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In Brief

Morita et al. combine computational
modeling and experiments to show that
at zebrafish gastrulation onset, epithelial
surface cells coordinate blastoderm
thinning and expansion for its spread over
the yolk cell. Active surface cell
expansion simultaneously triggers tissue
expansion by reducing tissue surface
tension and tissue thinning by inducing
deep cell radial intercalations.
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SUMMARY

Embryo morphogenesis relies on highly coordinated
movements of different tissues. However, remark-
ably little is known about how tissues coordinate
their movements to shape the embryo. In zebrafish
embryogenesis, coordinated tissue movements first
become apparent during “doming,” when the blasto-
derm begins to spread over the yolk sac, a process
involving coordinated epithelial surface cell layer
expansion and mesenchymal deep cell intercala-
tions. Here, we find that active surface cell expansion
represents the key process coordinating tissue
movements during doming. By using a combination
of theory and experiments, we show that epithelial
surface cells not only trigger blastoderm expansion
by reducing tissue surface tension, but also drive
blastoderm thinning by inducing tissue contraction
through radial deep cell intercalations. Thus, coordi-
nated tissue expansion and thinning during doming
relies on surface cells simultaneously controlling tis-
sue surface tension and radial tissue contraction.

INTRODUCTION

Coordinated motion of cells and tissues is a common feature of
tissue and embryo morphogenesis in development (Solnica-Kre-
zel, 2005). Although the fundamental processes driving cellular
rearrangements within a tissue are beginning to be unraveled
(Guillot and Lecuit, 2013; Heisenberg and Bellaiche, 2013;
Walck-Shannon and Hardin, 2014; Wallingford, 2012), very little
is yet known about how different tissues interact to coordinate
their movements at the embryo scale.

Tissue spreading, the simultaneous expansion and thinning of
a tissue, represents a key morphogenetic event in various devel-
opmental and disease-related processes, such as gastrulation
and wound healing. While spreading of simple epithelial cell
sheets is typically achieved by epithelial cell expansion and/or
division, spreading of complex multilayered tissues often in-
volves coordinated expansion of epithelial surface cells and
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radial intercalations of more mesenchymal deep cells. In Xeno-
pus gastrulation, for instance, the blastocoel roof spreads by
radial intercalation of deep cells on the basal side of the overlying
superficial epithelial cells, which in turn undergo pronounced
expansion (Keller, 1978). Likewise in mouse embryogenesis,
epidermal spreading has recently been associated with expan-
sion of superficial cells and radial intercalation of deep cells (Pan-
ousopoulou et al., 2016). Yet, how surface cell expansion and
radial deep cell intercalation function together to trigger tissue
spreading remains unclear.

At the onset of zebrafish gastrulation, the blastoderm starts
spreading over the spherical yolk cell in a movement called dom-
ing (Figure 1A and Movie S1; Lepage and Bruce, 2010). The blas-
toderm is composed of a simple squamous epithelial surface cell
layer, named the enveloping layer (EVL), and mesenchymal cells
positioned below this layer, which form the pool of germ layer
progenitor cells and are named deep cells. Doming has predom-
inantly been associated with deep cells undergoing radial inter-
calations (Lepage and Bruce, 2010; Warga and Kimmel, 1990).
In addition, upward pushing by the yolk cell (Wilson et al.,
1995) and epithelial integrity of surface cells (Lepage et al.,
2014) have been involved. Still, how these different processes
are spatiotemporally coordinated during doming, and how they
contribute to the force-generating processes underlying tissue
shape changes during doming is only poorly understood.

Here, we have used a combination of theory and experiments
to unravel the fundamental force-generating processes driving
doming. We show that tissue spreading during doming is driven
by two distinct yet interdependent force-generating processes:
epithelial surface cells actively expanding by reducing their sur-
face tension, and deep cells undergoing radial cell intercalations
and thus generating anisotropic active stress within the bulk of
the tissue. We further show that active surface cell expansion
not only triggers tissue expansion but also induces active radial
deep cell intercalations required for homogeneous tissue thin-
ning during spreading.

RESULTS

Doming Is Associated with Radial Deep Cell
Intercalations and EVL Cell Expansion

To identify the fundamental force-generating processes driving
doming, we first analyzed cellular rearrangements and shape
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Figure 1. Doming Is Associated with EVL Cell Expansion and Radial Deep Cell Intercalations

(A) Bright-field images of a zebrafish WT embryo at sequential stages from the pre-doming stage (—30 min) to the end of doming (+90 min).

(B, B/, E, E', H, and H’) Schematic representation of a zebrafish embryo before and after doming illustrating deep cell radial movement (B) and (B’), BY!l upward
bulging (E) and (E’), and EVL expansion (H) and (H'). BYI, blastoderm-to-yolk cell interface. Arrows, radial movement of deep cells.

(C,C, F,F,I,and I') Confocal images of the blastoderm before the onset (—30 min) and after completion of doming (+90 min) where membrane, green in (C) and
(C’) and white in (I) and (I'); nuclei, magenta in (C) and (C’); and BYI, white in (F) and (F') were labeled by membrane-targeted GFP (mem-GFP), H2A-mCherry, and
fluorescent dextran, respectively. Dashed lines mark the BY! in (C) and (C') or outer surface of the blastoderm in (F) and (F’). Solid lines in (I) and (I') outline
measured surface area, and dashed line in (I') marks the measured surface area at —30 min (I).

(D) Average deep cell speed along the radial direction of the embryo plotted as a function of time during doming.

(G) Relative BYI surface area measured within the observed region of the embryo and plotted as a function of time during doming.

(J) Relative EVL surface area measured for a continuous patch of cells within the observed region of the embryo and plotted as a function of time during doming.
(K-M) Geometrical parameters of WT embryos during doming with relative surface area (K) (Sp, entire blastoderm surface area; S,, entire yolk surface area),
relative height (L) (hp, height of the blastoderm between animal pole and contact line; h,,,, height of the blastoderm at the center of the embryo; h, total height of the

(legend continued on next page)
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changes during doming. Consistent with previous observations
(Bensch et al., 2013), we found that deep cells underwent exten-
sive intercalations along the radial axis of the blastoderm without
invading the overlying EVL (Figures 1B-1D). Deep cell intercala-
tions were accompanied by the blastoderm starting to spread
over the yolk cell, recognizable by an upward bulging of the blas-
toderm-to-yolk cell interface (BYI; Figures 1E-1G), commonly
termed dome formation (Kimmel et al., 1995). Notably, we also
observed that EVL cells began to spread along the blastoderm
surface by expanding their surface area at the same time as
doming was initiated (Figures 1H-1J). The onset of all of these
different morphogenetic processes roughly coincided with the
onset of doming as defined by the upward bulging of the BYI,
pointing to the possibility that they are functionally linked. Inter-
estingly, EVL spreading became apparent slightly later than the
onset of radial deep cell motility, suggesting that these pro-
cesses might not be directly coupled. Together, these observa-
tions indicate that doming involves radial intercalations of deep
cells, upward bulging of the BYI, and expansion of EVL cells.

To determine how those cellular processes relate to overall
changes in embryo geometry, we segmented images of embryo
cross-sections over the course of doming. Assuming rotational
symmetry of the embryo around the animal-vegetal (AV) axis,
we then quantified several geometrical measurements charac-
terizing the embryo shape (Figures 1K-1M). Specifically, we
quantified the extent of EVL surface area expansion by recording
changes in the ratio of blastoderm and yolk surface area to the
total embryo surface area (Figure 1K). Furthermore, we quanti-
fied the extent of blastoderm thinning by measuring the ratio of
blastoderm height along the AV axis to the total embryo height
(Figure 1L). These measurements showed that during the course
of doming the EVL surface area expands and the blastoderm
height shrinks (Figures 1K and 1L). Finally, we also quantified
the contact angles between the blastoderm surface, yolk cell
surface, and BYI at the contact line (De Gennes et al., 2004)
where these three interfaces meet. Interestingly, we found that
the angle between BYI| and blastoderm surface was not
decreasing, as expected if the BYl would homogeneously bulge
upward, but in fact was increasing by about 30° within the first
20 min of doming (Figure 1M). This suggests that the BYI un-
dergoes distinct shape changes during doming with its center
bulging upward and its edge moving in the opposite direction
bulging downward.

Doming Movements Can Be Simulated in Physical
Models Based on Changes in Blastoderm Surface
Tension and Anisotropic Radial Stress

To unravel the force-generating processes underlying tissue
shape changes during doming, we first developed a physical
model of doming based on the balance of forces exerted in the
blastoderm, yolk, and EVL. To start with, we sought to explain
the shape of the embryo at the onset of doming. We assumed
that the surfaces of the yolk cell, blastoderm, and the BYI are

under tension, and that deep cells can be treated as a fluid ma-
terial, such that the pressure in the tissue is uniform in the
absence of deep cell flows. These hypotheses are consistent
with the circular shape of the blastoderm and yolk cell surfaces,
and the BYI prior to doming (Figure 2A), and our observation that
blastoderm explants round up in vitro (Schoétz et al., 2008). We
also assumed, based on our experimental measurements (Fig-
ure S1), that the ratio of yolk to blastoderm volume was constant.
The balance of forces at the contact line and of pressures at
different interfaces then sets the shape of the embryo as a func-
tion of the ratios of the interfacial tensions of the yolk (T,), blas-
toderm (Ty,), and BYI (T (Figure 2A). We found that a ratio of
To/T, = 0.94 and Ty/T, = 0.11 gave rise to predicted embryo
shapes closely matching the experimental observations (Fig-
ure 2B). Interestingly, the ratio of Ty,/T, is close to the critical
boundary defining whether the BYI bulges upward or downward
(Figure 2B), likely reflecting the fact that the average surface ten-
sion of the embryo is quite large (thus its overall spherical shape),
and that, consequently, even small changes in the EVL and yolk
surface tensions can drive either EVL contraction or expansion.

To verify this prediction about interfacial tension ratios and
thus validate our general modeling approach, we simultaneously
measured the surface tensions of blastoderm and yolk cell dur-
ing a period of 30 min prior to doming by compressing embryos
using a tissue tensiometer (Foty et al., 1994). We applied a 20%
deformation of the embryo along its AV axis and measured the
force exerted by the embryo on the plate and the deformed
shape of the embryo. To obtain the surface tension of the yolk
and blastoderm from these measurements, we assumed as
before that the surfaces of the yolk cell and blastoderm and
the BYI are under tension, and that deep cells and the yolk ma-
terial can be treated as fluids. We also took into account gravity
forces exerted on the embryo due to its mass. The mass of the
embryo was measured by performing sinking experiments and
recording the steady-state sinking velocity of the embryo
(Methods S1). With this we could then estimate the yolk surface
tension Ty, = 206 + 13 pN/um (n = 4) and the blastoderm surface
tension T, = 167 + 33 pN/um (n = 4) (Figures 2C and S2A), closely
matching the values for the ratio of T,,/T, predicted by our model
(Figure 2B).

