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Early embryo geometry is one of the most invariant species-specific traits,
yetitsrolein ensuring developmental reproducibility and robustness

remains underexplored. Here we show that in zebrafish, the geometry

of the fertilized egg—specifically its curvature and volume—serves as
acriticalinitial condition triggering a cascade of events that influence
development. The embryo geometry guides patterned asymmetric cell
divisionsinthe blastoderm, generating radial gradients of cell volume and
nucleocytoplasmic ratio. These gradients generate mitotic phase waves,
with the nucleocytoplasmicratio determining individual cell cycle periods
independently of other cells. We demonstrate that reducing cell autonomy
reshapes these waves, emphasizing the instructive role of geometry-derived
volume patternsin setting the intrinsic period of the cell cycle oscillator.

In addition to organizing cell cycles, early embryo geometry spatially
patterns zygotic genome activation at the midblastula transition, akey

step in establishing embryonic autonomy. Disrupting the embryo shape
alters the zygotic genome activation pattern and causes ectopic germ layer
specification, underscoring the developmental significance of geometry.
Together, our findings reveal a symmetry-breaking function of early embryo
geometry in coordinating cell cycle and transcriptional patterning.

Developmental reproducibility and robustness are critical for the sur-
vival of a species. Understanding the foundations of this robustness
is, therefore, a question of fundamental importance and has become
acentral focus of research. Although most studies have concentrated
on the genetic and molecular mechanisms underlying development,
the potential influence of geometry on developmental robustness has
remained largely overlooked.

Recent work using minimal active matter models has revealed that
geometry and curvature play a pivotal role in the mechanical response
of epithelial sheets'. These insights can, for example, account for
the anisotropic distribution of myosin Il observed in Drosophila
embryos®. Such findings highlight geometry as a key organizer of
mechanical force generation during morphogenesis. Yet, whether—and

how—geometry governs more complex, large-scale developmental
processes, such as embryo patterning and coordinated cell divisions,
remains an open question.

Metazoan development begins with a single cell, the zygote,
which undergoes several rounds of rapid divisions (cleavages) to
generate alarge population of cells capable of adopting multiple fates
and exhibiting diverse morphogenetic behaviours. In many species,
these early divisions are initially highly synchronous. This cell cycle
synchrony is best understood in Drosophila, where it is driven by
the propagation of a chemical wave. In cleavage-stage Drosophila
embryos, which are syncytial, nuclear cycles synchronize through
‘sweep waves’—coupling-independent phase waves emerging on top
of gradients of cyclin-dependent kinase 1 (Cdk1) activity established
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through reaction-diffusion dynamics”®. Similar mechanisms have
been observed in Xenopus egg extracts, another syncytial system,
where nuclear divisions are coordinated by trigger waves of Cdkl
activity’. By contrast, in intact Xenopus embryos, where cells are fully
separated, early cleavage divisions synchronize independently of
cell-cell coupling™. Importantly, across systems, the propagation of
cell cycle waves slows progressively with successive division rounds,
leading to ‘metasynchronization’, where cell cycles remain spatially
patterned before eventually becoming fully desynchronized™*".

Cell cyclesin the zebrafish embryo are
synchronized in a cell-autonomous manner

Initial cleavages in the zebrafish embryo are meroblastic; that is, the
cytoplasm but not the yolk is partitioned through cytokinesis™. Cell
cycles at this stage occur highly synchronously, to begin with, and
gradually desynchronize (metasynchrony) before completely desyn-
chronizing at division round 10 (ref. 11). Importantly, although the
cleavage-stage cells cycle between only the S and M phases with no
detectable gap phases, complete desynchronization around division
round10is thought to occur mainly due to a heterogeneousintroduc-
tion of gap phases to the cell cycles'™. To determine the spatiotempo-
ral pattern of cell divisions in cleavage-stage zebrafish embryos, we
recorded time-lapse images of Tg(actb2:rfp-pcna) embryos. Due to
the absence of gap phases in the cleavage stages, the disappearance
ofthe nuclear red fluorescent protein (RFP)-proliferating cell nuclear
antigen (PCNA) localization allowed us to reliably score the conclu-
sion of the S phase and the onset of mitosis'®. Consistent with previ-
ous reports, we observed three distinct phases with different extents
of mitotic synchrony™ ™. In the first three cell division rounds, cell
cycles exhibited very high synchrony (synchronous phase) (Fig. 1b and
Extended DataFig.1a,b). Thereafter, cell divisions from division rounds
4-9 showed slight but clearly detectable delays (metasynchronous
phase) (Fig. 1b and Extended Data Fig. 1a,b). These delays increased
throughout the metasynchronous phase, with cellsin division round 4
dividing withamean division timing variance of 0.10 min*andin division
round 9 with 3.43 min? (Fig. 1b). In particular, as previously reported,
these metasynchronous divisions occurredin aspatiotemporally pat-
terned manner, forming aradial ‘mitotic wave’ that originates near the
animal pole (AP), where cells divide first and propagate towards the
margin, where they divide last (Fig. 1cand Extended Data Fig. 1c,d)™">"°.
Furthermore, consistent with theincreasing variancein divisiontimings
during the metasynchronous phase, the speed at which this mitotic
wave travels gradually decreased over consecutive division rounds
(Fig.1d). After divisionround 9, cells divided largely non-synchronously,
marking the onset of the asynchronous phase.

To understand how cell cycles are seemingly coordinated into
radial mitotic waves during the metasynchronous phase, we asked if
their synchronization occurs via cell-cell coupling. To that end, we
artificially desynchronized cell cycles at the 32/64-cell stage through
mosaic Histone 1 protein injections, previously shown to effectively
alter cell cycle progression'” ", We found that Histone 1-positive and
thus desynchronized cells failed to resynchronize with their neigh-
bouring control cells by division round 9, after which cell cycles nor-
mally desynchronize in controlembryos (Fig. e, Extended DataFig. 2,
Supplementary Section 5 and Supplementary Video2). To address
the possibility that these cell cycles could have resynchronized given
sufficient time, we assessed the cell cycle progression in embryos
ectopically expressing the Cdklinhibitor, Chekl, through chekI mRNA
injection in the one-cell stage embryo, which, by being heteroge-
neously distributed in the embryo, has previously been shown to
interfere with cell cycle synchronization®’. chekl-overexpressing
embryos exhibited cell cycle desynchronization considerably earlier
than control embryos, and failed to resynchronize despite completing
all cleavage division rounds (Fig. 1f, Extended Data Fig. 2and Supple-
mentary Video 3). Collectively, these observations suggest that cell cell

coupling plays only a minor role, if any, in cell cycle synchronization
inthe zebrafish embryo.

