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Abstract

Background: An important question in experimental embryology is to understand how the developmental
potential responsible for the generation of distinct cell types is spatially segregated over developmental time.
Classical embryological work showed that ctenophores, a group of gelatinous marine invertebrates that arose early
in animal evolution, display a highly stereotyped pattern of early development and a precocious specification of
blastomere fates. Here we investigate the role of autonomous cell specification and the developmental timing
of two distinct ctenophore cell types (motile compound comb-plate-like cilia and light-emitting photocytes) in
embryos of the lobate ctenophore, Mnemiopsis leidyi.

Results: In Mnemiopsis, 9 h after fertilization, comb plate cilia differentiate into derivatives of the E lineage, while
the bioluminescent capability begins in derivatives of the M lineage. Arresting cleavage with cytochalasin B at the
1-, 2- or 4-cell stage does not result in blastomere death; however, no visible differentiation of the comb-plate-like
cilia or bioluminescence was observed. Cleavage arrest at the 8- or 16-cell stage, in contrast, results in the expression of
both differentiation products. Fate-mapping experiments indicate that only the lineages of cells that normally express
these markers in an autonomous fashion during normal development express these traits in cleavage-arrested 8- and
16-cell stage embryos. Lineages that form comb plates in a non-autonomous fashion (derivatives of the M lineage) do
not. Timed actinomycin D and puromycin treatments show that transcription and translation are required for comb
formation and suggest that the segregated material might be necessary for activation of the appropriate genes.
Interestingly, even in the absence of cytokinesis, differentiation markers appear to be activated at the correct times.
Treatments with a DNA synthesis inhibitor, aphidicolin, show that the number of nuclear divisions, and perhaps the
DNA to cytoplasmic ratio, are critical for the appearance of lineage-specific differentiation.
(Continued on next page)
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Conclusion: Our work corroborates previous studies demonstrating that the cleavage program is causally involved in
the spatial segregation and/or activation of factors that give rise to distinct cell types in ctenophore development.
These factors are segregated independently to the appropriate lineage at the 8- and the 16-cell stages and have
features of a clock, such that comb-plate-like cilia and light-emitting photoproteins appear at roughly the same
developmental time in cleavage-arrested embryos as they do in untreated embryos. Nuclear division, which possibly
affects DNA-cytoplasmic ratios, appears to be important in the timing of differentiation markers. Evidence suggests that
the 60-cell stage, just prior to gastrulation, is the time of zygotic gene activation. Such cleavage-clock-regulated
phenomena appear to be widespread amongst the Metazoa and these cellular and molecular developmental
mechanisms probably evolved early in metazoan evolution.

Keywords: Ctenophore, Comb jelly, Photocyte, Comb cell, Cytochalasin B, Puromycin, Actinomycin, Cell cycle arrest,
Cell lineage
Background
Ctenophores are a monophyletic group of seemingly sim-
ple marine animals with distinct features, such as unique
comb rows, body symmetry and stereotypic cleavage pro-
gram [1-11]. The name Ctenophore means ‘comb-bearing’
and refers to eight rows of comb or ctene plates, each pos-
sessing thousands of motile cilia arranged in linear arrays
to form small paddles [12]. Each comb plate in a ctene row
beats in a highly synchronized manner and they are used
to move the animal through the water column [12]. The
oral-aboral axis is the major body axis of ctenophores and
it is characterized by the mouth at one pole and the
statocyst-containing apical organ at the opposite (aboral)
pole [3,4,12] (Figure 1A, B). The view from the aboral pole
shows that ctenophores comprise four highly similar quad-
rants, which are separated by two orthogonal planes – the
tentacular plane and the esophageal or sagittal plane
(Figure 1A) [4,13-15]. These planes are defined by axes of
rotational symmetry around the oral-aboral axis because
diagonally opposed quadrants are more identical to one
another than adjacent quadrants [3-610,13,15].
Many ctenophores, including the lobate ctenophore

Mnemiopsis leidyi, generate distinct light-producing photo-
cytes during development, which migrate to locations sub-
jacent to each of the eight comb rows. Genome sequencing
of Mnemiopsis has revealed two genomic clusters contain-
ing ten distinct copies of photoproteins closely resembling
the luciferase-type photoproteins found at the base of the
Metazoa. In situ hybridization studies have shown that
at least subsets of these mRNAs are expressed in photo-
cytes prior to when these embryos are bioluminescent [16].
Thus, the presence or absence of bioluminescence is a
strong indicator of the developmental fate of a differenti-
ated photocyte.
Ctenophore development is highly stereotypic and unique

within the animal kingdom [1,4,5]. In the lobate ctenophore
Mnemiopsis leidyi, embryos are generally fertilized at
the time of spawning and cleavages are unipolar and
holoblastic (Figure 1, and 2 Additional file 1) [4-6,10,17].
Subsequent rounds of division occur every 15 to 20 min at
room temperature and the juvenile cydippid stage hatches
from the egg membrane within 24 h after the first clea-
vage. The second cleavage, which is perpendicular to the
first cleavage, gives rise to four similar-sized EM blasto-
meres [1,4,10,18]. The third cleavage is oblique and results
in the formation of four E cells (end cells) and four M cells
(middle cells) [1,4,10,14,18] (Figure 2 and Additional file 1).
Each M blastomere undergoes two rounds of asymmetric
division, giving rise to two small m micromeres (m1 and
m2) towards the aboral pole and one M macromere
towards the oral pole [1,4,14]. E blastomeres undergo three
asymmetric cell divisions each, producing three small e
micromeres (e1, e2 and e3) at the aboral pole and an E
macromere at the oral pole [1,4,14]. The micromeres prolif-
erate further and begin to envelop the macromeres during
gastrulation via epiboly at approximately 3 to 4 hours post
fertilization (hpf) [4,6] (Figure 2 and Additional file 1).
Later during development, the macromeres, which are
located at the oral pole, generate another set of oral micro-
meres [4]. Gastrulation is complete around 5 to 6 hpf.
Ciliated comb cells appear by 9 hpf at the same time
bioluminescence is detected. Cydippid stage juveniles hatch
after 18 to 24 hpf [1,4,6,18].
The stereotyped cleavage program in ctenophores allows

each blastomere to be identified and its fate followed by
the injection of intracellular lineage tracers [1,4,7] (sum-
marized in Figure 1C). For example, the mesoderm,
including muscle, mesenchymal cells and photocytes, is
generated by the micromeres born from endodermal
precursors at the future oral pole [4] (summarized in
Figure 1C). Early labeling experiments identified that the
e1 micromeres give rise to the comb plate cilia [18,19];
however, later fate-mapping experiments were able to
detect the m1 micromere’s contributions to the formation
of comb plates (summarized in Figure 1C). Interestingly,
when e1 micromeres are deleted, no comb plate cilia form,