Having verified our model prediction about interfacial tension
ratios and thus validated our general modeling approach of rep-
resenting the embryo as a fluid material with surface tension, we
then developed a dynamic model of the mechanics of the em-
bryo during doming in order to identify the underlying force-
generating processes (Figures 2D and S2B-S2E). In this model,
we assumed that tensions at the yolk cell surface and BYI are
constant, consistent with our observations that neither yolk cell
surface tension (Figure S3B) nor actomyosin distribution at the
BY!I (Figure S3C) displayed any major alterations during the dom-
ing process. We further assumed that the total surface tension of
the blastoderm t, has a viscous contribution that is dependent
on the rate of expansion of the EVL ¥, and can be written as

embryo) and contact angles (M) (¢, angle between EVL and BYI; ¢,, angle between BYI and yolk membrane; ¢, angle between yolk membrane and EVL)

quantified from bright-field embryo images.

n =6 embryos. Error bars, +SEM (D), (G), and (J) and +SD (K-M). Scale bars, 100 pum. Time point 0 min always indicates the beginning of doming recognizable by
an upward bulging of the BYI. Embryo images are lateral views with the animal pole up unless otherwise stated. () and (I') are animal pole views.

See also Figure S1 and Movie S1.
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Figure 2. Physical Description of Doming Based on Changes in Blastoderm Surface Tension and Radial Stress

(A) Schematic of the surface tension model for describing embryo shapes at the onset of doming. The ratio of volumes of blastoderm and yolk is fixed, and the
blastoderm, yolk, and BYI interfaces are subjected to surface tensions.

(B) Phase diagram of equilibrium shapes predicted by the surface tension model of the embryo as a function of the surface tension ratios 7, /T, and T, /T,. Red
dot, predicted ratio of surface tensions before doming from analysis of embryo shape.

(C) Measurement of blastoderm (T,) and yolk cell surface tension (7,) in WT embryos at the onset of doming using tissue tensiometry. Embryos were compressed
by 20% of their initial uncompressed height. Panels on the left are bright-field images of a WT embryo before (top) and after compression (bottom). Brackets,
contact areas. Kinked line, contact angle. Panels on the right show T, and T, (top) and T}, /T, (bottom) as a function of time after compression. n = 4 embryos. Error
bars, +SD. Scale bar, 100 um.

(D) Schematic of the dynamic model of doming. The blastoderm is represented by an incompressible viscous fluid with shear viscosity 5, subjected to an
anisotropic, radially oriented active internal stress with magnitude ¢. The EVL is represented by a compressible fluid with bulk surface viscosity 7, subjected to an
active surface tension Ty. The yolk is represented by an incompressible fluid with negligible viscosity and a surface tension T,,.

(E and F) Two hypothetical scenarios for doming where either EVL surface tension reduction results in an imbalance of forces at the contact line, driving EVL
surface expansion (E) or active radial contraction of the deep cell layer drives blastoderm thinning (F). In (F) blastoderm deformation leads to a rotation of the BYI
tangent vector at the contact line, resulting in a net force at the contact line driving EVL surface expansion. Left panels in (E) and (F) are schematic representations

(legend continued on next page)
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t=Th+TV,, (Equation 1)
where Ty, is a constant contribution to the surface tension and 77 is
the EVL bulk surface viscosity. A reduction of the surface tension
Ty then contributes to EVL expansion, at a rate which is limited
by the EVL viscosity. We also assumed that deep cells could
be treated as an active fluid material. For simplicity, we also
took the total volume of the embryo to be fixed in our simulations
(Figure S1). The stress tensor g, acting within the blastoderm
can then be written as

Oag =2NVag — Pdug + 0 (Equation 2)
where v, is the gradient of flow in the blastoderm, 7 is the shear
viscosity of the blastoderm, and P is the pressure ensuring vol-
ume conservation of the tissue. In the stress Equation (2), we
also included anisotropic active stresses in the deep cell layer
{48, Which are oriented along the radial axis of the blastoderm.
We included these anisotropic active stresses to account for
the potential force generation by active radial deep cell interca-
lations (Bensch et al., 2013), in line with previous approaches
that have captured autonomous cellular force generation within
a tissue by the contribution of an active stress to the total stress
of the tissue (Prost et al., 2015; Ranft et al., 2010; Etournay et al.,
2015; Behrndt et al., 2012). We finally assumed, based on our
measurements of blastoderm and yolk viscosities (Figures S3I
and S3K; Methods S1), that the yolk viscosity (n, ~ 40 Pa s) is
much smaller than the blastoderm viscosity (n ~ 10° Pa's, Table
S1C) and thus can be neglected. For simplicity, we also sup-
posed that the simulated embryo has rotational symmetry
around the AV axis. To solve for the blastoderm and EVL flow,
we employed a finite-element method (Methods S1), where we
took the size of the elements to be of the order of the cell size,
such that in the region near the contact line where the blasto-
derm size becomes comparable with the cell size, the gradient
of flow and pressure are homogeneous (Methods S1).

For blastoderm expansion, the contact line has to move veg-
etally. We considered two different hypothetical scenarios for
the forces driving this motion. In the first scenario, there is no
active radial stress generation within the deep cell layer, but
EVL cells actively expand by reducing their surface tension.
This results in an imbalance of forces acting on the contact
line, driving its motion toward the vegetal pole (Figure 2E). In a
second scenario, the EVL is not autonomously reducing its sur-
face tension, but deep cells generate active radial stresses within
the blastoderm. As a result, deep cells will flow to the margin of
the blastoderm and, consequently, the BYI will deform at its
margin. This deformation will cause a rotation of the BYI tangent
vector at the contact line, shifting the balance of forces at the
contact line and, consequently, leading to passive EVL expan-
sion (Figure 2F).

To test which of these hypothetical scenarios describes best
the experimentally observed doming movements, we performed

simulations of embryo shape changes using a finite-element
method, including either reduced blastoderm surface tension
or active radial stress within the blastoderm (Methods S1). We
found that simulations of both scenarios gave rise to blastoderm
expansion reminiscent of the actual situation in vivo (Figures 2E
and 2F; Movie S2). However, only simulations based on active
radial stress, but not reduced surface tension, also produced
thinning of the blastoderm along its AV extent comparable with
the situation in vivo (Figure 2F). This initial analysis suggests
that contraction of the deep cell layer constitutes a more plau-
sible force-generating process driving embryo shape changes
during doming than a reduction in blastoderm surface tension.
However, contact angles were only poorly predicted in either
of our simulations (Figures S2F and S2G), prompting us to closer
investigate the role of radial active stress generation for doming.

To determine whether and how anisotropic stresses are
generated within the deep cell layer during doming, we analyzed
the shape and subcellular localization of actin in deep cells dur-
ing doming. We found that deep cells were preferentially elon-
gated along the radial axis of the blastoderm and showed actin
accumulations at their protrusive front end pointing either toward
or away from the EVL (Figures 3A and 3B; Movie S3). Given that
deep cells undergo radial cell intercalations (Bensch et al., 2013;
Lepage and Bruce, 2010; Warga and Kimmel, 1990) but do not
contract along the AV axis (Figure 3A), and that deep cell divi-
sions are dispensable for doming (Figure 3D), radial deep cell po-
larization most likely leads to the generation of anisotropic radial
stress within the blastoderm by triggering radial cell intercala-
tions. To test whether stresses generated in the blastoderm
are also transmitted to the yolk cell, we analyzed deformation
of yolk granules at the BYI during doming. We found that with
the onset of doming, yolk granules, which occupy most of the
yolk cell cytoplasm below the deep cell layer, began to elongate
along the radial axis (Figure 3C), indicating that stresses
generated within the deep cell layer are transmitted to the yolk
cell, deforming yolk granules.

Radial Cell Intercalations Are Dispensable for
Blastoderm Spreading but Required for Blastoderm
Thinning during Doming

While our observations so far suggest that the deep cell layer
actively contracts along the radial axis of the embryo (Figures
3A-3C), and that this contraction is in principle sufficient to
trigger blastoderm expansion and thinning (Figure 2F), direct ev-
idence for a key role of radial stress for doming is still missing. To
test whether doming can occur in the absence of active radial
stress within the deep cell layer, we manually removed a large
portion (=60%) of the deep cells from embryos shortly before
the onset of doming (3 hr postfertilization, hpf) and replaced
them with embryo medium (Danieau’s solution) of approximately
the same volume (Figures 4A and S3A). Unexpectedly, we found
that in embryos lacking a large portion of deep cells, surface cell
expansion, and upward bulging of the BYI, key features of

of the different mechanisms on which the simulations are based on and the simulated embryos shapes at 80 min of doming. Black arrows outline blastoderm
velocity field. Right panels in (E) and (F) are plots of embryo surface area and height as a function of time during doming with pale blue and red curves showing the
experimental measurements, and dashed red and blue thick lines showing simulation results. Simulations parameters are specified in Table S1C. Simulations in
(F) were stopped when the angle between the EVL and the YSL approached a zero value. Error bars, +SD.

See also Figure S2 and Movie S2.
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Figure 3. Deep Cells and Yolk Granules Change Their Shape during Doming

(A) Deep cell shape changes in WT embryos. Upper panels are single plane confocal images of deep cells close to the EVL before (—30 min) and after completion
of doming (+90 min). Deep cell plasma membrane was labeled by mem-RFP. Dotted lines, BYI position. Middle panel shows quantification of deep cell aspect
ratio (black line, left vertical axis) and angle from embryo center (red line, right vertical axis) of deep cells in embryos from —30 to +90 min of doming. Bottom panel
shows schematic of deep cell angle measurements. n = 3 embryos. Error bars, +SEM. Scale bar, 100 um.

(B) Subcellular localization of actin in deep cells during doming. Upper panels are single plane confocal images of deep cells close to the EVL in Tg(actb1:lifeact-
EGFP) embryos during doming. Dotted lines, plasma membrane of individual cells. Asterisks, EVL cells. Arrowheads, polarized actin localization in deep cells.
Middle panel shows quantification of actin distribution in polarized deep cells (aspect ratio > 1.6) during 90 min of doming. Bottom panel shows schematic of the
actin distribution analysis in deep cells within an area =3 pm away from the plasma membrane (orange) and subdivided in 30° bins relative to the major axis of the
fitted ellipse (red). n = 3 embryos. Error bars, +SEM; *p < 0.05; t test. Scale bar, 10 um.

(C) Yolk granule shape in intact WT embryos. Upper panels are single plane confocal images of yolk granules in embryos injected with fluorescent dextran into the
yolk at 0 min (left) and +60 min (right) of doming. Lower left panels are quantification of yolk granule aspect ratio (top) and angle of major axis (bottom) from —30
to +108 min of doming. Lower right panel shows schematic of measured angle in yolk granules. n = 4 embryos. Error bars, +SEM. Scale bar, 100 pm.

(D) Doming in WT embryos and embryos treated with hydroxyurea and aphidicolin (HUA) to block cell divisions. Upper panels are bright-field images of control
(left) and HUA-treated embryos (right) after completion of doming (+90 min). Lower panels are confocal images of control (left) and HUA-treated embryos (right)
immunostained for the mitotic marker phosphorylated histone H3 (pHH3; magenta) at the onset of doming (0 min) from animal pole view. All nuclei were labeled by
DAPI (cyan). Lower left plot shows ratio of pHH3-positive nuclei to total nuclei number. Boxplots represent 25%, median, 75%), and 95%. ***p < 0.001; ttest. n=7
embryos (DMSO) and 10 embryos (HUA). Scale bar, 100 um.