To determine by which coupling-independent mechanism the
radial mitotic waveis formed, we analysed the evolution of the mitotic
wave through consecutive division rounds. We found that the transition
from synchrony to metasynchrony was gradual rather than abrupt,
suggesting a progressive accumulation of delays rather than distinct
switches leading to the observed loss of synchrony (Fig. 1b). Impor-
tantly, this gradual loss of synchrony was due to unequal cell cycle
periods. For instance, between the metasynchronous division rounds
6-8, cells at the margin cycled with 2%-4% longer periods than those
atthe AP (Fig.1g). This discrepancy arose exclusively duetoalonger S
phase (assuming absent gap phases), whichincreasedincellsasafunc-
tion oftheir distance fromthe AP (Fig. 1h,i). Although noisy, such period
gradients may lead to the observed gradual slowing down of the radial
mitotic wave by accumulating increasing delays in the marginal cells
over consecutive division rounds. To test this hypothesis, we assumed
that the period Tis a linear function of the distance z from the AP:

T=To(1+ ’%), where T, is the typical period at the AP, L is the total

AP-margindistance and kis adimensionless constant of proportional-
ity. Thisimplies that the speed of the mitotic wave, v, in the nth division
round is expected to be inversely proportional to n (Fig. 1d) with
v= Tioﬁ To compare our experimental observations with these theo-

retical predictions, wefirst performed linear regression on the division
timings to obtain the wave speed for each division round
(Extended Data Fig. 1d). We then fitted the obtained v against % using
the least squares fit. Using k = 1.9%, we obtained a close match between
experiments and theory (Fig. 1d), suggesting that a 1.9% slower cell
cycle at the margin would, in principle, be sufficient to explain the
observed slowing down of the mitotic waves during consecutive divi-
sion rounds. Considering that we experimentally observed a 2%-4%
longer period at the margin, close to the theoretically predicted 1.9%,
this suggests that a linear gradient of cell cycle periods, rather than
cell-cell coupling, gives rise to the observed radial mitotic waves found
during embryonic cleavages.

We note that constant T and k are simplifying assumptions, as cell
cycle periodsincrease over rounds and exhibit embryo-to-embryo vari-
ations. Incorporating these variations would complicate our analysis
dueto thedifficulty in accurately quantifying the appropriate param-
eter variations, without altering our qualitative conclusions. Hence,
given the reasonable theory-experiment agreement (Fig. 1d) and in
the spirit of minimal models, we maintain these assumptions through-
out our model analysis, allowing us to focus on the consequences of
cell-cell coupling mechanisms.

Increased cell-cell coupling reshapes the mitotic
wave and prevents desynchronization

Next, to challenge our conclusion that the mitotic waves are produced
ina coupling-independent manner, we asked how they would appear
if the cell cycles were instead coupled. To that end, we performed
numerical simulations of the Kuramoto model of interacting oscilla-
tors on a hemisphere with free boundary conditions® (Fig. 2a). The
oscillators were placed ona Fibonaccilattice covering the hemisphere,
with the nearest neighbours obtained with Delaunay triangulation.
The phases of the oscillators obeyed the following equation:
0.0; = w; + €} jeN;sin(6; — 6;) , where w, represents the natural fre-
quency of the ith oscillator, and the second term describes the inter-
actions between neighbouring oscillators parameterized by the
interaction strength ¢, with N;being the nearest neighbours of the ith
oscillator. Dueto cell-cell variations, we further assumed the presence
of noiseinthe cell cycle lengths. Mathematically, we decomposed the
frequencies into two parts w; = W (2) + A;, Where the first term @ (2),
is the inherent AP-margin oscillation gradient, and the second term
is anindependent spatial noise with covariance (A;A;) = 06;.
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Fig. 1| Mitotic synchrony gradually decreases as the S phase lengthens along
the animal-margin axis. a, Schematic of azebrafish embryo at the late cleavage
stage. The blastoderm is positioned at the AP atop the yolk cell at the vegetal
pole (VP). The last row of blastoderm cells (cyan) constitutes the margin. b, Line
plot of cell division timing variance in Tg(actb2:rfp-pcna) embryos for cleavage
division rounds 4-11. Grey lines, individual embryos; black line, mean across
three embryos. The inset shows variance (mean + s.e.m.) for division rounds
5-9.¢, Contour plot of the radial mitotic wave across all surface cells at division
round 8 inarepresentative wild-type embryo. Each dot represents the position
ofanucleus along the x-y plane, and the size of the dot indicates its position
along the zaxis (AP-margin axis). Colours represent the division timing for
each nucleus. d, Bar plot of mitotic wave velocities (mean + s.d.), calculated by
generating distance-time plots, for cleavage division rounds 2-9, with the red
dots showing wave velocities for individual embryos. In sequence from division
rounds 2-9,n=5,10,11,12,12,12,11and 10 embryos, respectively. The blue
dashed line indicates the curve described by the equation v = (L/T,) x (1/0.019n),

where L is the total AP-margin distance, T, is the cell cycle period at the AP and
nisthe division round to represent the effect of a1.9% period gradient along

the AP-margin axis on mitotic wave speeds. e,f, Representative contour plots

of mitotic waves in division round 8 in embryos injected with either 0.3 ng of
Histone 1protein into a single blastomere at the 32-cell stage (e) or 12-pg chek1
mRNA at the 1-cell stage (f). g, Line plots showing the ratios of cell cycle periods at
the margin and AP in division rounds 6-8 inindividual embryos (grey lines) and
across allembryos (green line, mean + s.e.m.) for n =9 embryos. Two-tailed one-
sample ¢-test. *: 0.0189, **: 0.0033, ***: 0.0004. The red dashed line indicates a
ratio of 1, where both marginal and AP cells have the same cell cycle period. h, Bar
plot of the M-phase and S-phase lengths (mean + s.e.m.) at division round 8. Dots
represent data from individual embryos. Two-tailed Student’s ¢-test. P= 0.0005,
n=8embryos.i, Box plot of S-phase duration in division round 8 as a function of
cell position relative to the AP.n=5embryos. The box in the box plot represents
the middle 50% of the distribution, with the line representing the median and the
whiskersindicating the minima and maxima.

Specifically, simulations with small interaction strength (&) and
low noise (o) qualitatively recapitulated the wild-type behaviour, where
mitotic waves originated at the AP, and accumulated delays, causing
a gradual slowdown over time (Fig. 2b,c). To reach a better quantita-
tive agreement with the data, we considered that the initial cleavage
events areincomplete, and consequently, the cytoplasm of early blas-
tomeresremainsinterconnected through the yolk and via cytoplasmic
bridges®. These connections are thought to progressively diminish
over successive division rounds as cells become smaller—an assump-
tion supported by our observation that single-blastomere injections
of 40-kDa dextran, comparableinsize tokey cell cycle regulators such
as Cyclin B1, Cdkl and Chekl, resulted in its widespread distribution
within a single division cycle when performed at the 16-cell stage but
notat the 64-cell stage (Extended DataFig. 4)*2. On the basis of this, we
modelled wild-type embryos as exhibiting atime-dependent coupling
that decays to near-zero values, which provided a substantially better
fit to the experimental data than models assuming constant, minimal
coupling throughout (Supplementary Section 4).

By contrast, theintroduction of greater interaction strength and
noise led the system to self-organize into smooth mitotic waves origi-
nating at the margin, similar to the case in Xenopus egg extracts, even
though the ‘natural’ cell cyclelengths at the AP were preset to be shorter
onaverage” (Fig.2b,d). For evenlarger values of noise, multiple waves

emerged fromrandom points of the simulated embryo (Fig. 2b). Over-
all, thistheoretical phase diagram suggests that wild-type embryos are
characterized by low-to-intermediate noise and progressively decay-
ing coupling, and thatincreasing cell coupling should, in theory, shift
the origin of the mitotic wave from the AP to the blastoderm margin.

To experimentally test this prediction, we syncytialized
cleavage-stage embryos by preventing cytokinesis—but allowing kary-
okinesis—through transient inactivation of Aurorakinase B* (Fig. 2e,f).
Wereasoned that such asyncytialized embryo would resemble condi-
tions observed in Drosophila embryos and Xenopus egg extracts—both
syncytial systemsinwhich cell cycles are partially or fully synchronized
via coupling-dependent trigger waves—and would, therefore, func-
tionasa coupled system. Remarkably, consistent with our theoretical
predictions, we found thatinsyncytial embryos, the mitotic wave origi-
nated at the marginrather thanatthe AP, as seenin wild-type embryos
(Fig.2b,d,fand Supplementary Videos1and 4). Moreover, by analysing
the wave characteristics at division round 8 in syncytial embryos, we
were able to estimate the effective ratio of coupling and noise, two
competingfactors promoting synchronizationand desynchronization,
respectively (Fig. 2g and Supplementary Section 2).