Figure 1 (See legend on next page.)
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Figure 1 Ctenophore development and cell lineage. Ctenophore body plan, with (A) lateral view, aboral pole up and (B) aboral view. The
comb plates are shown in yellow to indicate the contribution from e1 micromeres (yellow) and m1 micromeres (pink). The photocytes, are a
derivative of the 2 M cells and associated with the endodermal canals underlying the comb rows [4,16]. (C) Simplified cell lineage fate map
showing the e1, m1, 1E/ and 1 M/ micromere sublineages. For each of the different early cleavage stages there are diagrams showing the embryo
from the aboral pole. Modified after [1,4,14].
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indicating that e1 micromeres are autonomously specified
to give rise to comb plates while m1 micromeres require
inductive signals [18,20].
Here, we investigate the role of the cleavage program in

the segregation and expression of the developmental po-
tential of two distinct cell types (motile comb-plate-like
cilia and light-emitting photocytes) during the develop-
ment of the ctenophore Mnemiopsis. Using an inhibitor of
filamentous actin polymerization (cytochalasin B) to block
cytokinesis (but not nuclear division), we show that the
formation of differentiation markers associated with each
of these cell types appears only after they have segregated
into their own distinct lineages and they are never co-
expressed in the same cells. Furthermore, using inhibitors
of protein synthesis, transcription and DNA synthesis, we
provide evidence for the existence of a cleavage clock that
is based on the number of rounds of DNA synthesis (and
possibly controlled by the nuclear-to-cytoplasmic ratio),
which determines the temporal appearance of differenti-
ation products in cleavage-arrested embryos.

Methods
Mnemiopsis collection and embryos
Mnemiopsis leidyi adults were collected from the National
Oceanic and Atmospheric Administration jetty and Eel
Pond in Woods Hole, MA, during June and July and from
13660 Deering Bay Dr, Coral Gables, FL 33158, during
December. Adults were brought into the lab and induced
to spawn as described previously [21]. Eggs were washed
Additional file 1 Normal embryonic development of
Mnemiopsis leidyi. DIC microscopy time-lapse movie of developing
Mnemiopsis embryos beginning with a zygote until 12 hpf. The
aboral side is up. The animal shown is the same as in Figure 2A-P.
multiple times with 0.2 μm filtered seawater to remove any
jelly or debris. Only batches in which a high percentage
of embryos developed normally were used in the study.
Fertilization in these animals occurs at spawning, so for de-
velopmental timing purposes this was designated as 0 hpf.

Pharmaceutical inhibitors
After the embryos were collected, they were transferred
by pipet to 24-well culture dishes for drug treatments.
The following drugs were used: cytochalasin B (Sigma, St.
Louis, MO, USA, C6762), actinomycin D (Sigma, St. Louis,
MO, USA, A1410), puromycin (Sigma, St. Louis, MO,
USA, P7255) and aphidicolin (Sigma, St. Louis, MO, USA,
A0781). Stock solutions of cytochalasin (1 mg/ml), actino-
mycin (1 mg/ml) and aphidicolin (1 mg/ml) were made up
in dimethyl sulfoxide, with aliquots stored at −20°C. A
puromycin stock solution (12.5 mg/ml) was made up in
distilled water and stored at −20°C. Freshly thawed ali-
quots were used in each experiment. Working solutions
were made by diluting stock solutions with filtered sea-
water. Approximately 1 ml of solution was added to each
well containing embryos.

Hoechst staining and immunohistochemistry
The embryos were fixed for antibody staining in 4%
paraformaldehyde and 0.02% glutaraldehyde, as previ-
ously described by Pang and Martindale [21]. Following
fixation, the embryos were removed from their mem-
branes by gentle pipetting, washed with PBS plus 0.2%
Triton (PBT), blocked in 5% goat serum for 1 h and then
incubated in anti-tyrosine tubulin (Sigma, T9028) over-
night at 4°C. The embryos were washed six times for
30 min in PBT and incubated with the secondary anti-
body, goat anti-mouse conjugated to Alexa-594 (Invitro-
gen, Molecular Probes, Carlsbad, CA, USA), Alexa-488
phalloidin (Invitrogen, Molecular Probes, Carlsbad, CA,
USA) and Hoechst 33342 (Invitrogen, Molecular Probes,
Carlsbad, CA, USA) overnight at 4°C. Afterwards the
embryos were washed twice for 5 min in PBS and
mounted for imaging.

Lineage tracing
After the embryos were collected, the vitelline mem-
branes were mechanically removed using sharpened for-
ceps. The de-membranated embryos were allowed to
develop to the correct cleavage stage prior to injection
with DiI, (Catalog No. D-282; Molecular Probes, Inc.,
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Eugene, OR) a lipophilic membrane stain that diffuses
laterally to stain the entire cell, as described in [4]. Fol-
lowing DiI injection, the embryos were carefully trans-
ferred into individual wells of a Terasaki plate (Nunc,
Roskilde, Denmark) so that each embryo remained
separate. Each well of the plate contained 10 μl of fil-
tered seawater (controls) or cytochalasin B solution
(1 μg/ml). The Terasaki plate was then stored in a humi-
dified chamber to minimize evaporation.
Figure 2 Embryonic development of Mnemiopsis leidyi. DIC images of
zygote in (A) until 9 hpf in (P). (A) Zygote. (B) 2-cell stage. (C) 4-cell stage.
(I, J, K, L) Gastrulation. (M, N, O, P) Post-gastrulation. The aboral side is up
development of the same specimen in a time-lapse movie.
Imaging
The embryos were scored for the presence or absence
of comb cells using a Stereo Discovery (Zeiss, Inc) or
Axio Scope (Zeiss, Inc) under transmitted light. Live comb
plate cells were imaged using time-lapse microscopy with
time intervals of five to ten images per second. Normal
Mnemiopsis development was recorded at three images per
minute using DIC (Differential interference contrast).
Visualization of bioluminescence was performed on an
developing Mnemiopsis embryos at various stages, beginning with a
(D) 8-cell stage. (E) 16-cell stage. (F, G, H) 32- to 60-cell stages.
. hpf, hours post fertilization. Additional file 1 shows the embryonic



Additional file 2 Regression of the cleavage furrow in a
Mnemiopsis embryo after cytochalasin B treatment. Cytochalasin
B was added during the first cleavage of a Mnemiopsis zygote. DIC
microscopy time-lapse showing the ingression of the cleavage
furrow. Once cytochalasin B has been added, cleavage stops and the
cleavage furrow regresses. The animal shown is the same as in
Figure 3A-D.
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Axio Scope, using the GFP filter (38 HE Green Fluorescent
Prot. filter, excitation BP 470/40 nm, emission BP 525/
50 nm) to stimulate photoprotein emission and with 0.5 to
1 sec exposure times with an AxioCam Mr to capture faint
signals. Prior to visualization, an embryo was kept undis-
turbed in darkness for 10 to 20 min to prevent activation
and depletion of the photoprotein.
Confocal imaging after immunohistochemical staining

was performed using a Zeiss 710 confocal microscope.
Images were processed using Zen software (Zeiss, Inc)
and Volocity (Improvision, Inc) to create 3D image re-
constructions of confocal sections.