See also Figure S2 and Movie S3.

doming, appeared relatively unaffected (Figures 4B and 4C;
Movie S4). In contrast, deformation of yolk granules along the
radial axis was absent in deep cell-depleted embryos (Figures
S3D and S3E), suggesting that radial stress generated by deep
cells within the blastoderm causes granule deformation, and
that this stress is reduced upon removal of deep cells. Together,
this suggests that, contrary to our initial expectations based on
our simulations, active contraction of the deep cell layer along
its radial axis does not constitute the main force-generating
mechanism driving doming.

To determine whether active radial stress might have any
function during doming, we analyzed shape changes in deep
cell-depleted embryos in detail. We found that the reduction in
blastoderm height and downward motion of the BYI tangent vec-
tor at the contact line was less pronounced in deep cell-depleted
embryos compared with intact wild-type (WT) embryos (Fig-
ure S3F). Notably, these features of embryo shape changes
were similar to results obtained by simulating doming based on
reduced surface tension alone (Figure 2E). We thus speculated
that doming movements might be achieved by two distinct
force-generating processes: EVL cells autonomously reducing
their surface tension thereby driving overall blastoderm
spreading over the yolk cell, and deep cells generating radial
stress within the bulk of the tissue thereby promoting homoge-

neous blastoderm thinning during the spreading process. To
test this assumption, we performed simulations assuming a com-
bination of reduced blastoderm surface tension and active radial
stress within the deep cell layer, and no friction between the EVL
and deep cells. We first aimed at independently measuring the
blastoderm shear viscosity (n), using established biophysical
methods (Gonzalez-Rodriguez et al., 2012). To this end, we per-
formed compression experiments of blastoderm explants to
obtain their surface tension (T, =100 pN/um, Figure S3H). We
then performed fusion experiments of two explants put into con-
tact, and monitored their shape relaxation from two spherical
caps to a single sphere (Figure S3I). Finally, we performed a
finite-element simulation of this fusion process (Methods S1)
and found that the dynamics of shape relaxation could be ex-
plained for a blastoderm shear viscosity n=10% Pa s. With this
value in hand, we turned to WT and deep cell-depleted embryos,
and adjusted the remaining parameters of our physical descrip-
tion to match embryo shape changes during doming. Specif-
ically, we adjusted the viscosity of the EVL (%), the decrease in
EVL surface tension 4T, /T, at the onset of doming, and the
magnitude of the anisotropic active stress within the blastoderm.
Importantly, our parameter search was considerably constrained
by the observations that the EVL area expansion rate and time-
scale of blastoderm height are strongly dependent on the
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Figure 4. Radial Cell Intercalations Are Dispensable for Blastoderm Spreading but Required for Blastoderm Thinning during Doming

(A) Schematic of the deep cell-depletion experiment. (1) Deep cells were removed with a thick needle, (2) the removal reduced blastoderm volume, and (3) the
blastoderm volume was restored to its original size by injection of embryo medium.

(B) Single-plane confocal images of deep cell-depleted WT embryos before (—30 min) and after completion of doming (+90 and +150 min). Plasma membrane was
marked by mem-GFP in green. Nuclei were marked by H2A-mCherry in magenta. BYI was marked by dextran in white.

(C) Bright-field images of deep cell-depleted embryo at the onset (+10 min) and after doming (+90 min).

(D-G) Comparison of experimentally measured embryo shape changes with simulation results adjusted to reproduce experimental observations of deep cell-
depleted embryos (D) and (E) and intact WT embryos (F) and (G) during doming. Simulation parameters are listed in Table S1C. Left plots are comparison of
embryo surface area, height and contact angle with pale blue and red curves showing the experimental measurements, and dashed red and blue thick lines
showing the simulation results. Right panels show simulated embryo shapes at 10 and 90 min of doming with black arrows marking the blastoderm velocity field.
The experimental data in (F) were taken from Figures 1K-1M. n = 5 embryos (deep cell-depleted) and 6 embryos (control).

Error bars, +SD. Scale bars, 100 um.

See also Figures S3 and S4; Movie S4.

timescale 7/4T, and n/¢, respectively, and that the ratio of vis-
cosities 77/ influences the contact angle dynamics (Figure S4).
We found that shape changes obtained in these simulations
could be closely matched to experimental observations of both
WT and deep cell-depleted embryos (Figures 4D-4G and Movie
S4) for a reduction of EVL surface tension, 4T, /Ty =25%, an EVL
bulk surface viscosity of 7 ~8 x 10° pN/um s, and a magnitude of
the blastoderm anisotropic active stress of { ~0.5 Pa (Table
S1C). We also found that for accurately simulating shape
changes in deep cell-depleted embryos, we needed to reduce
the blastoderm shear viscosity by a factor ~7 compared with
WT embryos, consistent with the expectation that intercellular
friction is strongly reduced after removal of ~60% of deep cells.
Collectively, these results support the notion that autonomous
reduction of blastoderm surface tension drives overall doming
movements, while active contraction of the deep cell layer pro-
motes homogeneous blastoderm thinning.

A key prediction of our model is that EVL cells autonomously
expand during doming. In physical terms, this implies that (1) the
force exerted at the contact line on the EVL is not increasing to
drive EVL spreading, and (2) the EVL is not exposed to external
forces outside the contact line which would drive its deforma-
tion. These assumptions imply that the total EVL surface ten-
sion, which depends on both contractile forces generated within

the tissue as well as viscous stresses arising from tissue flow, is
uniform and only slightly decreases during doming (Figure S3J
and Methods S1). To test this prediction, we performed
compression experiments of deep cell-depleted embryos dur-
ing doming to determine the absolute values of blastoderm
and yolk cell surface tensions by relating the compression force
to their deformation (Figure S3B). We used deep cell-depleted
embryos, since active and viscous stresses arising within the
blastoderm of those embryos are strongly diminished (Figures
S3D-S3G), and we assumed that their influence on blastoderm
surface tension can be neglected. When measuring yolk cell
surface tension, we found that this tension remained constant
during doming with T, = 236.22 + 41.31 pN/um (n = 7) (Fig-
ure S3B), confirming our theoretical assumptions. When
measuring the blastoderm surface tension, we found this ten-
sion to be close to the measured yolk cell tension (Figure S3B),
in line with our theoretical predictions. Directly matching the
measured value with the predicted value of blastoderm surface
tension, however, was impossible due to high fluctuations in
blastoderm shape changes during compression, leading to
high variations in the measured blastoderm surface tensions be-
tween the different experiments (Figure S3B). Together, these
observations support our model of EVL cells autonomously ex-
panding during doming.
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Figure 5. Reduction in Blastoderm Surface Tension Is Required and Sufficient to Trigger Doming

(A-H) Intact WT (n = 6 embryos) (A) and (B) and pky embryos (n = 3 embryos) (C) and (D) and embryos where EVL/surface cells were transplanted from pky to WT
embryos (E) and (F) (n = 10 embryos) and from WT to pky embryos (G) and (H) (n = 9 embryos). Bright-field images of mosaic embryos before (—30 min) and
after completion of doming (+90 min) with transplanted cells marked by fluorescent dextran; green (A), (A), (C), (C), (E), (E), (G), and (G'). Confocal images with
plasma membrane expressing mem-GFP (green), nuclei marked by H2A-mCherry (magenta) and BY| outlined by fluorescent dextran (white); (A”), (A™), (C"), (C"),
(E"), (E"), (G"), and (G"). Transplanted cells were marked by fluorescent dextran; green (E), (E'), (G), and (G’), or H2B-GFP; green (E”), (E"), (G”), and (G"). Red
and white dashed lines, BYI. Changes in relative BY| area (left column) and relative EVL/surface cell area (middle column) as a function of time during doming in the
different transplantation experiments (B), (D), (F), and (H). Note that the results from control experiments (WT into WT [n = 3 embryos] and pky into pky [n = 3
embryos]) were included in the plots as reference (F) and (H), see also Figures S5D-S5G, and that changes in relative EVL area in the transplantation experiments
were determined exclusively in the region of the blastoderm where the transplanted cells were located. The WT data in (B) and (D) is the same as Figures 1G

and 1J. Error bars, +SEM. Scale bars, 100 pm.
See also Figures S5 and S6; Movie S5.

Reduction in Blastoderm Surface Tension Is Required
and Sufficient to Trigger Doming

We next sought to change EVL surface tension and determine
how this affects doming. First, we asked whether EVL surface
tension reduction is required for doming. To this end, we sought
to inhibit doming in WT embryos by interfering with surface cell
expansion. As a potential source of expansion-defective surface
cells, we turned to maternal zygotic poky (pky) embryos, a
mutant in the conserved helix-loop-helix ubiquitous kinase
(chuk)/IkB kinase 1 (ikk1) gene, where failed EVL differentiation
has been associated with defective doming (Figures 5A-5D)
(Correa et al., 2005; Fukazawa et al., 2010). To determine
whether in pky mutants defective EVL differentiation leads to
impaired surface cell expansion, we generated deep cell-
depleted pky mutant embryos and analyzed surface cell expan-
sion in mutant embryos lacking a large part of their deep cell
layer. We found that surface cells were not expanding in deep
cell-depleted pky embryos (Figure S5A), indicating that autono-
mous surface cell expansion is defective in the mutant. We
then transplanted a patch of ~70 expansion-defective surface
cells from pky donor embryos onto the surface of WT host em-

bryos, from which a similar-sized patch of EVL cells had been
removed before the transplantation, and analyzed how doming
movements in the host embryo are affected by the patch of
expansion-defective pky surface cells (Figures 5E and S6A-
S6C). Strikingly, we found that upward bulging of the BYI below
the patch of transplanted cells was diminished and that move-
ment of the contact line toward the vegetal pole slowed down
(Figures 5F and S5B; Movie S5). This suggests that active sur-
face cell expansion is required for doming.

Next, we asked whether active surface cell expansion is also
sufficient to trigger doming. To this end, we sought to rescue
doming in doming-deficient pky mutant embryos by transplant-
ing WT donor EVL cells onto the surface of pky host embryos.
We reasoned that locally rescuing surface cell expansion in
pky mutant embryos might normalize their doming phenotype.
Remarkably, we found that, in pky embryos on which WT surface
cells were transplanted, the BYI bulged upward directly below
the transplanted patch of donor surface cells undergoing expan-
sion, indicative of a locally restricted rescue of doming (Figures
5G and 5H; Movie S5). This suggests that surface cell expansion
is sufficient to trigger doming movements.
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Figure 6. Simulations of the EVL/Surface Cell Transplantation Experiments

(A) Schematic of possible mechanisms involved in rescuing doming by transplanting WT EVL cells on pky mutants: (1) reduced surface tension of the transplanted
WT EVL cells reduces blastoderm surface tension; (2) in addition to reduced surface tension, a friction force between transplanted EVL cells and adjacent deep
cell layer is included; and (3) in addition to reduced surface tension and friction, radial contraction of the deep cell layer below the grafted EVL is locally increased.
(C) Corresponding mechanisms involved in pky mutant EVL transplants inhibiting doming in WT embryos: (1) increased surface tension in the grafted patch
increases blastoderm surface tension, (2) in addition to increased surface tension, a friction force between EVL and deep cells is included, and (3) in addition to
increase surface tension and friction, radial deep cell layer contraction below the grafted EVL is locally decreased.