In particular, our model also predicted key differencesin the evo-
lution of cell cycle synchronization—measured by the variance in divi-
sion timing across division rounds—between wild-type and syncytial
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Fig. 2| Cell-cell coupling repositions the mitotic wave origin to the margin and
prevents desynchronization. a, Schematic of our adapted Kuramoto model and
the equation describing the evolution of the phase of a cell cycle. In the equation,
6;represents the cell cycle phase of cell i, and N;denotes its nearest neighbouring
cells, determined through Delaunay triangulation of the hemisphere. The
coupling strength e represents how strongly each cell influencesits neighbours’
timing. The intrinsic frequency w; represents how quickly cell i would progress
throughits cell cycleinisolation. Inthe model, each black dot represents a cell
positioned on a hemispherical Fibonaccilattice. The dot size increases with
height (2) to aid visualization in this top-down projection. Double-headed arrows
between dots (shown for one representative cell) indicate coupled neighbours
that caninfluence each other’s cell cycle timing. b, Phase diagram showing

the origin of waves in e-o'space. The boundary between AP originated and
margin originated is thresholded at z = 0.5 and the region of desynchronization
corresponds to (e'%), < 0.6, where ();denotes averaging over all sites. ¢, Contour
plot of the radial mitotic wave across all surface cells at division round 8, as
predicted using the Kuramoto model of interacting oscillators, assuming an AP-
margin period gradient of1.9% and exponentially decaying cell-cell interaction
strength (¢=0.08e™, 0=0.0016).d, Contour plot of the mitotic wave across
allsurface cells at division round 8, as predicted using the Kuramoto model of
interacting oscillators, assuming an AP-margin period gradient 0of 1.9% and
partial interaction between cells (€= 0.08, 0= 0.028). e, Left: representative

image of a 128-cell stage control Tg(actb2:lyn-tdtomato) embryo injected with
1ngof Histone 1-Alexa Fluor 488 at the 1-cell stage to show the presence of a
plasma membrane between individual nuclei. Right: contour plot of the radial
mitotic wave across all surface cells at division round 8 observed ina control
embryo, where nuclear divisions were visualized using either Histone 1-Alexa
Fluor 488 injections or using Tg(actb2:rfp-pcna) embryos.n = 7 embryos.f, Left:
representative image of a128-cell stage Tg(actb2:lyn-tdtomato) embryo injected
with1ngof Histone 1-Alexa Fluor 488 at the 1-cell stage and treated with 50 uM
of AZD1152 to show the absence of a plasma membrane between the individual
nuclei. Right: contour plot of the mitotic wave across all surface cells at division
round 8 observed in arepresentative syncytial embryo, where nuclear divisions
were visualized using either Histone 1-Alexa Fluor 488 injections or using
Tg(actb2:rfp-pcna) embryos. n =7 embryos. g, Phase diagram of the Kuramoto
modelin e-ospace. The log of the variance of the division timings at division
round 8 s plotted. The green solid line indicates the contour line of the observed
variance at division round 8 in syncytial embryos. h, Variances of division
timings for each round for a fixed noise value of 6 = 0.028 as e varies. The green
dashed curve shows the variances measured in syncytial embryos. i, Variances of
division timings for each round in wild-type embryos (orange) fitted with a curve
described by exponentially decaying interaction strength, (n) = 0.08e™, and low
noise, o =0.0016 (blue). WT, wild-type.
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Fig. 3| Embryo geometry drives asymmetric cell divisions to generate a
gradient of cell volumes in the early embryo. a, Representative image of a
128-cell stage embryo (division round 8) with surface cells segmented (left) and
line plots showing normalized cell volumes as a function of cell position with
respect to the AP (right) inindividual embryos. Cell volumes were internally
normalized to the average cell volume at the AP in eachembryo. n =11embryos;
two-tailed Student’s t-test with Benjamini-Hochberg correction for multiple
comparisons. b, Representative image of an 8-cell stage embryo (division round
4) with surface cells segmented (top) and the box plot showing volumes of
individual nucleiand cells based on their position relative to the AP (bottom).
Central cells are positioned at the AP, whereas peripheral cells are positioned
away from the AP. The box in the box plot represents the middle 50% of the
distribution, with the line representing the median and the whiskers indicating
the minima and maxima. n = 20 central and 19 peripheral nuclei, 5embryos; 12
central and 12 peripheral cells, 3 embryos. ¢, Representative image of a16-cell
stage embryo (division round 5) with surface cells segmented (top) and the box
plot showing volumes of individual cells based on their position relative to the
AP.Theboxin the box plot represents the middle 50% of the distribution, with
thelinerepresenting the median and the whiskers indicating the minima and
maxima. n =8 central and 24 peripheral cells, 2embryos. d, Schematic showing

the lineage relationship between cells at the 8-cell stage (top left) and 16-cell
stage (bottom left). At the 8-cell stage, cells marked ‘C’ are centrally positioned,
and those marked ‘P’ are peripherally positioned. At the 16-cell stage, cells are
labelled to indicate both their positions (C,, centrally; Py, peripherally) and

the identities of their mother cells (Cy,, centrally positioned mother cell; Py,
peripherally positioned mother cell). Box plot showing the distribution of cell
volumes at the 16-cell stage based on each cell’s position and lineage identity
(right). The box in the box plot represents the middle 50% of the distribution,
with the line representing the median and the whiskers indicating the minima
and maxima. n = 8 cells for each category, 2 embryos. e, Schematic showing the
pipeline for predicting daughter cell volumes at the 16-cell stage (left). Each
segmented cell surface from the 8-cell stage was used to identify the longest
cellaxis, which was then bisected to obtain daughter cells at the 16-cell stage.
Box plot showing a comparison between the ratios of volumes of the central and
peripheral daughter cells obtained from each cell division, respectively, either
predicted (Pred.) or experimentally observed (Obs.). The box in the box plot
represents the middle 50% of the distribution, with the line representing the
median and the whiskers indicating the minima and maxima (right). n =16 cell
pairs,2embryos.

embryos: in the absence of coupling (wild-type embryos), noise is
expected to accumulate progressively, resulting in a monotonically
increasing variance in division timing. By contrast, in the presence of
coupling (syncytial embryos), this variance should plateau over time,
with a characteristic timescale determined by the coupling strength
(Fig. 2h). Strikingly, our experimental observations confirmed this
prediction. In syncytial embryos—unlike in wild-types—‘cells’ con-
tinued to cycle metasynchronously even beyond division round 10,

indicating astrong coupling between cell cycles (Extended Data Fig.3a
and Supplementary Videos1and 4). The temporal evolution of variance
closely matched our theoretical prediction, particularly for £ = 0.08 and
0=0.028 (Fig.2h and Supplementary Section 2). By contrast, wild-type
embryos exhibited continuously increasing variance, which could be
quantitatively explained by theincomplete nature of cytokinesis during
early cleavages, suggesting the presence of a transient coupling that
rapidly diminishes as development progresses.
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Finally, to further challenge the notion of the increased coupling of
cellsinsyncytialembryos, we injected chekI mRNA into embryos before
syncytialization and assessed whether they could resist premature
desynchronization typically observed when chekI was overexpressed
in wild-type embryos (Fig. 1f, Extended Data Fig. 1 and Supplemen-
tary Video 3). We theoretically reasoned that the coupling inferred
for syncytial embryos is large enough that it can override a substan-
tial increase in noise, such as the desynchronizing effects of chek1
expression (Fig. 2b). Indeed, we found that in chekI-overexpressing
embryos, the mitotic waves originated at the margin and cells con-
tinued to cycle metasynchronously even beyond division round 10,
suggesting that cells in the syncytial embryo are, in fact, tightly cou-
pled (Extended Data Fig. 3b,c and Supplementary Video 5). By exten-
sion, this implies that such a coupling is absent/minimal in wild-type
embryos and, consequently, that mitotic waves are produced largely
independently of cell-cell interactions in wild-type embryos. Collec-
tively, these findings suggest that cell cycles are only weakly coupled
during cleavages and that metasynchrony arises predominantly by
cell-autonomous processes.