Results
Cytochalasin B inhibits the polymerization of actin and
thus prevents cytokinesis. During embryonic development,
individual cleavages and specific developmental stages can
be arrested by cytochalasin B, and thus the developmental
potential of cells that were present at the time of arrest
can be analyzed. We used cytochalasin B on zygotes, the
2-, 4-, 8- and 16-cell stages and at later time points up to
the 60-cell stage (at 3, 3.5, 4, 5, 6, 7, 8 and 9 hpf). An over-
view of Mnemiopsis development is shown in Figure 2 and
Additional file 1.
Cytochalasin B treatment of Mnemiopsis embryos led to

the immediate arrest of cytokinesis. If the embryo was
undergoing cell division at the time of treatment, the
cleavage furrow immediately began to regress and the
blastomeres rounded up (Figure 3, Additional file 2).
Throughout the cytochalasin B treatment, the blastomeres
Figure 3 Regression of the cleavage furrow (marked with arrows) afte
cleavage of a Mnemiopsis zygote. DIC images showing the ingressing cleav
cleavage stops (C) and finally the cleavage furrow regresses (D). Additional
movie in the same specimen.
did not die and cell nuclei continued to divide as
karyokinesis does not require actin polymerization [22].
For the first 4 to 5 h of treatment, the nuclei divided at
the normal rate and remained in the periphery of the cell
(Figure 4A), but after approximately 5 hpf, individual
nuclei fused together into one or several large nuclei
(Figure 4B, C, D). Cleavage-arrested blastomeres adhered
tightly to each other until 7 to 8 hpf, after which individual
cells tended to lose contact with one another. Although
the normal configuration of the blastomeres was lost, they
r cytochalasin B treatment. Cytochalasin was added during the first
age furrow (arrow) (A, B). Once cytochalasin B has been added,
file 2 shows the regression of the cleavage furrow in a time-lapse




Figure 4 Nuclear divisions in cleavage-arrested embryos continue. Nuclei continue to divide after cytochalasin B treatment resulting in
multiple nuclei in each cell, which later fuse into one or several large nuclei per cell. DNA staining with Hoechst (blue) merged with DIC images.
(A) Embryo inhibited with cytochalasin B at the 2-cell stage. Multiple nuclei are visible along the periphery of the cells after 2 h of treatment.
(B) A zygote arrested with cytochalasin B with one overly large nucleus. (C) Embryo inhibited with cytochalasin B at the 2-cell stage, with one
large nucleus in the left cell and several large nuclei in the right cell. (D) Embryo inhibited with cytochalasin B at the 4-cell stage. Each cell has
one large nucleus. Since all the embryos were inhibited prior to the 8-cell stage, none of them have differentiated comb cells.
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were still contained within the vitelline membrane, allow-
ing for the identification of all descendants from an indi-
vidually arrested embryo.
While cytochalasin-treated zygotes and 2- and 4-cell

stages did not show any visible sign of cell differentiation
even after 24 hpf (Figure 4), surprisingly, 70% (31/44) of
arrested embryos treated at the 16-cell stage (Figure 5F)
and 83% (19/23) of embryos treated at the 32-cell stage
had ctene-like cilia around 9 hpf. When treated at the
60-cell stage and onwards, nearly 100% of all arrested
embryos formed ctene-like cilia. And when treated with
cytochalasin B at the 8-cell stage, 26% (9/35) of the
arrested embryos had two or more cells that formed mo-
tile comb-plate-like compound cilia (Figure 5, Additional
file 3, Additional file 4, Additional file 5). These cilia were
approximately the same size and formed at the same
time as for untreated control embryos (Figure 5G,
Additional file 6). A closer look at the ctene cells in
treated embryos revealed that individual comb-plate-
like cilia appeared morphologically normal with rows of
cilia beating back and forth (Figure 5A, B, C, H, H', I, I',
Additional file 3, Additional file 4, Additional file 5).
Ctenophores make other kinds of ciliated structures (for
example, dome cilia, sensory pegs, ciliated grooves and
balancing cilia) but most of these are not motile, and none
of them comprise compound cilia such as those made by
the cleavage-arrested cells. Many individual cleavage-
arrested cells formed multiple motile comb-plate-like cilia;
these combs were not arranged in discrete rows as is the
case during normal development [23] and their beating
was not coordinated and appeared random with respect to
one another and to neighboring cells. The cilia of the
comb-plate-like generating cells were seen beating for up
to 18 hpf and these cells quickly separated from the other
cells in the embryos.

Ctene cells in cleavage-arrested embryos are derived from
e1 micromeres
During normal Mnemiopsis development, ctene cells are
formed by e1 micromeres and m1 micromeres [4]. However,
while e1 micromeres can differentiate into comb-bearing
cells autonomously, m1 micromeres require an inductive
signal from the E lineage [1]. To determine which cell
lineages were forming the comb cells in cleavage-arrested
embryos, we utilized DiI labeling. Labeling of all four E
blastomeres at the 8-cell stage and arresting the embryo at
the 8- or 16-cell stage led to embryos in which all cells
producing comb-plate-like cilia were labeled (Table 1,
Figure 6A, B, C, F, F', F''). The same was true after labeling
all four E macromeres at the 8-cell stage, allowing them to
undergo one more cell division (to form DiI-labeled 1E
macromeres and e1 micromeres) before arresting them at
the 16-cell stage (Table 1, Figure 6F, F', F''). These experi-
ments show that all cells that gave rise to comb-plate-like
cilia in cleavage-arrested embryos were derived from the E
lineage.