(B-B” and D-D") Simulation of changes in either pky embryo shapes as a result of WT EVL transplantations (B) and (B”) or WT embryo shapes as a result of pky
surface cell transplantations (D) and (D”), according to the three mechanisms described in (A) and (C). Left plots display embryo surface area and height with pale
blue and red curves showing the experimental measurements, and dashed red and blue thick lines the simulation results. Right panels show simulated embryo

shapes with black arrows outlining the blastoderm velocity field. Error bars, +SD.

See also Figures S5 and Movie S6.

Changes in Blastoderm Surface Tension Modulate
Radial Stress within the Blastoderm

Our observations from the transplantation experiments between
WT and pky mutant embryos suggest that local changes in blas-
toderm surface tension elicit local changes in upward bulging of
the BYI. To understand how this can be explained by our
mechanical description of the embryo, we first asked to what
degree surface cell expansion and/or radial cell intercalations
are defective in pky mutants. Our phenotypic analysis of pky em-
bryos revealed that not only surface cells fail to expand (Fig-
ure S5C), but that also active radial contraction of the deep cell
layer is defective (Figure S5C). Specifically, we found that, in
pky mutants, deep cells showed reduced motility and did not
elongate along the radial axis of the blastoderm (Figures S5D
and S5E). We then asked whether simulations of doming based
on both absence of active radial stress within the blastoderm and
increased blastoderm surface tension give rise to embryo shape
changes similar to the situation in pky mutants (Figure S5G). We
found that such simulations closely phenocopied the pky mutant
(Figure S5@G), supporting the notion that both blastoderm surface
tension reduction and radial contraction of the deep cell layer are
defective in pky mutants. With the mechanical description of
both pky and WT embryos in hand, we then performed simula-
tions where we either locally reduced surface tension in a circular
region around the animal pole in pky mutants or increased this
tension in WT embryos, reflecting the transplantation of WT cells
into pky and vice versa (Figures 6A and 6C). We found that this
led to a local increase or reduction in surface cell expansion
within the transplanted region, respectively, consistent with our
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experimental observations (Figures S5E-S5K”). However, we
failed to reproduce the observed local changes in BYI upward
bulging (Figures 6B and 6D). We then tested whether introducing
friction force acting between surface cells and deep cells could
trigger those local changes of BYI upward bulging observed in
the transplantation experiments. We found, however, that
including such friction force in our simulations did not lead to
changes in BYI upward bulging of a magnitude observed in the
experiments (Figures 6B’ and 6D’). This argues against such
friction force playing a decisive role in mediating the effect of
surface cell expansion on BYI upward bulging. Finally, we hy-
pothesized that surface cell expansion not only reduces surface
tension, but also locally increases radial stress within the blasto-
derm. Strikingly, introducing such an effect in our simulations
led to changes in embryo geometry closely matching the
experimental observations in our transplantation experiments
(Figures 6B” and 6D”; Movie S6). This suggests that active
surface cell expansion functions in doming by both reducing
blastoderm surface tension and promoting radial stress within
the blastoderm.

To test the prediction from our model that surface cell expan-
sion triggers radial deep cell layer contraction, we first asked
whether in our transplantation experiments surface cell expan-
sion indeed locally triggers radial stress generation within the un-
derlying deep cell layer. To this end, we analyzed deformation of
yolk granules in pky mutant embryos where a patch of trans-
planted WT EVL cells induced local upward bulging of the BYI
(Figures 5G and 5H; Movie S5). We found that the yolk granules
were locally elongated along the radial axis at the position where
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Figure 7. Surface Cell Expansion Reduces Deep Cell Density and Increases Deep Cell Motility

(A-F) Transplantation of EVL/surface cells from RhoA-overexpressing WT to WT embryos (A) and (B) (n = 3 embryos), Mypt1-overexpressing pky to pky embryos
(C) and (D) (n = 3 embryos), and of large patches of pky surface cells replacing a smaller patch of surface cells in pky embryos (E) and (F) (n = 3 embryos). Bright-
field images of mosaic embryos before (—30 min) and after completion of doming (+90 min) with transplanted cells marked by fluorescent dextran; green (A), (A'),
(C), (C'), (E), and (E'). Confocal images with plasma membrane expressing mem-GFP (green), nuclei marked by H2A-mCherry (magenta) and BYI outlined by
fluorescent dextran (white); (A”), (A"), (C”), (C”), (E”), and (E"). Transplanted cells were marked by fluorescent dextran; green (A), (A'), (C), (C)), (E), and (E'), or
H2B-GFP; green (A”), (A"), (C"), (C"), (E"), and (E"). Red and white dashed lines, BYI. Changes in relative BY| area (left column) and relative EVL/surface cell area
(right column) as a function of time during doming in the different transplantation experiments (B), (D), and (F). The control data in (B), (D), and (F) were taken from
Figures 5F and 5H. Error bars, +SEM. Scale bars, 100 um.

(G-I) Exemplary confocal images of deep cell clustering below EVL/surface cells at the onset of doming in WT (G) and pky embryos (H). Space between deep cells
is marked by a dashed line. Asterisks, EVL/surface cells. Plasma membrane was labeled by mem-GFP (green) and nuclei by H2A-mCherry (magenta). Density of
deep cell nuclei in WT and pky mutant embryos was quantified within an area of ~50 um below EVL/surface cells as a function of time during doming (l). Scale
bars, 10 um. Error bars, + SEM, n = 6 embryos for WT and pky each.

(J and K) Exemplary trajectories of deep cell movements beneath EVL/surface cells. Nuclei of deep cells within and area of ~60 um below EVL/surface cells were
tracked in WT (top, n = 57 cells) and pky embryos (bottom, n = 35 cells) for 100 min from the onset of doming and plotted from the origin (J). The z axis corresponds
to the animal-vegetal axis of the embryo with animal pole up. Radial speed of deep cells in WT and pky mutant embryos within an area of ~50 um below EVL/

surface cells (K). Error bars, £SEM, n = 6 embryos for WT and pky each.
See also Movie S5.

the BYI bulged upward (Figure S5F). This supports the assump-
tion that local stresses generated within the deep cell layer are
transmitted to the yolk cell, locally deforming yolk granules.
Next, we asked whether the ability of surface cells to expand,
rather than any other features of the EVL that might be different
between WT and pky mutant embryos, is responsible for the
observed effect on deep cell layer contraction in our transplanta-
tion experiments. To this end, we transplanted EVL cells from WT
embryos overexpressing the small GTPase RhoA onto WT em-
bryos (Figure 7A). We reasoned that overexpression of RhoA in
the donor EVL cells will promote actomyosin contraction in those
cells (Tinevez et al., 2009) and thus reduce their ability to expand
on the blastoderm surface. We found that RhoA-overexpressing
EVL cells transplanted onto the surface of WT host embryos
failed to expand (Figure 7B), and that this failure was accompa-
nied by reduced doming movements in the host embryo (Fig-
ure 7B and Movie S5). Notably, RhoA-overexpressing EVL cells
not only failed to actively expand but also showed a tendency to
delaminate into the deep cell layer at the end of doming (90 min;
Figure S6H). However, this delamination typically occurred after
the effect on doming movements became visible in the trans-
planted embryos (not shown), arguing against this function of
RhoA being responsible for the observed doming defect.
Conversely, we also performed transplantation of either a large
patch of pky donor surface cells (~100 cells) replacing a smaller

patch of surface cells (~60 cells) in pky host embryos or, alterna-
tively, of a patch of pky donor surface cells overexpressing
myosin phosphatase 1 (mypt1) (Jayashankar et al., 2013), which
reduces actomyosin contraction in those cells, replacing a
similar-sized patch of surface cells in pky hosts (Figures 7C
and 7E). We reasoned that in both of these transplantations,
we locally normalize expansion of pky surface cells without
changing their genotype (Figure S6l), allowing us to specifically
analyze the effect of modulating surface cell expansion on dom-
ing in pky mutants. Strikingly, we found that in both of these
transplantation assays, the area of transplanted surface cells
expanded and the BYI below the transplanted surface cells dis-
played considerable upward bulging, indicative of a local rescue
of doming in pky (Figures 7C-7F). Together, these transplanta-
tion experiments confirmed our assumption that expansion of
surface cells, rather than other not yet identified activities of sur-
face cells, triggers radial deep cell layer contraction.

Finally, we asked by which mechanism surface cell expansion
might trigger radial deep cell layer contraction. Assuming that
deep cell-cell contact formation has previously been shown to
reduce cell protrusion formation and movement (Arboleda-Estu-
dillo et al., 2010), we reasoned that surface cell expansion might
promote radial deep cell layer contraction by locally reducing cell
density at the surface of the underlying deep cell layer allowing
deep cells to become motile and actively undergo radial cell

Developmental Cell 40, 354-366, February 27, 2017 363

CellPress




Cell’ress

intercalations. To test this hypothesis, we analyzed changes in
deep cell density and motility at the deep cell layer surface as
a function of surface cell expansion at the onset of doming. We
found that in WT embryos, deep cell density at the deep cell layer
surface decreased and deep cell motility increased when sur-
face EVL cells started to expand at the onset of doming (Figures
7G and 7I). This anti-correlation between deep cell density and
radial deep cell motility was particularly evident during the first
50 min of doming, while at later stages of doming radial deep
cell motility begun to decrease despite a continuous decrease
in cell density (Figures 7G and 7I). In contrast to the situation in
WT embryos, no such anti-correlation between deep cell density
and motility during early doming were observed when surface
cells fail to expand in pky mutant embryos (Figures 7H-7K).
These observations support our assumption that during early
stages of doming surface cell expansion promotes radial deep
cell layer contraction by locally providing sufficient space
required for active deep cell intercalation.

DISCUSSION

Doming is achieved by the coordinated expansion and thinning
of the blastoderm. Our study shows that the EVL, by reducing
its surface tension, simultaneously drives both of these pro-
cesses thereby coordinating them. The EVL exerts its dual func-
tion through two interdependent mechanisms: (1) by reducing its
surface tension the EVL generates an imbalance of forces acting
on the contact line between EVL, yolk cell, and the BY], driving
contact line motion toward the vegetal pole and thus blastoderm
expansion. Assuming that the relative volume of the yolk is
conserved, the reduction in EVL surface tension is expected
not only to drive blastoderm expansion, but also to change the
balance of yolk to blastoderm pressure at the BYI, causing the
BYI to bulge upward and thus thin the blastoderm. (2) By ex-
panding, the EVL also induces active radial cell intercalation
within the underlying deep cell layer, generating radial stress
within the blastoderm required for homogeneous blastoderm
thinning during doming.