Early embryo geometry establishes a cell volume
gradient along the AP-margin axis through
guided asymmetric cell divisions

Forthe cell cycle to slowdown from the AP to the marginin a predomi-
nantly cell-autonomous manner, there must be a factor causing an
unequal lengthening of the S phase along the AP-margin axis. Among
the mostimportant factors regulating the S-phase lengthis the nucleo-
cytoplasmic (N/C) ratio®?°. A high N/C ratio causes S-phase lengthen-
ing, for instance, by retarding Cdk1 activation®. Consistent with such
an effect of the N/C ratio on cell cycle length, we found that the length
ofthe S phase across the metasynchronous division rounds negatively
correlated with cell volume (Fig. 4a,b). Therefore, we hypothesized that
an AP-margin gradient of cell volumes in the cleavage-stage embryo
might be responsible for unequally lengthening cell cycles from the
AP to the margin. To test this hypothesis, we measured cell volumes by
semiautomatically segmenting surface cells at the 128-cell stage (divi-
sionround 8).Indeed, we found that, on average, cells closer to the AP
were significantly larger than those away from it (Figs. 3a and 4g). To
determine atwhatstage suchavolume gradient firstbecomes apparent,
we also measured N/Cin embryos at the 8-cell stage (division round 4)
andthe16-cell stage (division round 5)—the first stagesinwhich cells can
be classified as being ‘central’ or ‘peripheral’ based on their position.
Interestingly, we observed that cells, but not nuclei, closer to the AP
were consistently larger than the marginal cells, leading to central cells
typically exhibiting a smaller N/C ratio than peripheral cells (Fig. 3b,c
and Extended Data Fig. 5). Furthermore, the cell volume gradient not
only persisted but was also further enhanced by subsequent cell divi-
sions, as mother cells having unequal sizes themselves again divided
asymmetrically to produce yet unequally sized daughters, thereby
further diversifying cell volumes through cell lineage in addition to
the already established position-driven cell volume diversity (Fig. 3d).
For such unequal cell divisions to robustly give rise to a gradient in
cell volumes along the AP-margin axis, upon division, the daughter
cellcloser to the AP must be, on average, larger than the daughter cell
further fromthe AP.Inline with this, we found that cell divisionsin the
early cleavage stages showed a tendency to produce larger daughter
cells closer to AP, with the central daughter cell (closer to AP) being,
onaverage, -12.4% larger by volume thanits peripheral sister cell (away
from the AP) (Fig. 3e).

To determine what causes such patterned asymmetric cell divi-
sions, weinvestigated how cell divisions are oriented and the cleavage
plane positioned in the early embryo. Although several sophisticated
models have been proposed to explain the orientation and position-
ing of the cleavage plane across systems, we started by first testing if
following the simplest model, the ~140-year-old Hertwig’s rule, can

recapitulate the experimentally observed pattern of asymmetry”?,

More specifically, we assumed that the mitotic spindle in dividing
blastomeres would orient along the longest cell axis, thereby dividing
the cell along this axis. To test if such a geometry-driven mechanism
would suffice to generate the observed pattern of asymmetric cell divi-
sionsand, therefore, the cell volume gradient, we predicted daughter
cell volumes at the 16-cell stage by first identifying the longest axes
of segmented cells at the 8-cell stage through principal component
analysis and then bisecting them to obtain two daughter cells from
each division?® (Fig. 3e). Indeed, we found that with this approach,
the predicted asymmetry in the daughter cell size closely matched
the observed asymmetry for most cell divisions, such that the central
daughter cells (closer to the AP) at the 16-cell stage were, on average,
~18.5% larger than their peripheral sister cells (further away from the
AP) by volume (Fig. 3e). Importantly, this tendency of central daughter
cells being bigger than peripheral ones is determined by the specific
geometry of the first cell of the fertilized egg, the blastodisc, which is
delineated not only by a plasma membrane at its outer side but also
by the interface to the yolk granules on its inner side™*°. As the inter-
face to the yolk granulesis curved, the first two cell divisions will give
rise to equally sized daughter cells that are more pointed and narrow
at their peripheral ends. Dividing these cells again along their long
axis will then, as a result, generate daughter cells in which the central
cell is larger than the peripheral one. This suggests that a gradient of
cell volumes along the AP-margin axis in the cleaving embryo can be
explained by the specific geometry of the first cell in the fertilized
egg, leading to unequal cell division along the AP-margin axis during
subsequent division rounds.

Cell volume gradient causes patterned cell cycle
lengthening along the AP-margin axis

Although the influence of cell volume on cell cycle length has been
established in several systems, its role in zebrafish embryos remains
unclear dueto conflicting reports regarding the determinative effect of
cellsize in this context™. To unequivocally establish the contribution
of cell volume—and, by extension, the N/C ratio—to the regulation of
cell cycle length, we firstincreased the N/C ratio at the 1-cell stage by
aspirating cytoplasm from the blastodisc (Fig. 4c). Consistent with
the known role of elevated N/C ratios in prolonging cell cycles, we
observed that, across differentembryos, the S phase either lengthened
prematurely or showed greater lengthening during division round 10,
and the cell cycles desynchronized earlier than in control embryos
(Fig.4d). Totest the converse, we decreased the N/C ratio by replicat-
ing a previous experiment™, aspirating one nucleus from embryos at
the 2-cell or 4-cell stage (Fig. 4e). In these embryos, only the control
half-containing the nucleus—underwentinitial cleavages, whereas no
divisions occurredinthe enucleated half (Fig. 4e and Supplementary
Video 6). However, in a subset of embryos, nuclei from the control
half eventually invaded the enucleated half around division round 4
or 5, prompting the onset of cleavages in that region (Fig. 4e and Sup-
plementary Video 6). In particular, although all nuclei had undergone
the same number of division cycles by this stage, those in the previ-
ously enucleated half now resided ina substantially larger cytoplasmic
volume—comparable to the blastomere volume of cells three to four
divisions earlier—and, therefore, had a lower N/C ratio. Consistent
with earlier findings, these nuclei did not exhibit S-phase lengthen-
ing during division round 10—the point at which cell cycles typically
begin to desynchronize in the control half, but instead continued to
cycle metasynchronously. This, inline with previous observations of
delayed and premature cell cycle lengthening in haploid and tetraploid
embryos, respectively, supports the notion that a higher N/C ratio
promotes S-phase lengthening and contributes to the onset of cell
cycle desynchronization beyond division round 10 (ref. 14; Fig. 4f).
However, it should be noted that although our analyses establish a
deterministicrole of N/CinS-phase length, they do notentirely exclude
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Fig. 4| Cell volume regulates S-phase length. a, Line plots showing mean
S-phase lengths inindividual (thin, grey lines) and across (thick, black line,
mean + 95% confidence interval) embryos as a function of the inverse of the
mean nearest-neighbour distance (mean of 3) in the metasynchronous cell
cycle stages. Division rounds are indicated by the colour-bands overlaid on