Figure 5 Comb cells in cleavage-arrested embryos. The arrows point to the cilia of the differentiated comb cells. (A, B, C) DIC images of
cleavage-arrested embryos. (A', B', C') Close-up views of the rectangles in (A, B, C). (D, E, F) DNA staining with Hoechst (blue) merged with DIC
images of embryos inhibited with cytochalasin B at the 8-cell stage (D, E) or 16-cell stage (F). (G) Control embryo at 10 to 12 hpf. DIC images
(H, I) and z-projections of confocal images (H', I') of embryos stained with anti-tyrosinated tubulin (red) showing the cilia, Alexa-488 phalloidin
(green) showing cell borders and Hoechst 33342 (blue) showing the nuclei. hpf, hours post fertilization. Additional file 3, Additional file 4,
Additional file 5 are movies showing the motility of the cilia in the specimens shown in A, B and C respectively. Additional file 6 shows the
movement of the cilia in the comb rows of the specimen shown in G.
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To rule out the possibility that DiI labeling could in-
duce the cell fate of the comb-plate-like cilia, we labeled
all four M blastomeres at the 8-cell stage or all four 1M
macromeres and m1 micromeres at the 16-cell stage and
arrested the embryos with cytochalasin B. In only one
case (which was likely to have been generated from a
misinjected cell), were the cells producing the comb-
plate-like cilia labeled (Figure 6D, G).
To determine whether e1 cells specifically gave rise to

the comb plates, we labeled all four e1 micromeres at
the 16-cell stage and immediately afterwards treated the
embryos with cytochalasin B. All of the resulting em-
bryos formed cells producing comb-plate-like cilia that
were labeled with DiI (Figure 6E, Table 1, Additional
file 7). We also labeled all four 1E macromeres after the
division of the E blastomeres into e1 and 1E at the 16-
cell stage and cleavage arrested the embryos with cyto-
chalasin B. None of the cells producing comb-plate-like
cilia that formed were labeled (Table 1). These data
demonstrate that only E lineage blastomeres at the 8-cell
stage and e1 micromeres at the 16-cell stage give rise to
comb-bearing cells. 1E macromeres, but not M lineage



Additional file 3 Cleavage-arrested embryo with beating cilia
at 2 comb cells. DIC microscopy movie showing the beating cilia
on comb-cells in a cleavage-arrested embryo. The embryo shown is
the same one as in figure 5A and 5A'.

Additional file 5 Cleavage-arrested embryo with beating cilia
at a comb cells. DIC microscopy movie showing the beating cilia
on comb-cells in a cleavage-arrested embryo. The embryo shown is
the same one as in figure 5C and 5C'.
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descendants, appear to be able to contribute to the for-
mation of comb-plate-like cilia.

Photocytes are specified by the M lineage in cleavage-
arrested embryos
To determine whether the M lineage also gives rise to
products specific to differentiated cells in cleavage-arrested
Mnemiopsis embryos, we looked for the presence of
bioluminescence or light production. In Mnemiopsis, bio-
luminescence is generated by the expression of luciferase-
like photoproteins in a specific cell type, the photocytes
[11,16]. Fate-mapping experiments have shown that during
development, the 2M macromeres give rise to pho-
tocytes [4,16,24,25]. Photocytes are normally located in
the endodermal canals underneath the comb rows
[11,26] (Figure 7A, A', A'', B). To visualize the photo-
protein, embryos were acclimatized to the dark and
imaged under a GFP filter set on a Zeiss compound
Additional file 4 Close-up on one a comb cell with beating cilia
in a cleavage-arrested embryo. DIC microscopy movie showing
the beating cilia on comb-cells in a cleavage-arrested embryo. The
embryo shown is the same one as in figure 5B and 5B'.
microscope (Additional file 8). The blue fluorescent light
excites the photoprotein in these cells causing them to
emit light at around 485 nm to 496 nm [16,27]. In living
cydippids, the luminescence appeared as green specks and
faded away within 1 to 3 sec, which can be seen by the
naked eye and was recorded by a CCD camera.
In embryos that were treated with cytochalasin B at the

8- or 16-cell stage, we observed green bioluminescence in
the cleavage-arrested blastomeres. This began at the same
time as in control embryos at around 9 hpf (Additional
file 9). Because DiI labeling of M blastomeres masked
the weak florescence of the photoproteins in injected
embryos, we labeled the E blastomeres at the 8-cell stage
with DiI. Observation of DiI-injected E lineage cleavage-
arrested embryos at the 8- or 16-cell stage revealed that
the photoprotein was located in the unlabeled M (8-cell)
and 1M macromeres (precursors to the 2M lineage) at the
16-cell stage (Figure 7C, D, E, F).
Additional file 6 Control embryo at around 10-12 hpf. DIC
microscopy movie showing the beating cilia of the comb cells,
which are well visible on both sides of the embryo. The embryo
shown is the same one as in figure 5G.







Table 1 Overview of the cytochalasin treatment experiments on Mnemiopsis leidyi embryos

Developmental
stage

Treatment Observation Conclusion

8-cell stage Cytokinesis arrested with cytochalasin B 50% have combs All combs that were formed were labeled

16-cell stage 75% have combs

32-cell stage 83% have combs

8-cell stage Cytokinesis arrested with cytochalasin B, labeling of
all four E blastomeres

62% (8/13) have
combs that are labeled

38% (5/13) did not
form combs

16-cell stage Cytokinesis arrested with cytochalasin B at 16-cell
stage, labeling of all four E blastomeres at the 8-cell
stage

95/128 (74%) formed
combs that are labeled

99% of embryos that formed combs were labeled,
E cell lineage forms combs

32/128 (25%) did not
form combs

1/128 (0.8%) formed
combs that are not
labeled

16-cell stage Cytokinesis arrested with cytochalasin B at the 16-cell
stage, labeling of all e1 micromeres at the 16-cell
stage

27/36 (75%) formed
combs that are labeled

100% of embryos that formed combs were
labeled, e1 cells form combs

9/36 (25%) did not
form combs

16-cell stage Cytokinesis arrested with cytochalasin B at the 16-cell
stage, labeling of all 1E macromeres at the 16-cell
stage

No labeled combs Only e1 cells at 16-cell stage form combs and E1
cells do not form combs

8-cell stage Cytokinesis arrested with cytochalasin B at the 8-cell
stage, labeling of all M blastomeres

19/27 (70%) formed
combs that are not
labeled

95% of the embryos formed combs that were not
labeled and combs do not arise from M lineage
cells

7/27 (26%) did not
form combs

1/27 (4%) formed
combs that are labeled

8-cell stage and
16-cell stage

Cytokinesis arrested with cytochalasin B at the 8-cell
stage or 16-cell stage, all E blastomeres were labeled