Expansion of epithelial surface cells in different fish species
has previously been associated with both active spreading
(Betchaku and Trinkaus, 1978) and passive stretching due to
forces generated by an actomyosin cable within the yolk syncy-
tial layer (YSL) pulling on the margin of the epithelium (Behrndt
et al., 2012). Our observations suggest that surface cells auton-
omously reduce their surface tension, thereby undergoing
spreading, and that this process depends on EVL cell fate spec-
ification. This does not exclude a cell-non-autonomous compo-
nent in EVL spreading, such as pulling forces from the YSL, but
points at an important role of EVL cell differentiation for the
spreading process itself. How EVL cell differentiation results in
EVL cell spreading is unknown. Given that EVL differentiation is
accompanied by a pronounced upregulation of keratin expres-
sion (Imboden et al., 1997), and that keratins have previously
been implicated in cell spreading during wound healing (Bragulla
and Homberger, 2009), it is conceivable that the build-up of a
keratin-cytoskeleton is involved in EVL cell spreading.

The molecular and cellular mechanisms by which deep cells
undergo radial cell intercalations are not yet fully understood
(Lepage and Bruce, 2010). E-cadherin-mediated preferred
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attachment of deep cells to the overlying EVL cells has been pro-
posed to constitute one potential mechanism driving deep cell
radial cell intercalation (Kane et al., 2005; Shimizu et al., 2005).
Consistent with such a role of EVL in driving radial cell intercala-
tions are our observations that EVL expansion both reduces
deep cell density and increases deep cell motility (Figures 7G-
7K). It is thus conceivable that EVL expansion triggers radial
deep cell intercalations by expanding the substrate to which
deep cells preferably anchor and providing sufficient space for
deep cells reaching this substrate. In addition, or alternatively,
the complement factor C3 has recently been involved in radial
deep cell intercalation during Xenopus gastrulation (Szabo
etal., 2016). Specifically, it has been proposed that a short-range
gradient of C3 originating from surface cells attracts deep cells to
move toward the surface, resulting in radial deep cell intercala-
tions. While our preliminary observations using drugs blocking
C3 signaling do not support a critical role of C3 in doming
(data not shown), our data are in principle compatible with
such a function of C3 also in zebrafish gastrulation. However,
chemoattraction by C3 released from surface cells is unlikely
to explain why surface cell expansion triggers active radial
deep cell intercalation, unless one assumes that surface cell
expansion relates to the amount of C3 released by these cells.
Whether such elaborate relationship exists and to what extent
it would be needed to explain the effect of surface cell expansion
on radial deep cell intercalations remains to be investigated.

For developing a mechanical model of the doming process
incorporating the effects of both surface cell expansion and
deep cell intercalations, we have proposed an active fluid
description of embryo-scale deformation. In this description,
force generation in surface and deep cells of the embryo is
characterized on a scale much larger than a cell by a few
phenomenological parameters corresponding to tissue viscos-
ities and internal force generation (Etournay et al., 2015; Ranft
et al., 2010). We have specifically investigated here the mechan-
ical interplay between two tissue types, an epithelial surface
layer and mesenchymal deep cells positioned below this layer,
undergoing pronounced shape changes during doming. Despite
its simplicity, our physical description allowed us to capture the
characteristic shape changes of those tissues during doming
(Figures 4D and 4F). Furthermore, we were able to measure
embryo surface tension by embryo compression experiments,
blastoderm viscosity by explant fusion experiments, and obtain
physical values of other internal viscosities and stresses by ad-
justing the parameters of our physical description to match the
tissue shape changes occurring during doming. Interestingly,
we found that the value of blastoderm viscosity is ~10-100 times
smaller than reported for other tissues (Forgacs et al., 1998; Gue-
vorkian et al., 2010; Marmottant et al., 2009), possibly due to the
high motility of deep cells in the blastoderm reducing effective
tissue viscosity. Moreover, the internal anisotropic stresses
generated within the blastoderm turned out to be in a magnitude
of ~0.5 Pa (Table S1), smaller than typically exerted by, e.g.,
actomyosin networks (Mathur et al., 2001). This suggests that
comparably small tissue stress anisotropies acting over ~1 hr
of doming are sufficient to trigger pronounced embryo shape
changes during this process.

The coordinated spreading of multiple tissues constitutes a
universal mechanism by which embryos take shape during



gastrulation (Solnica-Krezel, 2005). Thus, elucidating the force-
generating processes by which tissues undergo coordinated
spreading is central for understanding the physical basis of em-
bryo morphogenesis. Our findings provide evidence that for
spreading of complex multilayered tissues consisting of both
epithelial surface cells and mesenchymal deep cells, surface
cells play a key role. By reducing their surface tension and thus
actively expanding, they not only drive tissue expansion, but
also trigger active radial intercalation of underlying deep cells,
a process required for homogeneous tissue thinning during
spreading. Thus, by simultaneously reducing tissue surface ten-
sion and increasing radial tissue contraction, active surface cell
expansion allows complex tissues to undergo coordinated tis-
sue expansion and thinning.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
® CONTACT FOR REAGENT AND RESOURCE SHARING
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Zebrafish (Danio rerio)
o METHODS DETAILS
Handling of Zebrafish Embryos
DNA Constructs and mRNA/Dye Injections
Image Acquisition
Embryo Geometrical Parameter Analysis
Embryo Compression and Relaxation Experiments
Immunostaining
Cell Division Inhibition
Deep Cell Removal and Replacement
EVL/Surface Cell Transplantation
Theoretical and Computational Models
o QUANTIFICATION AND STATISTICAL ANALYSIS
O Image Analyses
O Statistical Analysis

o

OO0OO0OO0OO0OO0OO0OO0O0

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, one table, six movies, and
supplemental text and can be found with this article online at http://dx.doi.
org/10.1016/j.devcel.2017.01.010.

AUTHOR CONTRIBUTIONS

H.M., G.S., and C.-P.H. designed the research. H.M. performed most of the
experiments. H.M. and S.F.G.K. performed the compression experiment.
H.M., S.G., M.B., S.F.G.K,, and G.S. analyzed the experimental data. G.S.
developed the theoretical model. S.G., M.B., and G.S. performed the simula-
tions. H.M., G.S., and C.-P.H. wrote the manuscript.

ACKNOWLEDGMENTS

We thank O. Campas, J.-F. Joanny, R. Mayor, P. Ziherl, and members of our
laboratories for thoughtful discussions and comments on the manuscript,
and the light microscopy and zebrafish facilities of the IST Austria for
continuous support. This work was supported by postdoctoral fellowships
from Uehara Memorial Foundation and JSPS to H.M., grants from IST Austria
to C.-P.H., and the Francis Crick Institute, which receives its core funding from

Cancer Research UK (FC001317), the UK Medical Research Council
(FC001317), and the Wellcome Trust (FC001317), to S.G. and G.S.

Received: March 9, 2016
Revised: December 18, 2016
Accepted: January 20, 2017
Published: February 16, 2017

SUPPORTING CITATIONS

The following references appear in the Supplemental Information: Clift et al.,
2005; De Gennes, 1985; Huh and Scriven, 1971; Moffatt, 1964; Zienkiewicz
and Taylor, 1977.

REFERENCES

Aigouy, B., Farhadifar, R., Staple, D.B., Sagner, A., Roper, J.C., Julicher, F.,
and Eaton, S. (2010). Cell flow reorients the axis of planar polarity in the
wing epithelium of Drosophila. Cell 142, 773-786.

Arboleda-Estudillo, Y., Krieg, M., Stihmer, J., Licata, N.A., Muller, D.J., and
Heisenberg, C.-P. (2010). Movement directionality in collective migration of
germ layer progenitors. Curr. Biol. 20, 161-169.

Behrndt, M., Salbreux, G., Campinho, P., Hauschild, R., Oswald, F., Roensch,
J., Grill, S.W., and Heisenberg, C.-P. (2012). Forces driving epithelial spreading
in zebrafish gastrulation. Science 338, 257-260.

Bensch, R., Song, S., Ronneberger, O., and Driever, W. (2013). Non-directional
radial intercalation dominates deep cell behavior during zebrafish epiboly.
Biol. Open 2, 845-854.

Betchaku, T., and Trinkaus, J.P. (1978). Contact relations, surface activity, and
cortical microfilaments of marginal cells of the enveloping layer and of the yolk
syncytial and yolk cytoplasmic layers of Fundulus before and during epiboly.
J. Exp. Zool. 206, 381-426.

Bragulla, H.H., and Homberger, D.G. (2009). Structure and functions of keratin
proteins in simple, stratified, keratinized and cornified epithelia. J. Anat. 274,
516-559.

Choo, B.G., Kondrichin, I., Parinov, S., Emelyanov, A., Go, W., Toh, W.C., and
Korzh, V. (2006). Zebrafish transgenic Enhancer TRAP line database
(ZETRAP). BMC Dev. Biol. 6, 5.

Clift, R., Grace, J.R., and Weber, M.E. (2005). Bubbles, Drops, and Particles
(Courier Corporation).

Correa, R.G., Matsui, T., Tergaonkar, V., Rodriguez-Esteban, C., Izpisua-
Belmonte, J.C., and Verma, .M. (2005). Zebrafish IkappaB kinase 1 negatively
regulates NF-kappaB activity. Curr. Biol. 26, 1291-1295.

De Gennes, P.-G. (1985). Wetting: statics and dynamics. Rev. Mod. Phys.
57, 827.

De Gennes, P.-G., Brochard-Wyart, F., and Quere, D. (2004). Capillarity and
Wetting Phenomena, Drops, Bubbles, Pearls, Waves (Springer-Verlag).
Etournay, R., Popovi¢, M., Merkel, M., Nandi, A., Blasse, C., Aigouy, B.,
Brandl, H., Myers, G., Salbreux, G., Julicher, F., et al. (2015). Interplay of cell
dynamics and epithelial tension during morphogenesis of the Drosophila pupal
wing. Elife 4, e07090.

Forgacs, G., Foty, R.A., Shafrir, Y., and Steinberg, M.S. (1998). Viscoelastic
properties of living embryonic tissues: a quantitative study. Biophys. J. 74,
2227-2234.

Foty, R.A., Forgacs, G., Pfleger, C.M., and Steinberg, M.S. (1994). Liquid prop-
erties of embryonic tissues: measurement of interfacial tensions. Phys. Rev.
Lett. 72, 2298-2301.

Fukazawa, C., Santiago, C., Park, K.M., Deery, W.J., Gomez de la Torre
Canny, S., Holterhoff, C.K., and Wagner, D.S. (2010). poky/chuk/ikk1 is
required for differentiation of the zebrafish embryonic epidermis. Dev. Biol.
346, 272-283.

Gonzalez-Rodriguez, D., Guevorkian, K., Douezan, S., and Brochard-Wyart, F.
(2012). Soft matter models of developing tissues and tumors. Science 338,
910-917.

Developmental Cell 40, 354-366, February 27, 2017 365

CellPress



http://dx.doi.org/10.1016/j.devcel.2017.01.010
http://dx.doi.org/10.1016/j.devcel.2017.01.010
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref1
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref1
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref1
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref1
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref2
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref2
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref2
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref2
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref3
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref3
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref3
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref4
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref4
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref4
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref5
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref5
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref5
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref5
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref6
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref6
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref6
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref7
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref7
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref7
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref8
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref8
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref9
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref9
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref9
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref10
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref10
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref11
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref11
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref12
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref12
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref12
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref12
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref12
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref12
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref13
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref13
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref13
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref14
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref14
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref14
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref15
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref15
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref15
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref15
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref16
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref16
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref16

Guevorkian, K., Colbert, M.J., Durth, M., Dufour, S., and Brochard-Wyart, F.
(2010). Aspiration of biological viscoelastic drops. Phys. Rev. Lett. 104,
218101.

