (Fig. 3B-D).

At-ptc RNAi embryos develop a D-V axis that is
parallel to the Em-Ab axis
We examined the consequences of the arrest of the Dpp signal source
at the germ disc center in At-ptc RNAi embryos. The D-V pattern
elements are arranged in the order: the extraembryonic tissue, the At-
gataC expression domain and the At-short gastrulation (At-sog)
expression domain (Fig. 4A,B). Observation of these D-V pattern
elements in At-ptc RNAi embryos showed that although a D-V axis
developed, it was oriented in parallel to the Em-Ab axis (Fig. 4C,D).
Normally, expression of At-sog, which encodes a Dpp antagonist, is
confined to the ventral midline region of the elongating germ band,
where At-single-minded (At-sim) is subsequently expressed
(Akiyama-Oda and Oda, 2006). In the At-ptc RNAi embryo, this
process appeared to take place in the apical region where expression
of the anterior marker At-orthodenticle (At-otd) was observed (Fig.
4E-G). These results indicated that the At-ptc RNAi embryo failed to
orthogonalize the major embryonic axes. This was consistent with the
expression pattern of the segment marker At-engrailed (At-en), which
was expressed in concentric circles (Fig. 4H). Taken together, these
data suggested that the cumulus shift is a crucial step in the formation
of the bilaterally symmetric body pattern.

At-hh and At-smo RNAi embryos fail to develop a
D-V axis
In At-hh and At-smo RNAi embryos, regardless of CM cell
migration, the germ disc gradually shrank during and after stage 6
and failed to form a germ band (see Movie 1 in the supplementary
material). Although the relative quantity of At-dpp transcripts was
not much changed in these RNAi embryos (see Fig. S3D in the
supplementary material), the D-V pattern did not develop (Fig. 4I).
At-sog expression decreased, and the At-gataC expression domain
failed to form. This condition was in contrast to the clear D-V
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smo function in the same pathway. Specific reduction of the target
transcripts was also confirmed. The resultant embryos are referred
to as At-hh and At-smo RNAi embryos.

Time-lapse recording of At-smo RNAi embryos revealed that in
the most severely affected egg sacs, more than 60% of embryos
showed defects associated with CM cell migration. The defects were
categorized into three types (Fig. 2B,C; see Movie 1 in the
supplementary material): the first and the second defects were a
prevention and a delay, respectively, of the cumulus shift observed
around the center of the germ disc, whereas the third defect was a
cumulus shift that continued around the periphery of the germ disc.
These three types of defect were also found in At-hh RNAi embryos
(Fig. 2E,F; see Movie 1 in the supplementary material). However,
more than 70% of the embryos showed a normal, or an almost
normal, cumulus shift, even in severely affected egg sacs. Owing to
the low penetrance of the cumulus-shift phenotypes, we initially
failed to identify At-hh as positive in the screen described above (see
Table S3 in the supplementary material).

In our analyses of serial egg sacs from females injected with At-
smo dsRNA (Fig. 2B,C; see also Fig. 8H), we noticed that
prevention of cumulus shift was observed only around the time
that the maximum effect of RNAi was expected (around the
twentieth day from the start of injection, when four injections
were performed) (Akiyama-Oda and Oda, 2006; Oda et al., 2007).
By contrast, the delayed and continued cumulus-shift defects were
observed in a wider time window, and the proportion of the latter
decreased around the twentieth day. Based on these observations,
we concluded that the prevention of cumulus shift reflects a
severe effect of At-smo RNAi, whereas the continued shift reflects
a mild effect, and the delayed shift an intermediate effect.

The CM cells in At-ptc, At-hh and At-smo RNAi
embryos have normal morphology and undergo
normal differentiation
We next examined whether the CM cells formed normally in At-ptc,
At-hh and At-smo RNAi embryos. As revealed by phalloidin staining,
the CM cells showed normal internalization and clustering and a
normal distribution of F-actin (Fig. 3A). No abnormalities were

observed in the configuration of the surface epithelium around the
closed blastopore (data not shown). Staining for the CM cell markers
022_P10 and At-dpp and for phosphorylated (p) Mad showed that the
CM cells differentiated normally in these RNAi embryos and that they
acted as the source of the Dpp signal (Fig. 3B-D).

At-ptc RNAi embryos develop a D-V axis that is
parallel to the Em-Ab axis
We examined the consequences of the arrest of the Dpp signal source
at the germ disc center in At-ptc RNAi embryos. The D-V pattern
elements are arranged in the order: the extraembryonic tissue, the At-
gataC expression domain and the At-short gastrulation (At-sog)
expression domain (Fig. 4A,B). Observation of these D-V pattern
elements in At-ptc RNAi embryos showed that although a D-V axis
developed, it was oriented in parallel to the Em-Ab axis (Fig. 4C,D).
Normally, expression of At-sog, which encodes a Dpp antagonist, is
confined to the ventral midline region of the elongating germ band,
where At-single-minded (At-sim) is subsequently expressed
(Akiyama-Oda and Oda, 2006). In the At-ptc RNAi embryo, this
process appeared to take place in the apical region where expression
of the anterior marker At-orthodenticle (At-otd) was observed (Fig.
4E-G). These results indicated that the At-ptc RNAi embryo failed to
orthogonalize the major embryonic axes. This was consistent with the
expression pattern of the segment marker At-engrailed (At-en), which
was expressed in concentric circles (Fig. 4H). Taken together, these
data suggested that the cumulus shift is a crucial step in the formation
of the bilaterally symmetric body pattern.