Unlabeled cells have
photoprotein

M cells can make photoprotein even when they
are cell-cycle arrested
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Transcription and translation are required for the
formation of comb-plate-like cilia in cleavage-arrested
embryos
The differentiation of comb-plate-like cilia in E lineage
cells and photoproteins in M lineage descendants in
cleavage-arrested embryos suggests that developmental
potential is faithfully segregated to the correct spatial line-
ages by the early cleavage program. However, it is unclear
what key factors may be segregated into the lineages. To
gain insight into the molecular nature of the determinants
for the formation of comb-plate-like cilia, we used inhibi-
tors of mRNA and protein synthesis to see if these classes
of molecules could be responsible for the expression of
these structures.
We treated embryos at various stages, beginning with

zygotes up to the time that comb-plate-like cilia are
normally generated in intact embryos (9 hpf ), with
10 μg/ml of actinomycin D, an inhibitor of transcription
[28,29]. Embryos that were treated up to 6 hpf, did not
form comb plates (Table 2), suggesting that the localized
determinant is not solely an mRNA (possibly maternal
in nature) that is required for comb-plate formation.
These results suggest that additional transcription is ne-
cessary for the comb plates to form in descendants of
the E lineage.
It is interesting to note that embryos that were treated

at the 1-, 2-, 4-, 8- and 16-cell stages continued to divide
normally and arrested only prior to gastrulation at about
the 60-cell stage. Embryos that were treated with actino-
mycin D at the 32- or 60-cell stage divided only a few
more times and then became arrested (Table 2). This
suggests that if actinomycin D is inhibiting the bulk of
mRNA synthesis, then zygotic transcription appears to
begin at about the 32- or 60-cell stage and there are suf-
ficient stores of maternal mRNAs to allow the embryo
to reach these stages of development.
To block protein synthesis, we treated embryos at vari-

ous stages with puromycin (25 to 125 μg/ml) [30]. Comb
formation was only observed in embryos that were treated
after 6 hpf (at 25 μg/ml puromycin), suggesting that the



Figure 6 Lineage tracing experiments in cleavage-arrested embryos show that e1 micromeres give rise to the comb-cells. DIC images
of cleavage-arrested embryos with DiI-labeling shown in red. White arrows point to labeled comb plates and black arrows point to unlabeled
comb plates. The diagrams in the lower left corners show the stage when the embryo was inhibited with cytochalasin B and the appropriate
DiI-labeled cells. (A, B, C) All four E macromeres were labeled at the 8-cell stage and the embryos were arrested at the 16-cell stage. Only labeled
cells have combs. (D) All four M macromeres were labeled at the 8-cell stage and the embryos were arrested at the 16-cell stage. Only unlabeled
cells form combs. (E) All four e1 micromeres were labeled and the embryos were arrested at the 16-cell stage. All comb cells are labeled. (F, F'')
Part of an embryo that was arrested at the 16-cell stage. All E macromeres are labeled. (F) is a DIC image. (F') is the red channel and (F'') shows
both images merged. The comb cell is clearly labeled. (G, G', G'') The embryo was arrested at the 16-cell stage. All four M macromeres are
labeled. (G) is the DIC image and (G') the red channel. (G'') shows both images merged. All comb cells are unlabeled.
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key determinant is not solely that a protein is required for
comb formation, but that proteins must be translated be-
tween 5 and 6 hpf (Table 2).

The differentiation of combs is regulated by the number
of nuclear divisions
Cells producing ctene-like cilia and photocytes are formed
at the same time in control embryos and in embryos
treated with cytochalasin B at the 8-cell stage or later,
suggesting that the embryo has a molecular timing me-
chanism that operates in the absence of cytokinesis.
Because nuclear divisions appear to proceed normally in
embryos treated with cytochalasin B (Figure 4), the num-
ber of nuclear divisions may be an important component
of the timing mechanism. To test whether the timing of
the formation of the comb-plate-like cilia is dependent on
the number of nuclear divisions, we treated embryos with
the DNA synthesis inhibitor aphidicolin (2 μg/ml) [31] at
various cleavage stages up through 5 hpf (Table 2). When
treated during early cleavage, up to the 32-cell stage, we
did not observe the formation of any comb-plate-like cilia.
When treated at the 60-cell stage, 4 hpf, and 5 hpf, we did
observe comb formation, although it was delayed by ap-
proximately 2 to 3 h (12 hpf as opposed to 9 hpf). Em-
bryos that were treated with aphidicolin at 5 hpf for 2 h
and then removed from the drug, formed comb-plate-like
cilia with a delay corresponding approximately to the
length of the drug treatment. These results are consistent



Additional file 7 Cleavage-arrested embryo with beating cilia
and labeled e1-cell lineage. DIC microscopy movie in combination
with fluorescent light showing an embryo in which the e1-cells were
DiI labeled at the 16-cell stage. The embryo was arrested with
cytochalasin B at the 32-cell stage. Please note that only labeled cells
bear cilia. The embryo shown is the same one as in Figure 6E.
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with the fact that the aphidicolin treatment is reversible,
that DNA synthesis is able to resume following the rescue
(for example, the drug is not lethal) and that the correct
total lineage-specific DNA content is important for the
timing of the formation of comb-plate-like cilia. We did
not see any comb formation in embryos that were treated
with both cytochalasin B and aphidicolin, even after 6 hpf.
The double treatment with cytochalasin B and aphidicolin
is not reversible and embryos that were treated for 2, 3 or
4 hpf did not recover and did not form comb cells. These
results showed that that the combined effects of blocking
DNA synthesis and cytokinesis are more detrimental than
Figure 7 Photocytes in control embryos and cleavage-arrested embry
visible at 9 to 10 hpf in the endoderm beneath the comb rows. In this live
(Hoechst 33342 staining) overlaid with photoprotein fluorescence (green). (
(A'') DIC image of the same embryo shown in (A) and (A'). (B) Photoprote
labeled with DiI at the 8-cell stage and embryos were cleavage arrested at
in cells that are not labeled. (F) Photoprotein in an embryo that was cleava
files 8 and 9 show videos of the light-emitting photocytes of the specimen
either drug alone and indicate that a critical number of
nuclear divisions is essential.

Discussion
We used cytochalasin B to inhibit cytokinesis in early cteno-
phore embryos to examine how developmental potential is
partitioned into two distinct cell lineages: those giving rise
to comb plates and those forming the photocytes. When
cytokinesis is arrested in early Mnemiopsis leidyi embryos,
treated embryos do not undergo apoptosis, but rather nu-
clear divisions continue and give rise to multinucleated
cells. Cytochalasin B was used to study the segregation of
developmental potential in Mnemiopsis by Freeman [18].
Freeman [18] inhibited certain divisions including the first,
second or third cleavage or the second and third cleavage
by short treatments with cytochalasin B. When only the first
cleavage was inhibited by a brief exposure, most embryos
developed like the control embryos but were delayed by one
cleavage cycle [18]. However, when the second, third or sec-
ond and third cleavages were reversibly blocked, the inhib-
ited cleavages were skipped and the embryos continued the
cleavage program with a reduced number of cells [18].
Surprisingly, as we demonstrate here, if cytokinesis is

arrested at the 8-cell stage or later and is permitted to
remain arrested for the following hours of development,
comb-plate-like cilia and the photoprotein-mediated
bioluminescence characteristic of photocytes form at the
correct time in development compared with control em-
bryos. Lineage-tracing experiments reveal that comb-plate-
like cells are derived from E cells at the 8-cell stage and
from the e1 micromeres at the 16-cell state. These are the
os. (A, A', A'') In normal embryos, photocytes (white arrows) are
animal, viewed from the aboral pole, (A) shows nuclei in blue
A') Photoprotein fluorescence as viewed under the GFP channel.
in fluorescence of a control animal. (C, D, E) E macromeres were
the 16-cell stage. Photoprotein is visible as green dots (arrowheads),
ge arrested at the 16-cell stage. hpf, hours post fertilization. Additional
s shown in figures B and F.

http://creativecommons.org/licenses/by/2.0



Additional file 9 Bioluminescence in photocytes of a cleavage
arrested embryos. Light microscopy movie showing light emission
from the photocytes that was stimulated by a brief illumination with
fluorescent light. Those cells that contain the bioluminescent protein
are photocytes. The embryo shown is the same one as in Figure 7C.