Guillot, C., and Lecuit, T. (2013). Mechanics of epithelial tissue homeostasis
and morphogenesis. Science 340, 1185-1189.

Heisenberg, C.-P., and Bellaiche, Y. (2013). Forces in tissue morphogenesis
and patterning. Cell 153, 948-962.

Huh, C., and Scriven, L. (1971). Hydrodynamic model of steady movement of a
solid/liquid/fluid contact line. J. Colloid Interface Sci. 35, 85-101.

lioka, H., Ueno, N., and Kinoshita, N. (2004). Essential role of MARCKS in
cortical actin dynamics during gastrulation movements. J. Cell Biol. 164,
169-174.

Imboden, M., Goblet, C., Korn, H., and Vriz, S. (1997). Cytokeratin 8 is a suit-
able epidermal marker during zebrafish development. C. R. Acad. Sci. lll 320,
689-700.

Jayashankar, V., Nguyen, M.J., Carr, B.W., Zheng, D.C., Rosales, J.B.,
Rosales, J.B., and Weiser, D.C. (2013). Protein phosphatase 1 B paralogs
encode the zebrafish myosin phosphatase catalytic subunit. PLoS One 8,
e75766.

Kane, D.A., McFarland, K.N., and Warga, R.M. (2005). Mutations in half baked/
E-cadherin block cell behaviors that are necessary for teleost epiboly.
Development 132, 1105-1116.

Keller, R.E. (1978). Time-lapse cinemicrographic analysis of superficial cell
behavior during and prior to gastrulation in Xenopus laevis. J. Morphol. 157,
223-248.

Keller, P.J., Schmidt, A.D., Wittbrodt, J., and Stelzer, E.H. (2008).
Reconstruction of zebrafish early embryonic development by scanned light
sheet microscopy. Science 322, 1065-1069.

Kimmel, C.B., and Law, R.D. (1985). Cell lineage of zebrafish blastomeres. Il.
Formation of the yolk syncytial layer. Dev. Biol. 108, 86-93.

Kimmel, R.A., and Meyer, D. (2010). Molecular regulation of pancreas develop-
ment in zebrafish. Methods Cell Biol. 700, 261-280.

Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., and Schilling, T.F.
(1995). Stages of embryonic development of the zebrafish. Dev. Dyn. 203,
253-310.

Lepage, S.E., and Bruce, A.E.E. (2010). Zebrafish epiboly: mechanics and
mechanisms. Int. J. Dev. Biol. 54, 1213-1228.

Lepage, S.E., Tada, M., and Bruce, A.E. (2014). Zebrafish dynamin is required
for maintenance of enveloping layer integrity and the progression of epiboly.
Dev. Biol. 385, 52-66.

Maitre, J.L., Berthoumieux, H., Krens, S.F., Salbreux, G., Jilicher, F., Paluch,
E., and Heisenberg, C.-P. (2012). Adhesion functions in cell sorting by me-
chanically coupling the cortices of adhering cells. Science 338, 253-256.
Marmottant, P., Mgharbel, A., Kafer, J., Audren, B., Rieu, J.P., Vial, J.C., van
der Sanden, B., Marée, A.F., Graner, F., and Delanoé-Ayari, H. (2009). The
role of fluctuations and stress on the effective viscosity of cell aggregates.
Proc. Natl. Acad. Sci. USA 106, 17271-17275.

Mathur, A.B., Collinsworth, A.M., Reichert, W.M., Kraus, W.E., and Truskey,
G.A. (2001). Endothelial, cardiac muscle and skeletal muscle exhibit different
viscous and elastic properties as determined by atomic force microscopy.
J. Biomech. 34, 1545-1553.

366 Developmental Cell 40, 354-366, February 27, 2017

Moffatt, H. (1964). Viscous and resistive eddies near a sharp corner. J. Fluid
Mech. 18, 1-18.

Morita, H., Kajiura-Kobayashi, H., Takagi, C., Yamamoto, T.S., Nonaka, S.,
and Ueno, N. (2012). Cell movements of the deep layer of non-neural ectoderm
underlie complete neural tube closure in Xenopus. Development 739,
1417-1426.

Panousopoulou, E., Hobbs, C., Mason, I., Green, J.B., and Formstone, C.J.
(2016). Epiboly generates the epidermal basal monolayer and spreads the
nascent mammalian skin to enclose the embryonic body. J. Cell Sci. 729,
1915-1927.

Parslow, A., Cardona, A., and Bryson-Richardson, R.J. (2014). Sample drift
correction following 4D confocal time-lapse imaging. J. Vis. Exp. http://dx.
doi.org/10.3791/51086.

Prost, J., Julicher, F., and Joanny, J. (2015). Active gel physics. Nat. Phys. 77,
111-117.

Ranft, J., Basan, M., Elgeti, J., Joanny, J.F., Prost, J., and Julicher, F. (2010).
Fluidization of tissues by cell division and apoptosis. Proc. Natl. Acad. Sci.
USA 107, 20863-20868.

Schotz, E.M., Burdine, R.D., Jilicher, F., Steinberg, M.S., Heisenberg, C.-P.,
and Foty, R.A. (2008). Quantitative differences in tissue surface tension influ-
ence zebrafish germ layer positioning. HFSP J. 2, 42-56.

Shimizu, T., Yabe, T., Muraoka, O., Yonemura, S., Aramaki, S., Hatta, K., Bae,
Y.K., Nojima, H., and Hibi, M. (2005). E-cadherin is required for gastrulation cell
movements in zebrafish. Mech. Dev. 122, 747-763.

Solnica-Krezel, L. (2005). Conserved patterns of cell movements during verte-
brate gastrulation. Curr. Biol. 15, R213-R228.

Szabd, A., Cobo, I, Omara, S., McLachlan, S., Keller, R., and Mayor, R. (2016).
The molecular basis of radial intercalation during tissue spreading in early
development. Dev. Cell 37, 213-225.

Takesono, A., Moger, J., Farooq, S., Cartwright, E., Dawid, I.B., Wilson, S.W.,
and Kudoh, T. (2012). Solute carrier family 3 member 2 (Slc3a2) controls yolk
syncytial layer (YSL) formation by regulating microtubule networks in the ze-
brafish embryo. Proc. Natl. Acad. Sci. USA 109, 3371-3376.

Tinevez, J.Y., Schulze, U., Salbreux, G., Roensch, J., Joanny, J.F., and Paluch,
E. (2009). Role of cortical tension in bleb growth. Proc. Natl. Acad. Sci. USA
106, 18581-18586.

Wagner, D.S., Dosch, R., Mintzer, K.A., Wiemelt, A.P., and Mullins, M.C.
(2004). Maternal control of development at the midblastula transition and
beyond: mutants from the zebrafish II. Dev. Cell 6, 781-790.
Walck-Shannon, E., and Hardin, J. (2014). Cell intercalation from top to bot-
tom. Nat. Rev. Mol. Cell Biol. 75, 34-48.

Wallingford, J.B. (2012). Planar cell polarity and the developmental control of
cell behavior in vertebrate embryos. Annu. Rev. Cell Dev. Biol. 28, 627-653.
Warga, R.M., and Kimmel, C.B. (1990). Cell movements during epiboly and
gastrulation in zebrafish. Development 708, 569-580.

Westerfield, M. (2007). The Zebrafish Book. A Guide for the Laboratory Use of
Zebrafish (Danio rerio), Fifth Edition (University of Oregon Press).

Wilson, E.T., Cretekos, C.J., and Helde, K.A. (1995). Cell mixing during early
epiboly in the zebrafish embryo. Dev. Genet. 17, 6-15.

Zienkiewicz, O.C., and Taylor, R.L. (1977). The Finite Element Method, vol. 3
(McGraw-Hill).


http://refhub.elsevier.com/S1534-5807(17)30037-0/sref17
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref17
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref17
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref18
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref18
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref19
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref19
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref20
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref20
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref21
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref21
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref21
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref22
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref22
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref22
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref23
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref23
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref23
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref23
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref24
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref24
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref24
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref25
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref25
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref25
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref26
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref26
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref26
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref27
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref27
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref28
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref28
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref29
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref29
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref29
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref30
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref30
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref31
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref31
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref31
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref32
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref32
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref32
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref32
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref33
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref33
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref33
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref33
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref33
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref33
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref34
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref34
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref34
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref34
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref35
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref35
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref36
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref36
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref36
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref36
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref37
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref37
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref37
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref37
http://dx.doi.org/10.3791/51086
http://dx.doi.org/10.3791/51086
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref39
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref39
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref39
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref40
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref40
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref40
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref40
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref41
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref41
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref41
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref41
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref42
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref42
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref42
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref43
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref43
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref44
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref44
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref44
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref45
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref45
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref45
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref45
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref46
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref46
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref46
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref47
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref47
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref47
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref48
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref48
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref49
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref49
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref50
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref50
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref51
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref51
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref52
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref52
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref53
http://refhub.elsevier.com/S1534-5807(17)30037-0/sref53

STARXMETHODS

KEY RESOURCES TABLE

Reagent or Resource Source Identifier
Antibodies

anti-phospho-Histone H3 (Ser 10) Upstate Cat#06-570
anti-ZO1 Invitrogen Cat#33-9100

Cy5-conjugated goat anti-mouse 1gG

Jackson ImmunoResearch

Cat#115-175-146

Chemicals, Peptides, and Recombinant Proteins

DAPI Invitrogen Cat#D1306
Hydroxyurea Sigma-Aldrich Cat#H8627
Aphidicolin Sigma-Aldrich Cat#A0781
Dextran Alexa Fluor 647 Invitrogen Cat#D22914
Dextran fluorescein Invitrogen Cat#D1821
Histone H1 Alexa Fluor 647 Invitrogen Cat#C29926
Critical Commercial Assays

mMMESSAGE mMACHINE SP6 Ambion Cat#AM1340

Transcription Kit

Experimental Models: Organisms/Strains

Zebrafish: AB

Zebrafish: chukP?029/P20ad (5oky)
Zebrafish: Tg(actb1:lifeact-EGFP)
Zebrafish: Tg(actb1:myl12.1-EGFP)
Zebrafish: Tg(krt4:EGFP-CAAX)

Zebrafish International Resource
Center (ZIRC)

Fukazawa et al., 2010
Behrndt et al., 2012
Maitre et al., 2012
Choo et al., 2006

ZFIN: ZDB-GENO-960809-7

ZFIN: ZDB-FISH-150901-16711
N/A

N/A

ZFIN: ZDB-ALT-111207-5

Recombinant DNA

Plasmid: Membrane-GFP
Plasmid: Membrane-RFP
Plasmid: H2B-EGFP
Plasmid: H2A-mCherry
Plasmid: RhoA

Plasmid: Mypt1

Kimmel and Meyer., 2010
lioka et al., 2004

Keller et al., 2008
Arboleda-Estudillo et al., 2010
Takesono et al., 2012
Jayashankar et al., 2013

N/A
N/A
N/A
N/A
N/A
N/A

Software and Algorithms

Mathematica

Fiji

Matlab2013a
Octave 4.0.0
Imaris 7.4
Packing Analyzer

Wolfram Research, Inc.
NIH

MathWorks Inc.