At-hh and At-smo RNAi embryos fail to develop a
D-V axis
In At-hh and At-smo RNAi embryos, regardless of CM cell
migration, the germ disc gradually shrank during and after stage 6
and failed to form a germ band (see Movie 1 in the supplementary
material). Although the relative quantity of At-dpp transcripts was
not much changed in these RNAi embryos (see Fig. S3D in the
supplementary material), the D-V pattern did not develop (Fig. 4I).
At-sog expression decreased, and the At-gataC expression domain
failed to form. This condition was in contrast to the clear D-V
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smo function in the same pathway. Specific reduction of the target
transcripts was also confirmed. The resultant embryos are referred
to as At-hh and At-smo RNAi embryos.
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the most severely affected egg sacs, more than 60% of embryos
showed defects associated with CM cell migration. The defects were
categorized into three types (Fig. 2B,C; see Movie 1 in the
supplementary material): the first and the second defects were a
prevention and a delay, respectively, of the cumulus shift observed
around the center of the germ disc, whereas the third defect was a
cumulus shift that continued around the periphery of the germ disc.
These three types of defect were also found in At-hh RNAi embryos
(Fig. 2E,F; see Movie 1 in the supplementary material). However,
more than 70% of the embryos showed a normal, or an almost
normal, cumulus shift, even in severely affected egg sacs. Owing to
the low penetrance of the cumulus-shift phenotypes, we initially
failed to identify At-hh as positive in the screen described above (see
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In our analyses of serial egg sacs from females injected with At-
smo dsRNA (Fig. 2B,C; see also Fig. 8H), we noticed that
prevention of cumulus shift was observed only around the time
that the maximum effect of RNAi was expected (around the
twentieth day from the start of injection, when four injections
were performed) (Akiyama-Oda and Oda, 2006; Oda et al., 2007).
By contrast, the delayed and continued cumulus-shift defects were
observed in a wider time window, and the proportion of the latter
decreased around the twentieth day. Based on these observations,
we concluded that the prevention of cumulus shift reflects a
severe effect of At-smo RNAi, whereas the continued shift reflects
a mild effect, and the delayed shift an intermediate effect.

The CM cells in At-ptc, At-hh and At-smo RNAi
embryos have normal morphology and undergo
normal differentiation
We next examined whether the CM cells formed normally in At-ptc,
At-hh and At-smo RNAi embryos. As revealed by phalloidin staining,
the CM cells showed normal internalization and clustering and a
normal distribution of F-actin (Fig. 3A). No abnormalities were

observed in the configuration of the surface epithelium around the
closed blastopore (data not shown). Staining for the CM cell markers
022_P10 and At-dpp and for phosphorylated (p) Mad showed that the
CM cells differentiated normally in these RNAi embryos and that they
acted as the source of the Dpp signal (Fig. 3B-D).

At-ptc RNAi embryos develop a D-V axis that is
parallel to the Em-Ab axis
We examined the consequences of the arrest of the Dpp signal source
at the germ disc center in At-ptc RNAi embryos. The D-V pattern
elements are arranged in the order: the extraembryonic tissue, the At-
gataC expression domain and the At-short gastrulation (At-sog)
expression domain (Fig. 4A,B). Observation of these D-V pattern
elements in At-ptc RNAi embryos showed that although a D-V axis
developed, it was oriented in parallel to the Em-Ab axis (Fig. 4C,D).
Normally, expression of At-sog, which encodes a Dpp antagonist, is
confined to the ventral midline region of the elongating germ band,
where At-single-minded (At-sim) is subsequently expressed
(Akiyama-Oda and Oda, 2006). In the At-ptc RNAi embryo, this
process appeared to take place in the apical region where expression
of the anterior marker At-orthodenticle (At-otd) was observed (Fig.
4E-G). These results indicated that the At-ptc RNAi embryo failed to
orthogonalize the major embryonic axes. This was consistent with the
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was expressed in concentric circles (Fig. 4H). Taken together, these
data suggested that the cumulus shift is a crucial step in the formation
of the bilaterally symmetric body pattern.

At-hh and At-smo RNAi embryos fail to develop a
D-V axis
In At-hh and At-smo RNAi embryos, regardless of CM cell
migration, the germ disc gradually shrank during and after stage 6
and failed to form a germ band (see Movie 1 in the supplementary
material). Although the relative quantity of At-dpp transcripts was
not much changed in these RNAi embryos (see Fig. S3D in the
supplementary material), the D-V pattern did not develop (Fig. 4I).
At-sog expression decreased, and the At-gataC expression domain
failed to form. This condition was in contrast to the clear D-V
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