the dots (n =6 embryos). b, Linear regression plots showing the relationship
between the inverse of the nearest-neighbour distance (mean of 3) for each cell
and thelength of its S phase. Dots represent single cells, whereas the lines show
the best-fit linear curve for the data. Each colour represents data for aunique
embryo. The thick, black line shows asummary best fit for the data of all cells
across allembryos. For each embryo, cells only within the 5th-95th percentile
oftheir nearest-neighbour distances and S-phase length were considered for
the analysis, which minimizes erroneous measurements at the extremes but
also underestimates the relationship (n = 6 embryos, 964 cells). ¢, Schematic
ofthe experiment in which a fraction of the cytoplasm was aspirated from the
blastodisc within approximately 10 min before the first cell division to increase
the N/Cratio. d, Representative line plot showing the S-phase length in each
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division round in control embryos and embryos from which the cytoplasm was
aspirated (mean +s.d., n =3 embryos). e, Schematic of the experiment in which
one ofthe nuclei at the 2-cell stage was aspirated to decrease the N/Cratioin
the aspirated half of the embryo (top). Only the nucleated, control half initially
develops (thatis, shows mitotic cycles) (middle) until nuclei from this halfinvade
the enucleated half (bottom), which then begins to develop with asmaller N/C
ratio. f, Representative line plot showing S-phase length in each division round
inthe control and enucleated halves of the embryo depicted ine (mean + s.d.,
n=3embryos).g, Box plot showing normalized cell volumes as a function of
cell position with respect to the AP. Cell volumes were internally normalized by
dividing each cell volume by the volume of the largest cell in the embryo. Each
dotrepresents the data for anindividual cell. Data are the same as in Fig. 3a, but
the cells here have been classified into only two bins. The box in the box plot
represents the middle 50% of the distribution, with the line representing the
median and the whiskers indicating the minima and maxima. n =432 cells, 11
embryos; two-tailed Student’s t-test, ***P = 0.001.

the possibility that additional geometry- or N/C-independent mecha-
nisms may also influence the S-phase length.

Having confirmed that the N/C ratio, in principle, can influence
the S-phase length, we asked how perturbing the embryo-scale cell
volume gradient within the cleaving embryo would affect the cell cycle
(meta)synchrony and, consequently, the mitotic wave. To alter the
cell volume gradient, we first generated bilobed embryos, displaying
two ectopic (morphological) APs, by mounting 2-cell stage embryos
in low-melting-point agarose (0.67% w/v in E3 buffer) when the first
cytokinesis wasin progress (Fig. 5a). We reasoned that spatially confin-
ingand, therefore, reshaping the embryoin thismanner would produce
larger cells away from the AP at the two ectopic APs. Interestingly, we
found that not only the gradient of cell volumes was reshaped in the

embryo butalso that two mitotic waves emerged, one from each of the
two ectopic APs, supporting the notion that the cell volume gradient
is linked to the emergence of the mitotic wave (Fig. 5a,b and Supple-
mentary Video 7).

Not only does cell size decrease along the AP-margin axis but
also the proximity of cells to the yolk increases. This raises the pos-
sibility that yolk-derived factors, in addition to or alternatively to
cell size, might influence the gradient in cell cycle length. However,
direct cytoplasmic connectivity with the yolk is largely confined to
the most marginal cells, making it unlikely to account for a cell cycle
length gradient across the entire AP-margin axis". To directly assess
the effect of yolk proximity, we analysed correlations between division
timing, cell size and yolk distance in bilobed embryos, where cell size
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the curvature of the blastoderm-to-yolk cell interface. Lines inside the cells
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indicate the longest cell axis along which the divisions (division round 3) are
expected to occur. Cells marked in magenta and cyan represent the resulting
central and marginal daughter cells, respectively. The contour plot (right) shows
mitotic wave propagationin division round 8 of ayolk-severed embryo (AP view).
d, Schematic (top) of the decreased angle of cell divisions in division round 4 in
yolk-severed embryos due to anincreased curvature of the blastoderm-to-yolk
cellinterface compared with the corresponding control embryos. Angles are
represented asmean +s.d.; n =10 and 14 cells for control and yolk-severed
embryos, respectively). Line plot (bottom) showing the variance in cell division
timings in control and yolk-severed embryos (mean + s.e.m.; n =4 embryos).

e, Representative contour plot (top) showing mitotic wave propagation in
aCheklinhibitor (PF477736)-treated embryoin division round 8 (AP view).

Line plot (bottom) showing the variance in cell division timings in control and
PF477736-treated embryos (mean + s.e.m.; n =4 embryos).

and position relative to the margin are changed. Consistent with our
model, smaller cells divided later than larger cells regardless of their
AP-margin position (Extended DataFig. 6), arguing against a primary
role for the yolk in regulating division timing.

To further challenge the role of embryo-wide cell size gradients
in generating mitotic waves, we removed a part of the yolk on the
vegetal side of the 2-cell stage embryotoincrease the curvature of the
blastodisc (the two blastomeres positioned on the yolk cell; Fig. 5c).
On the basis of our analysis indicating that the cell volume gradient
is a product of the curvature of the blastodisc-yolk interface, we rea-
soned that thisincreased curvature would reorient the longest axes of
thetwo cells, such that they align more along the animal-vegetal axis,
whichwould then amplify the volume asymmetry of cleavage divisions
and, consequently, the phase difference between cell cycles (Fig. 5c).
Strikingly, we found that in yolk-severed embryos, with cell divisions
more aligned along the animal-vegetal axis, the mitotic wave indeed

showed agreater cell division timing variance compared with the con-
trol embryos (Fig. 5¢,d and Supplementary Video 8). Taken together,
these observations strongly support the idea that a gradient of cell
volume along the AP-margin axis, guided by embryo geometry, causes
the generation of a gradient of S-phase lengths along the AP-margin
axis of the blastoderm, thereby generating radial mitotic waves inthe
zebrafish embryo.

Among the major responders to a high N/C ratio is Chekl1, which,
when active, delays the S-M transition”*>. Although cell cycles have
been shown to lengthen independently of Chekl in Xenopus egg
extracts, recentin vivo studiesin Drosophila embryos have established
it as a central factor that not only controls the mitotic wave speed
but also regulates the desynchronization of cell cycles in embryos
with heterogeneous N/C****', Therefore, we enquired whether Chekl
mediates the effect of cell volume on S-phase length. To that end, we
inhibited Chekl activity by treating embryos with 10 uM of PF477736,
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Fig. 6| Zygotic transcriptionisinitiated in a patterned manner along the
AP-margin axis. a, Representative maximum intensity projectionimage
showing the AP view of a control Tg(actb2:rfp-pcna) embryo injected with
MOI1-3-fluoresceinin division round 9. Cyan, MO1-3-fluorescein; magenta, nuclei
(PCNA). The three insets, each 120 pm x 120 pum in size, demarcate the regions
(1, AP; 2, intermediate region; 3, margin) whose higher-magnification images
areshowninbande.b,Zoomed-in views of the insets shownin a. Cyan dots,
marked with white arrowheads, represent nascent mi430 transcripts detected by
MOI1-3-fluorescein. MO1-3 foci without an overlapping nuclear signal indicates
that the cellis in mitosis (n =4 embryos). ¢, Lateral view of a control embryo
indivision round 10 injected with MO1-3-fluorescein. d, Schematic (top) and
arepresentative orthogonal maximum intensity projection image (bottom)