GNU Octave

Bitplane Inc.

Aigouy et al., 2010

http://www.wolfram.com
https://fiji.sc
http://mathworks.com
http://www.octave.org
http://www.bitplane.com
N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

For further information, requests should be directed to and will be fulfilled by the Lead Contact, Carl-Philipp Heisenberg (heisenberg@

ist.ac.at).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish (Danio rerio)

Zebrafish strains were maintained under a 14-hr light/10-hr dark cycle (Westerfield, 2007). All experiments using zebrafish in this
study were approved by the responsible Austrian legal authorities. The following zebrafish strains were used in this study: wild
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type (WT) AB, poky (pky) (Wagner et al., 2004), Tg(actb1:lifeact-EGFP) (Behrndt et al., 2012), Tg(actb1:myl12.1-EGFP) (Maitre et al.,
2012) and Tg(krt4:EGFP-CAAX) (Choo et al., 2006).

METHODS DETAILS

Handling of Zebrafish Embryos

Zebrafish embryos were kept in E3 embryo medium and staged as previously described (Kimmel and Law, 1985). Embryonic ma-
nipulations were done in Danieau’s solution [58 mM NaCl, 0.7 mM KCI, 0.4 mM MgSOy,, 0.6 mM Ca(NOs3),, 5 mM HEPES (pH 7.2)]
unless otherwise stated.

DNA Constructs and mRNA/Dye Injections

The following expression constructs were used: membrane-GFP (mem-GFP) (Kimmel and Meyer, 2010), membrane-RFP (mem-RFP)
(lioka et al., 2004), H2B-EGFP (Keller et al., 2008), H2A-mCherry (Arboleda-Estudillo et al., 2010), RhoA (Takesono et al., 2012), and
N-terminal fragment of Mypt1 (Jayashankar et al., 2013). mRNA was synthesized using mMESSAGE mMACHINE SP6 kit (Ambion).
Zebrafish embryos were injected using glass capillary needles (30-0020, Harvard Apparatus, MA, USA), which were pulled by a nee-
dle puller (P-97, Sutter Instrument) and attached to a microinjector system (PV820, World Precision Instruments). 200 pg mem-GFP/
mem-RFP/H2B-EGFP/H2A-mCherry, 50 pg rhoA, and 100 pg mypt1 mRNA were injected into 1-cell stage embryos. To label the BYI,
a cocktail of 2 mg/mL dextran Alexa Fluor 647 (10,000 MW; D22914, Invitrogen) and 2 mg/mL histone H1 Alexa Fluor 647 (C29926,
Invitrogen) diluted in 50% glycerol was injected into the yolk of high-oblong stage (3.3-3.7 hpf) embryos.

Image Acquisition

For microscopy, dechorionated embryos were mounted in 0.3% low melting point (LMP) agarose (16,520-050, Invitrogen) either on a
mold made by 1% LMP agarose for upright microscopy or on a glass bottom dish (P35G-1.5-14-C, MatTek Corporation) for inverted
microscopy. Mounted embryos were kept in an incubation chamber at 28.5°C during microscopy. For bright-field microscopy of
whole embryos, embryos were imaged on a Nikon Eclipse inverted widefield microscope equipped with CFl Plan Fluor 10x/0.3 objec-
tive (Nikon), a fluorescent light source (Lumencor) and a band-pass filter 438/24 for observing dextran fluoresceinina 1.25 x 0.94 mm
area as 640 x 480 pixels with 1 min time intervals. For laser scanning microscopy of deep tissues, embryos were imaged on a TriM
Scope two-photon microscope (LaVision BioTec), which was equipped with a Chameleon Ultra Il laser with Chameleon Compact
OPO (Coherent), a Plan-Apochromat 20x/1.0 water-immersion objective (Zeiss) and GaAsP detectors (Hamamatsu Photonics), in
a400 x 400 pm area as 341 x 341 pixels in about 300 um depth with 3 um step size. Images were obtained every 3 min with excitation
wavelengths of 800 nm (Ti-sapphire laser) and 1,100 nm (OPO). The fluorescent signal was collected using bandpass filters of 525/
50 nm (GFP), 629/56 nm (mCherry, RFP) and 675/67 nm (Alexa 647) split by longpass filters of 593 nm and 650 nm. For bright-field and
confocal imaging of more superficial tissues and fixed specimen, embryos were imaged on a Leica SP5 upright microscope equip-
ped with a HCX IRAPO L 25x/0.95 water-immersion objective (Leica), an argon laser (488 nm) and a HeNe laser (561 and 633 nm), or
on a Leica SP5 inverted microscope equipped with an HC PL APO 20x/0.7 objective (Leica), an argon laser (488 nm) and a HeNe laser
(561 and 633 nm) in about 250 x 250 or 620 x 620 um areaas 512 x 512 or 1024 x 1024 pixels, respectively, with 1-3 um step sizes
depending on the objectives used.

Embryo Geometrical Parameter Analysis

To quantify embryo shape, side-view bright-field time-lapse images of the embryo were taken by using a Nikon Eclipse microscope
(Nikon). Fiji (NIH) was then used to mark several points on EVL, BYI, and the interface of the yolk to the medium. To fit splines to the
marked points, a set of custom GNU Octave (version 4.0.0, GNU Octave) scripts was used. From these splines, the interface area,
bulk volume, and the other observables were determined by assuming that the embryo is rotationally symmetric around its animal-
vegetal (AV) axis.

Embryo Compression and Relaxation Experiments

Dechorionated embryos were placed on the lower glass plate within the incubation chamber of a MicroSquisher (CellScale) filled with
Danieau’s solution. The embryo was oriented within the chamber using the upper glass plate, which was attached by glue to a tung-
sten beam with 0.076 mm diameter, 400 GPa modulus and 60-63 mm length (CellScale). The embryo was then compressed with the
upper plate by 20% of its initial uncompressed height, starting from oblong-sphere stage (3.7-4 hpf). Lateral-side views of embryo
morphology were recorded for up to 150 min after the onset of compression. The contact areas and contact angles between the em-
bryo and the glass plates and the curvature of the embryo were measured from the images of the compressed embryos using
custom-built scripts in Fiji and Matlab (version 2013a, MathWorks). To avoid using ambiguous interfaces between embryo and plates
for the measurements, the contact area/angle were measured about 25 pm away from the plates toward the inside. These geomet-
rical parameters together with the recorded compression force were used to calculate the surface tensions of the embryo (see
Methods S1). To measure the viscosity of the blastoderm, tissue explants were excised from the blastoderm of WT embryos at
high stage (3 hpf) using forceps in Danieau’s solution. Two blastoderm explants were then fused at their wounding site and cultured
for at least 1.5 hr in the same medium at room temperature. When unperturbed control embryos had reached the onset of doming
(4 hpf), the fused explants were compressed using a MicroSquisher. Explant surface tension was calculated as described above.
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Explant fusion was recorded using a Nikon Eclipse inverted wide-field microscope equipped with CFl Plan Fluor 10x/0.3 objective
(Nikon) ina 1.25 x 0.94 mm area as 640 x 480 pixels with 1 min time intervals. To measure the long axis of the explants, the explant
outline was fitted with an ellipse using the ‘Fit Ellipse’ function of Fiji, and the major axis of the fitted ellipse was taken as the longest
axis of the explant. For the compression-relaxation experiment of yolk explants, the blastoderm of WT embryos between 256- and
512-cell stages (2.5-2.75 hpf) was removed from the yolk cell using forceps in Danieau’s solution. The isolated yolk explants were
then placed in the same medium as unperturbed control embryos until the control embryos reached the onset of doming (4 hpf)
and compressed by 20% of their initial height using a MicroSquisher. After 30 min of constant compression the upper plate was
removed and the recovery of the explant height was recorded and manually measured using a custom-built Fiji script.

Immunostaining

Embryos were fixed in 4% paraformaldehyde (PFA) for 1.5 hr at room temperature or overnight at 4°C. After fixation, they were
washed with PBS containing 0.1% Tween 20 (PBST) and dechorionated in PBST. Washed embryos were subsequently incubated
in blocking solution (10% fetal calf serum in PBST) for 1 hr at room temperature, and then exposed to primary and secondary antibody
solutions overnight at 4°C. As primary antibody, rabbit anti-phospho-histone H3 (1:200; 06-570, Upstate) and mouse anti-ZO1
(1:100; 33-9100, Invitrogen) were used. As secondary antibody, Cy5-conjugated goat anti-mouse IgG (1:500; Jackson ImmunoRe-
search) was used. To label nuclei, 50 ug/mL DAPI was added to the secondary antibody solution.

Cell Division Inhibition

Dechorionated embryos were treated with a cocktail of 60 mM hydroxyurea (H8627, Sigma) and 300 uM aphidicolin (A0781, Sigma)
(HUA) from high-oblong stage (3.3-3.7 hpf) and kept in this solution throughout the doming period. The efficiency of cell division in-
hibition was examined by calculating the ratio of pHH3-positive nuclei and total nuclei number.

Deep Cell Removal and Replacement

Deep cells were aspirated from dechorionated embryos at 1k-oblong stage (3-3.7 hpf) using a glass pipette with an inner diameter of
45 pum and a spiky tip (BioMedical Instruments, Germany) connected to a syringe for manually controlling the suction pressure. The
suction pipette was inserted into the blastoderm at a maximum of three different positions close to the EVL margin to avoid any un-
specific interference with EVL epiboly movements. DEL cell-depleted embryos were cultured for at least 20 min before being injected
with Danieau’s solution. Danieau’s solution was injected into the embryos until the volume of blastoderm became similar to the blas-
toderm before DEL cell removal.

EVL/Surface Cell Transplantation

Transplantation of EVL/surface cells was performed as described before (Morita et al., 2012) with the following modifications: the
host and donor embryos were injected with mem-GFP/mem-RFP/H2B-EGFP/H2A-mCherry mRNA or 1 mg/mL dextran fluorescein
(10,000 MW; D1821, Invitrogen) at the 1-cell stage, dechorionated at high-oblong stage (3.3-3.7 hpf) and then transferred to Ca*-
free Ringer’s solution [116 mM NaCl, 2.9 mM KCI, 5 mM HEPES (pH 7.2)]. A part of the blastoderm (EVL and deep cells) was removed
from the donor embryo using forceps, and deep cells attaching to this blastoderm explant were shaved off by an eyebrow that was
fixed at the tip of a pasteur pipette in order to isolate a single layer of EVL/surface cells. Before transplantation, EVL/surface cells were
excised from the host embryo using forceps with minimal removal of adjacent deep cells. The patch of donor EVL/surface cells was
then placed on the EVL-surface cell-depleted site of the host embryo. Transplanted embryos were cultured for at least 30 min at 25-
28.5°C. The number of co-transplanted deep donor cells constituted on average no more than 3.2% + 0.36 (SEM) of the untrans-
planted host deep cells.