Additional file 8 Bioluminescence in photocytes of a control
embryos. Light microscopy movie showing light emission from the
photocytes that was stimulated by a brief illumination with
fluorescent light. The photocytes are well visible on either side of
the embryo. The animal shown is the same one as in Figure 7B.
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same cell lineages that autonomously generate comb-plate-
like cilia when isolated from the rest of the embryo [1]. Pre-
vious intracellular fate-mapping experiments showed that
m1 micromere descendants also have the capacity to make
comb-plate-like cilia [4] but M lineage descendants were
not found to give rise to comb-plate-like cilia in cleavage-
Table 2 Overview of the aphidicolin, actinomycin D and purom

Developmental stage Treatment Observation

2-cell stage Arrest of DNA synthesis for
2 h with aphidicolin,
2 μg/ml

No combs forme

16-cell stage

32-cell stage

60-cell stage 27/30 (90%) form
formation was d

4 hpf 29/30 (97%) form
formation was d

5 hpf 29/30 (97%) form
formation was d

60-cell stage and 4 hpf Arrest of DNA synthesis and
cytokinesis with aphidicolin,
2 µg/ml, plus cytochalasin B,
1 to 2 μg/ml

Immediately arre
observed, neithe
photoprotein we
embryo (0/30)

1- to 2-cell stage Blocking of transcription with
actinomycin D, 10 μg/ml

0/30 gastrulated
at 32- to 60-cell

4- to 8-cell stage 0/30 gastrulated
at 32- to 60-cell

16- to 32-cell stage 10/30 (33%) gas
arrest at 32- to 6

60-cell stage 28/30 (93%) gas
is formed, 2/30 (

5 hpf (post-gastrulation) No pharynx is fo

2-cell stage Arrest of translation
with puromycin,
125 μg/ml, 25 μg/ml

0/30 formed com

16-cell stage 0/30 formed com

60-cell stage 0/30 formed com

6 hpf (post-gastrulation) 32/30 (97%) form
arrested embryos. Likewise, the bioluminescence character-
istic of M-lineage-derived photocytes was only seen in M-
lineage-derived cells in cleavage-arrested embryos. Earlier
experiments showed that the m1 micromeres require in-
ductive signals first from the e11 or e12 micromeres and
later from endomesodermal cells derived from E and M
ycin treatment experiments on Mnemiopsis leidyi embryos

Conclusion

d (0/30) DNA synthesis is essential for
comb formation.

ed combs, comb
elayed by 2 h

ed combs, comb
elayed by 2 h

ed combs, comb
elayed by 2 h

sted, single nuclei
r combs nor
re formed in any

DNA synthesis is essential for comb
formation even in cleavage-arrested
embryos.

, development arrests
stage

Zygotic transcription begins around the 32-
to 60-cell stage and the specification of the
combs requires more than only maternal RNAs.

, development arrests
stage

trulate, 20/30 (67%)
0-cell stage

trulate but no pharynx
7%) do not gastrulate

rmed

bs Comb protein is translated prior to 6 hpf,
comb formation requires protein that is
translated in the embryo and not maternally
loaded.

bs

bs

ed combs





Fischer et al. EvoDevo 2014, 5:4 Page 14 of 19
http://www.evodevojournal.com/content/5/1/4
macromeres before they form combs [14,20]. Our results
support the finding that m1 micromeres require additional
inductive signals from endomesodermal cells for comb for-
mation, since no combs were formed by m1 micromeres in
cleavage-arrested embryos. This supports the finding that
the presence of e1 micromeres is not sufficient to induce
comb formation in m1 micromeres [14,20].
Interestingly, neither comb-plate-like cilia nor bio-

luminescence was detected in cleavage-arrested zygotes
or 2- or 4-cell stage embryos, suggesting that the segre-
gation of distinct E and M lineages is crucial for the ex-
pression of the lineage-specific differentiation products.
These results suggest that factors that are required for
comb-plate and photocyte determination are already
present and localized at the 8- and 16-cell stages and
may have mutually exclusive activity.

The segregation of developmental determinants
One of the fundamental processes of development is the
localization of factors that are required to establish cell
polarity, break symmetry and drive the asymmetric
specification of cell fates. Experimental embryologists
have provided evidence for the segregation of factors
that determine specific cell fates in a diverse variety
of different organisms (examples are summarized in
[32-34]). In some embryos, segregated factors are asym-
metrically localized maternally to the cell cortex such as
the developmental potential required for gastrulation in
echinoderm embryos [35-39] and for the establishment of
dorso-ventral polarity in many embryos that undergo spi-
ral cleavage [40-43], or the maternal gradients in insect
eggs [44-46]. Other cytoplasmic factors are segregated ac-
tively at the time of fertilization as in ascidians [47-49],
amphibians [50,51] and soil nematodes [52,53].
In ctenophore embryos, all evidence suggests that the

asymmetrical localization of developmental potential is
actively segregated by the cleavage process itself. Each of
the early cell divisions leads to a definite asymmetric
cell fate. The site of first cleavage gives rise to the
oral-aboral axis [10]. Interestingly, a similar correlation
between the site of the first cleavage and the site of gas-
trulation, and thus the formation of the oral-aboral axis,
has been observed in the hydrozoan Clytia hemisphaerica
(previously called Phialidium gregarium) [54]. Freeman
[54] showed that the site of the first cleavage can be al-
tered from the side of the polar body formation experi-
mentally in ctenophores as well as in hydrozoans [10,54].
In contrast, the eggs of several sea urchin species are
already polarized along the animal-vegetal axis at the time
of fertilization (summarized in [55]). Starfish eggs and
even ascidian eggs show a similar polarization [56,57].
Based on currently available data, it could be assumed
that an irrevocable polarization of the unfertilized egg was
an evolutionary novelty of bilaterians whereas in basally
branching taxa, such as ctenophores and cnidarians, the
egg is polarized by the position of the female pronucleus,
which determines the site of the first cleavage, after
fertilization [17]. However, a broader taxon sampling is de-
sired to further support this hypothesis.
In ctenophores, the second division gives rise to the anal