of abilobed Tg(actb2:rfp-pcna) embryo injected with the MO1-3-fluorescein

10.7 min

142min €

Division round 10+

(<] . Patterned
Geometric asymmetric
asymmetry cleavages

Cells produced by b
symmetric cleavages -
Yolk
{

Mitotic wave and Cell volume
patterned ZGA  gradient

Cell c_ycle period and Cell volume
zygotic transcription
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e, Zoomed-in views of the equivalent regions (1, AP; 2, intermediate region; 3,
margin) demarcated in afor abilobed embryoin division round 9. Cyan dots
represent nascent mi430 transcripts. MO1-3 foci without an overlapping nuclear
signal indicates that the cell is in mitosis (n = 3 embryos). f, AP view of control and
bilobed Tg(sebox:egfp) embryos, with comparable regions fromaindicated in
the bilobed embryo. The arrowhead indicates the presence of ectopic sebox:egfp
expression at the original AP, where a valley is formed between the two domes
(ectopic APs) of the bilobed embryo. White asterisks indicate the positions of
the ectopic APs. g, Schematic representing the geometry-driven asymmetric cell
division patterning in the early embryo. Patterned asymmetric divisions generate
agradient of cell volume, producing mitotic phase waves and spatially patterning
ZGA onset along the AP-margin axis.

aspecific Cheklactivity inhibitor*. If Cheklactivity is required for the
gradual metasynchronization of cell cycles through unequal S-phase
lengthening, the cell cycle progression would be expected to show
lesser variationin the treated embryos. Consistent with this, we found
that, although Chekl-inhibited embryos produced mitotic waves like
thosein controlembryos, they indeed exhibited alower mitotic division
timing variance (Fig. Se and Supplementary Video 9). This suggests
that Cheklactivity is critical for translating a cell volume gradient into
amitotic wave along the AP-margin axis of the blastoderm.

Cell volume and cell cycle period gradients
pattern zygotic genome activation and germ layer
specification along the AP-margin axis

Finally, we asked whether the geometry-derived cell volume gradi-
ent—and the resulting patterned mitotic metasynchrony—plays
adevelopmental role that extends beyond the cleavage stages and
impacts subsequent embryogenesis. In zebrafish embryos, mitotic
metasynchrony diminishesin parallel with the onset of zygotic genome
activation (ZGA), a pivotal process that lays the foundation for cell fate
heterogeneity and is central to metazoan development™. Given previ-
ously reported roles of cell volume (N/C ratio promotes ZGA) and cell
cycle length (shorter cell cycle prevents ZGA) in regulating ZGA, we

investigated whether the observed gradientin cell volume and mitotic
metasynchrony influences the onset of zygotic transcription®, To
address this, we tracked the timing and spatial pattern of zygotic
transcription initiation by imaging endogenous pri-miR430 tran-
scripts using the morpholino visualization of expression® (Fig. 6a).
miR430 genes are among the earliest and most abundantly transcribed
genes during zebrafish ZGA, making them ideal markers for assessing
transcriptional onset***,

Inmostembryos, we observed the first signs of miR430 transcrip-
tion during division round 9. In particular, during rounds 9 and 10,
transcription was initiated in a graded manner: miR430 transcription
foci first appeared—and/or persisted longer—in cells near the blasto-
derm margin. They then emerged in an intermediate zone between
the margin and the AP, and finally in cells located at the AP (Fig. 6b,c,
Extended Data Fig. 7 and Supplementary Videos 10 and 11). These
findings suggest that zygotic transcription begins as a spatiotempo-
ral gradient along the AP-margin axis, with marginal cells exhibit-
ing higher transcriptional activity or competence than AP cells over
the course of one to two division rounds. To determine whether this
pattern of ZGA onset is driven by the underlying gradients in cell vol-
ume and/or cell cycle length, we examined bilobed embryos in which
both of these gradients are perturbed (Figs. 5a,b and 6d). In contrast
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to control embryos, cells at the AP in bilobed embryos are smaller
and cycle more slowly than those in the intermediate zone (Fig. 5a,b).
Remarkably, inthese embryos, miR430 transcription wasinitiated first
at both the margin and the AP—where cells are the smallest—before
appearingintheintermediateregion (Fig. 6e and Supplementary Video
12). These results suggest that the gradient of cell volume and/or cell
cyclelength along the AP-margin axis influences the spatiotemporal
onset of zygotic transcription. Thus, early embryo geometry can be
linked directly to theinitiation of zygotic gene expression, providing a
mechanistic bridge between physical form and transcriptional timing
inearly development.

To determine whether the geometry-derived transcriptional gradi-
entwithintheembryo playsarolein embryonic development, we asked
whether altering the spatiotemporal pattern of ZGA onset in bilobed
embryos would affect the specification of the first cell fates within the
blastoderm. To investigate this, we used Tg(sebox:egfp) embryos to
visualize the earliest mesendoderm progenitors, specified at the onset
of gastrulation****, In control embryos, mesendoderm progenitors
were exclusively specified at the blastoderm margin—the region in
which ZGAisfirstinitiated. By contrast, approximately 30% of bilobed
embryos exhibited mesendoderm progenitors not only at the margin
butalso ectopically within the ‘valley’ between the two domes, reflect-
ing the altered ZGA pattern in these embryos (Fig. 6f). These findings
suggest that zygote geometry triggers a cascade of developmental
events necessary for correct cell fate specification—an essential aspect
of ensuring developmental robustness (Fig. 6g).

Discussion

Previous studies have shown that the shape of the zebrafish egg—par-
ticularly the blastodisc, the region from which allembryonic cellsand
tissues originate—is established by ooplasmic streaming, which seg-
regates yolk granules from the cytoplasm within the fertilized egg***.
Building onthis, our findings suggest that the initial shape of the blas-
todisc drives asymmetric cell divisions during successive reductive
cleavages by guiding mitotic spindle orientation, based on the simple
premise that the spindle consistently aligns with the cell’slongest axis,
as described by Hertwig’s rule”?**, These asymmetric divisions pro-
gressively generate a gradient of cell volumes along the AP-margin
axis of the developing blastoderm, which, in turn, influences both cell
cycle progressionand ZGA along the same axis. Although we do not rule
out the potential contribution of more complex mechanisms linking
blastodisc shape to asymmetric cell divisions—such as differential
interactions between spindle microtubules and yolk granules, the cell
cortex or the plasmamembrane—our results suggest that such factors
are not required to explain the emergence of asymmetric divisions.
Thus, the formation of a gradient in cell volume, as well as the conse-
quent regulation of cell cycle dynamics and ZGA patterns, appears to
be adirect outcome of the blastodisc’s geometry.

Interestingly, our data connect the observed gradients in cell
volume and/or cell cycle length to the onset of ZGA. This aligns with
recent findings in Xenopus embryos, where ZGA isfirstinitiated inthe
smaller cells at the AP*®. Multiple molecular mechanisms have been
proposed to explain the link between cell cycle length and the onset
of ZGA, including the titration of cytoplasmic transcriptional repres-
sors as the N/C ratio increases, and/or progressively lengthening cell
cycles that permit sustained zygotic transcription. Our observation
that smaller, slower-cycling cells at the margin are transcriptionally
more active, initiating transcription first and retaining the transcrip-
tion focilonger (Extended DataFig. 7), suggests that both mechanisms
may contribute to the regulation of zygotic gene activation.

We have previously shown that radially patterned cell behaviours
and asymmetric tissue compaction along the AP-margin axis of the
blastoderm emerge at the onset of gastrulation, providing essential
conditions for proper morphogenetic movements during this stage
of development®>*, It is plausible that these differences in tissue

properties originate from distinct transcriptional profiles and cell fate
specification, which are themselves driven by the differential patterns
of ZGA, and ultimately embryo geometry, as described in this study.

The dependence of cell fate marker expression on early embryo
geometry raises a central question: how do noisy gradients in cell
size, cell cycle and transcriptional activity yield robust fate specifica-
tion? Although individual fate markers may be regulated by distinct
mechanisms, their spatial patterns probably emerge from the inte-
gration of cellular dynamics with physical constraints. For example,
although Nodal signals, inducing mesendodermal cell fates within
the blastoderm margin, originate in the yolk, proper Nodal recep-
tion in blastoderm cells requires zygotically expressed factors such
as the co-receptor oep*’. Margin cells, which undergo earlier ZGA,
may, therefore, respond more strongly to Nodal due to an earlier
and/or higher co-receptor expression, sharpening mesendodermal
marker expression near the margin. In bilobed embryos, altered cell
size, cell cycle and transcription patterns could shift this sensitiv-
ity—elevated transcriptionin the valley between the two lobes might
allow cellstorespond to lower Nodal levels and, consequently, adopt
amesendodermal cell fate. Thus, biochemical and molecular prepat-
terning, achieved by cellular properties such as cell cycle, size and
transcriptional activity, may provide the foundation for robust cell
fate specification.

Our findings, thus, establish a probable mechanisticlink between
two critical developmental milestones: the determination of blastodisc
geometryimmediately after fertilization and the onset of asymmetric
tissue fluidization during gastrulation. This connectionis further sup-
ported by our earlier observation that asymmetric tissue fluidization
depends on proper mesendoderm specification®>*®, as well as by our
current finding that embryos with perturbed geometry exhibit mes-
endodermal fate misspecification that parallels the altered pattern
of ZGA onset. This suggests that inherent geometric asymmetries in
blastodisc shape can have long-lasting developmental consequences,
manifesting only later as their effects accumulate during the early
proliferative phase of embryogenesis.

Consistent with this notion, several other organisms—including
Caenorhabditis elegans, sea urchins and Xenopus—exhibit alignment
between axes of cell cycle length and/or cell volume and the axes along
which germ layer fates diverge, underscoring the developmental sig-
nificance of geometry-derived patterns as robust and reproducible
determinants of embryonic organization. Nonetheless, the specific
outcomes of this fundamental relationship are likely to vary across
species and must be examined within the unique developmental con-
text of each organism.
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Methods

Cell cycle analysis

Tg(actb2:rfp-pcna) embryos were dechorionated and, at the desired
stage, mounted in 0.5% agarose gels prepared in E3 buffer with the AP
facing upwards in casts made with 2% agarose solution in E3 buffer".
RFP fluorescence was imaged at 23.5 °C using a 20x water-dipping
objective on ZEISS LSM800 (numerical aperture of 0.8), LSM880
(numerical aperture of 1.0) or LSM900 (numerical aperture of 1.0)
upright confocal microscopes. Then, 200-350-um-thick Zstacks were
acquired for different experiments with temporal resolutions ranging
between 17 and 65 s per Zstack. The presence or absence of nuclear
RFP-PCNA fluorescence was used to determine if a cell was in the S or
M phase of the cell cycle, respectively*s°. The nuclear signal was seg-
mented in Fiji (v. 2.16.0/1.54p; Java 1.8.0_172) using the Labkit plug-in
(v.0.4.0)°*%. The segmented objects were imported into Bitplane Ima-
ris (v. 9.9) (https://imaris.oxinst.com/) to generate tracks and obtain
tracking-related data, including track start time (S-phase entry), track
end time (M-phase entry), track duration (S-phase length) and the
nuclear coordinates at the last S-phase time point (position). These
data were then analysed using the Pandas package (v.1.5.3) in Python
(v.3.12.9) to calculate, for instance, the division timing variance in a
givendivision round, followed by plotting using mainly the Matplotlib
(v.3.8.2) and seaborn (v. 0.12.2) packages® .

Mitotic wave speed

The mitotic wave speed for a given division round was determined by
first identifying the position of the wave origin and the timing of the
wave origination, measuring all other nuclear distances and mitotic
entry timings relative to this position and time, and then generating the
best-fitting distance-time linear curve. In the cases where more than
one nucleus couldbe considered the origin of the mitotic wave due to
asimultaneous entry into mitosis, the mean of the 3D coordinates of
such nucleiwas considered as the position of wave origin. Furthermore,
it should be noted that, especially during division rounds 2 and 3, the
wave traverses the embryo nearly instantaneously, and in most of our
experiments, we could not temporally resolve these early cell divisions,
giving usinfinite mitotic wave speeds. However, for analytical reasons,
we only considered those embryos in which the divisions could be
resolved, disregarding embryos exhibiting infinite speeds, which would
provide an underestimate of the mitotic wave speed.

Microinjections

To visualize cell cycle progression using Histone 1 as the marker,
0.5 ng of Histone 1-Alexa Fluor 488 (catalogue number H13188,
Invitrogen) was injected at the 1-cell stage into wild-type AB or
Tg(actb2:lyn-tdTomato) embryos*®. Mosaic perturbation of the cycling
period of asubset of the cells was carried out by mounting 32/64-cell
stage embryos in 2% agarose solution in E3 buffer and injecting 0.2-
0.3 ng of Histone 1-Alexa Fluor 488 into such cells. chekl overexpres-
sion was achieved by injecting 12 pg chekI mRNA into the one-cell
embryo®>*°, mRNA was prepared as described previously?. To test
the cellular connectivity at the 16- and 64-cell stages, 0.0625 ng of
fluorescein isothiocyanate-carboxymethyl-dextran (40 kDa) was
injected into a single cell at the desired stage, and the embryos were
mounted and imaged as described above.

Drug treatments

Aurkb function was inhibited by transiently incubating dechorion-
ated <5 min post-fertilization (mpf) embryos in 50 uM of AZD1152
(catalogue number SML0268, Sigma-Aldrich) solution for 15 min,
after which they were returned to the E3 buffer. Embryos showing
successful nuclear cycling despite a failure of cytokinesis were then
imaged as described above. Inhibition of the Aurkb function con-
comitantly with the chekI overexpression or Histone 1-Alexa Fluor
488 visualization was performed by injecting 12 pg of chekI mRNA or

0.5 ng of Histone 1-Alexa Fluor 488, respectively, at the 1-cell stage,
as described above, followed by incubation in the Aurkb inhibitor.
Chekl activity inhibition was performed by dechorionating <10-mpf
embryos and incubating themin10 pM of PF477736 (catalogue num-
ber HY-10032, MedChem Express) solution in E3 buffer throughout
the duration of the analysis.

Nuclear volume measurement

Nuclear RFP-PCNA fluorescence was segmented from Z stacks by
thresholding using Fiji (v. 2.16.0/1.54p; Java 1.8.0_172), and their vol-
umes were measured using the 3D Objects Counter plug-in (v.2.0.1)".