axis [4,15,19]. The third division separates the E and M lin-
eages [4,18], and the fourth division segregates fates be-
tween micromere lineages (for example, comb rows) and
macromere lineages (for example, photocyte cells) [4,18].
Consequently, when cytokinesis is inhibited, the factors re-
main associated with the proper lineages that would have
generated the descendants during normal development.
Interestingly, photoprotein formation and comb-plate for-
mation never appeared to occur in the same cell. It is pos-
sible that the developmental determinants, which are
required for comb-plate and photoprotein differentiation,
inhibit each other and only after these factors have been
spatially segregated can they be activated.
Although we have little information on the cell biological

nature of the segregation process in ctenophores, centro-
somes have been shown to be a causal factor in the segrega-
tion of factors that specify cell fates in other systems. In
Caenorhabditis elegans, the sperm-derived centrosome, a
complex of several proteins that acts as the microtubule-
organizing center, breaks the symmetry of the oocyte and
sets off a series of events that relies on maternally deposited
proteins and eventually leads to the establishment of the
anterior-posterior, dorsal-ventral and left-right body axes
[58,59]. A surprisingly large number of mRNAs are local-
ized to specific cell lineages in the snail Ilyanassa [60].
These mRNAs are associated with the centrosomes, and as
the cells divide the mRNAs are subsequently distributed in
an asymmetric manner to specific daughter cells [61]. Ex-
perimental evidence shows that these factors play an active
role in the unique development of these cells [60,61]. It
would be interesting to investigate whether a centrosome-
dependent mechanism is also involved in the segregation of
developmental factors in Mnemiopsis, where distinct devel-
opmental fates are decided at each of the early divisions.

What is the nature of segregated developmental
determinants?
Ctenophore development is rapid, with cleavages occur-
ring every 15 to 20 min. The asymmetrical localization of
proteins or mRNAs into distinct lineages during each div-
ision could be a simple way to distribute components
quickly so as to distinguish different cell fates. Freeman
[18] showed that the developmental determinants that are
required for comb formation begin to be localized to the
aboral region already during the 2-cell stage. Although
crude and not gene specific, our experiments that inhibit
transcription and translation suggest that the distributed
determinants are not simply represented by the full set of
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comb-plate protein or comb-plate mRNA. Instead subse-
quent transcription and translation are required for comb
formation. The nature of the components that are asym-
metrically localized during the early cleavage stages in
Mnemiopsis remains unknown.
In other systems, RNAs, proteins, protein complexes or

a mix of these are the developmental determinants that
are distributed unevenly during development and which
break the symmetries. A well-known example is the
localization of the protein Dishevelled – a key player of
the Wnt/ β-catenin pathway – to one side of an
unfertilized egg. This is one of the first symmetry-breaking
events in many bilaterians [17,62,63]. Other well-known
examples of proteins with asymmetric localizations are
Miranda, Prospero and Staufen during Drosophila neuro-
blast division [64] and the Par proteins during C. elegans
development [65].
Besides the localization of proteins or protein com-

plexes, RNAs are often asymmetrically stored and thus es-
tablish cell polarity and determine the different daughter
cell fates. One of the most famous examples of RNA
localization is the localization of the Oskar mRNA, which
is one of the key components used to establish polarity in
the Drosophila oocyte during Drosophila oogenesis [66-69].
Other examples of RNA localization are ASH1 in budding
yeast, bicoid in Drosophila embryos,Vg1 in Xenopus oocytes
and CamKIIa in distal dendrites in mammalian neurons
(summarized in [70]).
Future experiments will be needed to reveal the nature

of the developmental determinants that are segregated
during early ctenophore development.

Temporal regulation of comb-plate formation: counting
cell divisions
The regulation of growth and differentiation are key to
developmental processes. Moreover, the timing of deve-
lopmental events is a particularly important aspect of de-
velopment. We showed that the differentiation of comb
cells in Mnemiopsis embryos, which are cleavage arrested
at the 8-cell stage or later, subsequently occurs at the same
time as in untreated control embryos. Furthermore, our
results show that comb-plate formation is blocked if DNA
replication is inhibited by aphidicolin in addition to the in-
hibition of cytokinesis by cytochalasin B. This indicates
that the number of nuclear division cycles or the amount
of DNA (the nuclear-to-cytoplasmic ratio) appear to be
important factors for comb-cell differentiation and not
simply the amount of time that has elapsed since the third
cleavage. As previously shown, after the second and/or
third cleavage is blocked, Mnemiopsis embryos skip the
respective cleavages and continue in a timely manner
with their subsequent cleavage program, suggesting that a
timing system determines the orientation of each division
[18]. Once this process is activated, the cleavage plane is
determined by this timing mechanism and cleavages do
not follow a set order with respect to each prior cleavage
division [18]. Since the inhibition of the first cleavage only
causes a delay of the program, which otherwise occurs
normally, Freeman [18] concluded that the timing mech-
anism is initiated with the completion of the first cleavage.
Embryos that undergo exact numbers of cell divisions

are known from a broad range of developmental systems;
however, little is understood about the underlying me-
chanisms [71-75]. A stunning example is the highly ste-
reotypic cell division pattern of the ventral germ band
in malacostracan crustaceans. In Cherax destructor, for
example, all ectoteloblasts undergo exactly 15 rounds of
asymmetric cell division and give birth to ectodermal blast
cells, which undergo two distinct divisions each [74].
Fundamental experiments by Whittaker showed that as-

cidian embryos developed muscle-specific acetylcholin-
esterase and brain pigment cell tyrosinase in specific
blastomeres even in cleavage-arrested embryos and con-
cluded that specific positional information is differentially
segregated during early development [76]. Since then
several studies have employed cytochalasin B to investigate
the cell fate specification and cell lineage of ascidian
embryos (for example, [77-80]). Satoh and Ikegami [75]
performed a series of experiments combining cytochalasin
B and aphidicolin in ascidian embryos, showing that future
muscle cells must undergo eight cell-division cycles before
they start expressing the muscle cell lineage marker acetyl-
cholinesterase. Nevertheless, the question of how cells
‘count’ the number of cell cycles remains unanswered.
A number of counting mechanisms have been suggested

for this phenomenon. Based on the observation that
genomic DNA is highly methylated in zygotes and gradually
demethylated during development, which tends to de-
repress transcriptional activity in mammals [81], Kataoka
et al. [73] suggested that changes in DNA methylation could
be involved in keeping count of the number cell cycles in
ascidians. However, their own results do not support this
hypothesis as they were unable to detect any changes in
DNA methylation [73]. Another possible explanation is that
a specific ratio of DNA to cytoplasm is required. This ratio
is crucial during early Xenopus development, where zygotic
transcription is initiated after 11 to 12 rounds of cell division
[82]. The required ratio of DNA-to-cytoplasmic volume can
also be acquired when cytokinesis is blocked with cytochala-
sin B but DNA replication is allowed to continue further
[82]. In contrast, in C. elegans, the timing of gut marker
gene expression only depends on an early period of DNA
synthesis until the 8-cell stage when the gut is clonally
established [83]. Subsequent rounds of cell divisions, which
usually occur after the 8-cell stage, can be inhibited without
preventing the expression of the marker gene at a later
stage, thus this is independent of the DNA-to-cytoplasmic
ratio or the number of DNA synthesis rounds [83].
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Future studies are required to unravel the mechanism
that regulates the timing of cell differentiation in cteno-
phores, whether this is the ratio of DNA to cytoplasm,
DNA methylation, protein degradation, telomeric alter-
ations, a combination of different factors or an entirely
different mechanism that is currently unknown.

The onset of zygotic transcription
Early developmental events are regulated by gene prod-
ucts, which may be provided maternally [84]. The activa-
tion of the zygotic genome marks the maternal-to-zygotic
transition (MZT), which was first described for Xenopus
[82] and has since been studied in many model organisms
[84]. It is estimated that around 40% (in mice) to 75% (in
sea urchins) of all protein coding genes are represented as
maternal mRNAs and are degraded throughout early de-
velopment [85,86].
Other than bilaterians, the onset of zygotic transcrip-

tion has only been described in cnidarians. In Clytia
hemisphaerica, zygotic transcription starts at the late
Figure 8 Summary of mechanisms controlling the development of co
development of Mnemiopsis and the different treatments with cytochalasin
puromycin. The black arrow indicates when combs form during normal de
starts that permits comb formation, and the green part indicates when a tr
it has been tested. The white part of each bar indicates the developmenta
formation. (B) Overview of the segregation of developmental determinants
pole. At the 4-cell stage, the developmental determinants are not yet segre
specify the photocyte lineage (green clouds labeled with ‘photo’) and the
clouds labeled with ‘comb’). At the 16-cell stage, factors that specify the comb
can form combs but they require an inductive signal from the e cells (pink clo
(C) Schematic overview of changes DNA to cytoplasmic ratio during normal d
potential mechanism for counting the number of cell divisions.
blastula to early gastrula stage [63,87]. The sea anemone
Nematostella vectensis exhibits an upregulation of gene
expression around 10 hpf [88], at a time in development
when cell division is asynchronous [89].
We used actinomycin D to inhibit transcription and

we showed that treatment prior to the 60-cell stage did
not visibly affect development until the animal reached
the 60-cell stage, suggesting that maternally loaded tran-
scripts are sufficient to support the early cleavage pro-
gram up to this stage but not subsequent development
or differentiation. These results suggest that the onset of
zygotic transcription starts at about the 60-cell stage,
just prior to gastrulation. The rapid early development
of ctenophores also suggests that there may be little time
for the transcription of new messages until the cell cycle
began to slow down. Future experiments using labeled
nucleotides will help to determine the precise onset of
zygotic transcription in Mnemiopsis.
The transition from maternal to zygotic transcription

is most likely an ancient feature in animal evolution and
mb plates and photocytes. (A) Overview of the normal embryonic
B, aphidicolin, cytochalasin B plus aphidicolin, actinomycin D and
velopment. The yellow part of each bar indicates when a treatment
eatment starts that permits photocyte formation, in those cases where
l period, when treatment with the inhibitor blocks comb or photocyte
throughout early cleavages. All embryos are shown from the aboral
gated. At the 8-cell stage, the M blastomeres inherit factors that
E blastomeres inherit factors that specify the comb-cell lineage (orange
-cell lineage are segregated to the e1 micromeres. The m1 micromeres
uds) in addition to signals provided by the endomesoderm [20].
evelopment and embryos treated with cytochalasin B, which is a
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might be tightly linked with the evolution of multicel-
lularity and sexual reproduction. If ctenophores are the
sister group of all metazoans, as suggested by recent
studies [90,91], one could conclude that the inclusion of
the MZT is part of the metazoan ground pattern. How-
ever, so far data about the MZT in sponges are not avail-
able and the phylogenetic position of ctenophores is still
very much under debate [92]. There are currently several
contradictory hypotheses, including: (a) ctenophores and
cnidarians are sister groups [93-95] and (b) ctenophores
are the sister group to all bilaterians [96]. Recent develop-
mental studies support the idea that ctenophores lack
several characters that are shared between cnidarians and
bilaterians [13,97-101] and thus they support the idea that
(c) ctenophores are the sister group to all remaining
eumetazoans [102] or even, as mentioned above, that (d)
ctenophores are the sister group to all metazoans [90,91].
A phylogenetic comparison of maternally loaded pro-

teins and the molecular regulation of the maternal-to-
zygotic transition in bilaterian and non-bilaterian taxa
might provide further insight into the evolution of sex-
ual reproduction and life history.

Conclusions
As in other animals with a mosaic development, embryos
of the comb jelly Mnemiopsis leidyi show differentiation of
selected cell fates even when cytokinesis is arrested using
cytochalasin B during the course of early embryogenesis
[48,77,78,103,104]. An overview is given in Figure 8. We
demonstrated that embryos arrested prior to the 8-cell
stage do not show visible signs of cell fate differentiation
from either the E or M lineages. However, if cytokinesis is
blocked at the 8-cell stage or later, comb-plate-like cilia,
which are derived autonomously from the E lineage, and
the bioluminescence characteristic of photocytes form at
the correct time compared with control embryos. Treat-
ment with the DNA synthesis inhibitor aphidicolin reveals
that the number of nuclear divisions is essential for the
proper timing of the differentiation of the comb-plate-like
cilia. Lineage tracing experiments show that cells produ-
cing comb-plate-like cilia are formed autonomously from
the E lineage, particularly the e1 micromeres, and not any
of the M or m1 lineages. Likewise, bioluminescence is
only observed in the M lineage and specifically in M
macromeres. In addition, we showed that developmental
determinants that are required to generate motile comb-
plate-like cilia and photoprotein expression are already
present and localized at the 8-cell stage and further localize
to the appropriate cells in the subsequent cell divisions.
Further studies are required to unravel the nature of the de-
velopmental determinants and which mechanisms are used
to segregate them. The timed inhibition of transcription
and translation with actinomycin D and puromycin, re-
spectively, shows that both transcription and translation are
required for comb cells to form, suggesting that not all the
necessary factors are maternally deposited. While these in-
hibitor studies are not definitive gene-specific approaches,
they do provide insight into the potential nature of mate-
rials that are differentially segregated into different embry-
onic lineages. Finally, we presented evidence that suggests
that zygotic transcription in Mnemiopsis begins around
the 60-cell stage, just before the onset of gastrulation.
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