Cell volume and N/C measurements

Cell volumes at the 8- and 16-cell stages were measured by semiau-
tomatically generating cell segmentation using the ‘Contour’ func-
tion for surface creation in Bitplane Imaris (v. 9.9) from Z stacks of
Tg(actb2:mCherry-CAAX) embryos*®. Once segmented, the physi-
cal attributes of individual cells, such as volume and position, were
exported from Bitplane Imaris (v. 9.9) as CSV files. The last time point
before the onset of the fourth or fifth mitotic round was used to meas-
ure the cell volume for the 8- or the 16-cell stage, respectively. Cell
volumes at the 128-cell stage were measured by generating cell seg-
mentations using the LimeSeg plug-in (v. 0.4.2) in Fiji (v. 2.16.0/1.54p;
Java1.8.0_172) and exporting the cell volume data for individual seg-
mented objects®. All downstream data analysis was performed in
Python (v. 3.12.9), mainly using the Pandas package (v.1.5.3), and the
plots were produced using the Matplotlib (v. 3.8.2) and seaborn (v.
0.12.2) packages. To directly measure the N/Cfor cells at the 8-and the
16-cellstages, Tg(actb2:mCherry-CAAX) embryosinjected with 0.5 ng of
Histone1-Alexa Fluor 488 at the 1-cell stage were imaged as described
above. Cell volumes were estimated by semiautomatically creating cell
and nuclear surfaces in Imaris (v. 9.9), whose volumes were then used
to determine the N/Cratio for each cell.

Daughter cell volume prediction

Cellsurfaces generated in Bitplane Imaris (v. 9.9) at the 8-cell stage were
exported as WRL files, imported into MeshLab (https://www.meshlab.
net/), from where individual cell surfaces were exported as PLY files.
These files were subsequently processedin Python (v.3.12.9) toidentify
the longest cell axis by performing principal component analysis, along
which the cell was bisected into two daughter cells representing cells
atthe 16-cell stage®.

Nearest-neighbour distance calculation

Nuclei positions were obtained from Bitplane Imaris (v. 9.9), as detailed
above. For eachnucleus, the three nearest neighbours wereidentified,
and their mean distance from the reference nucleus was calculated
using the Pandas package (v.1.5.3) in Python (v. 3.12.9).

Cytoplasm aspiration

Atapproximately 30 mpf, Tg(actb2:rfp-pcna) embryos were mounted
in E3 buffer on a substrate prepared with 2% agarose solution in E3
buffer. A20-pmblunt-end needle attached to a10-pl Hamilton syringe
was inserted through the yolk into the blastodisc, and the cytoplasm
was carefully aspirated. The nuclear RFP-PCNA signal was constantly
observed using a Leica stereofluorescence microscope to ensure the
nucleus was not extracted together with the cytoplasm.

Nucleus aspiration

The setup and mounting procedure for nucleus aspiration were the
same as for cytoplasm aspiration described above, except that, in
this case, the nucleus was aspirated rather than the cytoplasm and
from embryos at the 2-cell stage rather than the 1-cell stage. Care was
exercised to ensure that the nucleus was extracted with a negligible
volume of the cytoplasm being aspirated in the process.
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Generation of bilobed embryos

Bilobed embryos were created by spatially confining dechorionated
embryos at the 2-cell stage, still undergoing cytokinesis from division
roundl,in 0.5%-0.6% agarose in E3 buffer. Microscopy was performed
asdescribed above.

Yolk severing

To sever the yolk, dechorionated embryos at the 2-cell stage were
placed onasubstrate of 3% methylcellulose in E3 buffer in a glass dish.
Using an eyelash attached to the end of a Pasteur pipette, the veg-
etal half of the yolk was first punctured to prevent the embryo from
exploding due to a build-up of internal pressure during the sever-
ing procedure, and then carefully sliced. The embryo was allowed to
recover for at least 15 min after the procedure, followed by mounting
and microscopy, as detailed above.

Cell division angle measurement

Four orthogonal sections, each showing four nuclei along the plane
of division round 4 at the 16-cell stage, were generated using the res-
lice function in Fiji from Z stacks of individual Tg(actb2:rfp-pcna)
embryos. The angles between the nuclei were then measured using
Fiji (v. 2.16.0/1.54p;Java 1.8.0_172), as represented in Fig. 5d, to obtain
the angle of cell divisions in division round 4.

miR430 transcription analysis

pri-miR430 transcripts were labelled as described previously®.
Tg(actb2:rfp-pcna) embryos injected with MO1-3-fluorescein (Gene
Tools) at the 1-cell stage were mounted in 0.5% agarose solution in E3
buffer in #3 fluorinated ethylene propylene tubes, and the Z stacks
were generated with a temporal resolution of approximately 1 min
per Zstack using a 20%/1.33-numerical-aperture objective on a ZEISS
Lightsheet 7 microscope. Maximum intensity projections of these
time-lapse recordings were then used to assess the transcription status
of theindividual nuclei.

Ethics statement

All animal breeding and procedures were performed in accordance
with the European Union animal welfare guidelines and involve only
low-severity lines, in accordance with the authorized animal breed-
ing licences (66018/8-11/3b/2013 and 2023-0.288.351) in the Institute
of Science and Technology Austria Aquatics Facility (approval num-
ber 024-0.730.856). All experiments were performed before 5 days
post-fertilization, a period during which zebrafish do not feed inde-
pendently and in line with the principle of 3Rs.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All other data that are
necessary to interpret, verify and extend the research within this
article are available from the corresponding author upon reasonable
request.

Code availability
The coderelevantto thisarticleis available via GitHub at https://github.
com/Irene-Li/MitoticWaves.
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of division timing for individual cells starting at cleavage division round 3
(x-axis) relative to their position along the animal-margin axis (y-axis) for one
representative wild-type embryo. The green dotted line outlines cells located at a
distance of <10 pm from the bottom of the image stack that could not be reliably
tracked. (b) Mean RFP-PCNA intensity, as a marker for mitosis onset, as a function
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of time. Mean PCNA intensity increases during the S-phase, peaks just before the
S-Mtransition, and declines in the M-phase. Thus, a narrow peak indicates greater
synchrony and vice versa. (c) Representative scheme showing the position of the
mitotic wave origin in division round 8 (n =7 embryos). (d) Representative plot

of cleavage division timing as a function of cell distance from the mitotic wave
originin cleavage division round 8 from a wild-type embryo. Cells undergoing the
S-M transition were binned together.
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of the division timings for individual cells relative to their position along the timings relative to position along the AP-margin axis for a representative
animal-margin axis ina syncytial Tg(actb2:rfp-pcna) embryo (n =7 embryos). syncytial embryo injected with 12 pg chekI mRNA. n = 4 embryos.

(b) Contour plot of the mitotic wave across all surface cells at the 8 round of
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Extended Data Fig. 4| Cellular connectivity decreases as the cleavage stages progress. A schematic each for single-cell injections of 40 kDa FITC-CM-Dextran at the
16- (a) and the 64-cell stage (b) in Tg(actb2:mCherry-CAAX) embryos and representative images one division round later (n =3 and 6 embryos, respectively).
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(a) Representative images showing segmented cells and nuclei from time-lapse representing the median and the whiskers indicating the minima and maxima.
images of Tg(actb2:mCherry-CAAX) embryos injected with Histone 1-Alexa Fluor n=23cells for each cleavage stage. Data obtained from 4 and 2 embryos for the
488 at the 8-and 16-cell stages. (b) A dot-box plot showing the quantifications 8-and 16-cell stage, respectively.
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