Theoretical and Computational Models
Theoretical and computational models used in this study are described in Methods S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image Analyses

Laser scanning two-photon microscopy images were processed using Fiji (NIH) as follows: images were converted from original 16-
bit type to 8-bit type at a certain threshold level. Because the red (mCherry and RFP) and far-red (Alexa 647) fluorescence slightly bled
through into the other channel’s detector (i.e. red fluorescence into the far-red detector and vice versa), images from these channels
were subtracted from each other between the same x, y and z pixel positions based on the signal intensities. Images were subse-
quently processed by image registration using the Fiji plugin Correct 3D drift (Parslow et al., 2014) and then used for further analyses.
To average results from different embryos, embryo images were temporally aligned by using the beginning of the last nuclei division
within external yolk syncytial layer (YSL), which is a known characteristic feature of embryos at the onset of doming (Kimmel and Law,
1985). For BY!I surface area (3D) measurements, dextran signals of BYI were processed by filtering using Gaussian blur and binar-
ization, and detected at their closest position to the interface with the blastoderm using a custom-built Fiji script. The BYI surface area
was then calculated by connecting those detected dextran signal points as a surface using Matlab. Deep cell radial speed was
measured by processing two-photon microscopy-obtained images of blastoderm nuclei using the Spots Object function in Imaris
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(version 7.4, Bitplane), which allows to track the movement of each nucleus over time and obtain x-, y- and z-coordinates of their
movements. To measure the radial speed of deep cells from the tracking data, the three-dimensional prospective center of the em-
bryo was first determined at each time point (Figures S7A and S7B). To this end, embryo side view image stacks were made by the Fiji
‘Reslice’ function along x and y axes, respectively (Figure S7A). These image stacks were processed with maximum intensity pro-
jection and then binarized with a threshold in gray scale value, which includes about 30% darker pixels of total number of pixels.
The arc contours of the binary images corresponding to the embryo outer surface were detected and fitted with the Fiji ‘Fit Circle’
function (Figure S7B). These circles were then used to determine the x-, y- and (mean) z-coordinates of the embryo center. To obtain
the radial speed, the distance between each tracked nucleus and the embryo center was used to calculate the radial displacement of
deep cells using Matlab. In embryos containing transplanted EVL/surface cells, the deep cell speed was measured only under the
transplanted cells. For EVL surface area measurements, two-photon microscopy images of embryos expressing mem-GFP or
mem-RFP were used. Because the images from two-photon microscopy contained signals from both the EVL/surface cells and
the underlying deep cells, images were first processed by deleting signals from deep cells in each z slice after Gaussian filtering, bi-
nerization and determining the area which was created by reducing the outer contour of binerized image by the assumed thickness of
the surface layer (Figures S7C-S7K). The processed images were assembled as a maximum z-projection, followed by semiautomatic
segmentation using Packing Analyzer (v6.5; Aigouy et al., 2010), 3D correction of the segmented images and measurement of the
surface area using a custom-built Matlab script. The surface area was measured for cells (and daughter cells after division) that re-
mained within the image frame throughout the analyzed time points. To measure the fluorescent intensity of Lifeact-EGFP and
Myl12.1-EGFP at the BYI, optical single z sections were obtained using two-photon microscopy in a ~100 um depth from the embryo
surface. The BY| was manually spotted, and the mean gray values of the fluorescent signal were measured within a ~100 um region of
the YSL below the BYI. The measured values were divided by the ratio of the mean gray values of the whole image at each time point
over those at the initial time point (O min) to correct for bleaching. For the aspect ratio and angles of the deep cells and yolk granules,
mem-RFP and dextran Alexa 647 signals were used to detect their membrane and cytoplasm, respectively. The images were
segmented with Packing Analyzer and then measured with a custom-built Fiji script that fits an ellipse to each cell/granule shape.
To measure the angle of the cell’s major axis, the center of the embryo section was determined by fitting a circle to the contour of
the section image and the connected to the center of the fitted ellipse of the cell by a line. To determine the alignment of the cell’s
major axis with the radial axis of the embryo, the angle between this line and the cell’s major axis was measured. To determine the
preferred orientation of the yolk granules, the angle between the major axis of yolk granules and the horizontal line of the image was
measured after tilting the whole image so that the BY| before doming was oriented parallel to the horizontal line of the image. To quan-
tify the subcellular localization of actin in deep cells, the image was first segmented with Packing Analyzer using mem-RFP expres-
sion for outlining individual cells. The segmented area was then further subdivided into 12 sectors with the center of those sectors
being aligned with the center of a fitted ellipse and also divided by a circumferential line which surrounds about 3 um inside from the
plasma membrane (Figure 3B, orange area), creating small compartments at the edge of each cell shape. Finally, the mean gray value
of each small compartment was calculated and normalized by the value from 0-30 degree region from the major axis in order to
localize signal intensity relative to the major axis of the fitted ellipse. To analyze the density and speed of deep cells near the surface
of the embryo, the position of the outer surface of the embryo was first determined from confocal microscopy images of blastoderm
cells expressing mem-GFP by using a custom-built Matlab script. In short, thresholded binary images of embryo side views were
used to identify the outer surface of the blastoderm in a single pixel resolution, followed by treating the extracted surface with an
averaging filter with 50 x 50 pixel size. The distance of deep cells from the embryo surface was determined by calculating the dis-
tance between each deep cell nucleus, which was detected by using the Spot Object function of Imaris, and its nearest point on the
embryo surface. The density and radial speed of deep cells were measured in a region around the animal pole with an area of 100 x
100 um in the equatorial plane and 50 um away from the surface.

Statistical Analysis

Statistical details of experiments are reported in the figures and figure legends. Statistical significance between two groups was
determined by two-tailed Student’s t-test. Statistically significant differences are: *p < 0.05 and ***p < 0.001.
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Figure S1. Changes in Embryo Volume during Doming, Related to Figure 1

Quantification of relative (left) and total (right) WT embryo volumes from bright-field embryo images. V,,

blastoderm volume; V), yolk volume; Vi= V, +V,, total volume. n embryos = 6. Error bars, + s.d.
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Figure S2. Physical Model of Doming, Related to Figures 2 and 3

(A) Quantification of T, (red lines) and T, (blue lines) and T, /T, (black lines) as a function of time after
compression of the embryo by 10% (left panels) and 20% (right panels) of its initial uncompressed height
during doming. n embryos (10%) = 5; n embryos (20 %) = 15. Error bars, + s.d.

(B) Geometry and surface tension model of the zebrafish embryo. The blastoderm, blastoderm-yolk (BYI)
and yolk interfaces have surface tensions Ty, Tyy;and Ty, and the ratio of yolk to blastoderm volume is
conserved.

(C) Force balance and contact angles at the contact line where the three interfaces shown in (A) meet.

(D) Schematic of compression experiment. A force with magnitude |F| is exerted on the embryo through
compression with the upper plate. The mass density of the embryo p results in an force on the lower plate
with increased magnitude, |F;| > |F]|.

(E) Dynamic model of zebrafish doming, where the blastoderm and EVL are represented by active viscous
fluids. The angular coordinate around the animal-vegetal axis is denoted ¢, and the embryo is assumed to
be axisymmetric around the animal-vegetal axis. A coordinate going along the embryo of the surface from
the animal pole is denoted s. &, eé,and n are the tangent and normal vectors to the blastoderm surface,
respectively. The blastoderm flow field is denoted v and the EVL flow field v. The stress tensor inside the
blastoderm is denoted g,z. The active anisotropic part of the stress tensor {,z is assumed to be radially
oriented away from the center of the embryo.

(F and G) Simulated contact angles at the contact line corresponding to simulations shown in Figures 2E and
2F. Simulations were stopped when the angle between the EVL and the YSL approached a zero value.
Continuous lines correspond to experimental measurements in WT embryos. In the extreme scenarios
considered here, simulated and experimental contact angles do not agree (compare with Figures 4D-4F).

Error bars, + s.d.
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Figure S3. Characterization of Deep Cell-Depleted Embryos and Tissue Explants, Related to Figure 4
(A) Number of deep cells in WT control and deep cell-depleted embryos. Confocal images of sphere stage (4
hpf) embryos with nuclei marked by H2A-mCherry expression at the center of the embryo (400x400x300 um
volume) were used to count deep cells. Box plots represent 5%, 25%, median, 75% and 95%. ***P < 0.001
(t-test). n embryos = 3 (control) and 5 (deep cell-depleted).

(B) Measurement of blastoderm (T,) and yolk cell surface tension (T,) in deep cell-depleted WT embryos

during the course of doming using tissue tensiometry. Embryos were compressed by 20% of their initial

(legend continued on next page)



uncompressed height. Panels on the left are bright-field images of a deep cell-depleted embryo before (0
min; top) and after doming (+80 min; bottom). Brackets, contact areas. Kinked line, contact angle. Dashed
lines, BYI. Panels on the right show quantification of T, (top, red line) and T, (top, blue line) and T,/

T,, (bottom, black line) as a function of time after compression. n embryos = 7. Error bars, + s.d. Scale bar,

100 um.

(C) Actin and myosin Il localization at the BYI. Two-photon microscopy sections of the BYI region at ~100
um depth from the surface of a Tg(actb1:Lifeact-EGFP) embryo at the onset (upper left) and end (upper
right) of doming. Animal pole is up. EGFP signal intensity within a ~100 um region of the YSL below the BYI
of Tg(actb1:Lifeact-EGFP) (red line) and Tg(actb1:Myl12.1-EGFP) (blue line) embryos were quantified during
doming and normalized by the signal intensity at 0 min (bottom). n embryos = 12 (Lifeact-EGFP) and 6
(Myl12.1-EGFP). Dotted lines, BYI. Error bars, + s.d. Scale bar, 100 um.

(D) Yolk granule shape in deep cell-depleted WT embryos. Single plane confocal images of yolk granules in
a deep cell-depleted embryo injected with fluorescent dextran into the yolk at 0 min (left) and +60 min (right)
of doming. Scale bar, 100 um.

(E) Quantification of yolk granule aspect ratio (left) and angle of major axis (right) from -30 to +108 min of
doming in intact WT (black) and deep cell-depleted embryos. n embryos = 4 (intact) and 6 (deep cell-
depleted). Error bars, £ s.e.m.

(F) Comparison of WT control with deep cell-depleted embryo shapes (surface area, height and contact
angles) during doming. Pale red and blue lines show WT control embryos, and dark red and blue lines deep
cell-depleted embryos. n embryos = 6 (control) and 5 (deep cell-depleted). Error bars, + s.d.

(G) Comparison of relative blastoderm height in WT (black line) and deep cell-depleted (red line) embryos
during doming. The relative height data were taken from the middle panel of Figure S3F (h,,/h;) and aligned
at the onset of doming (0 min) to better illustrate subsequent changes between WT and deep cell-depleted
embryos during the course of doming. Error bars, + s.d.

(H) Measurement of surface tension of blastoderm explants. Fused blastoderm explants were compressed
by 20% of their initial uncompressed height. Upper panels show the explant before (upper left) and after
(upper right) compression. Dotted lines, surface position of the upper and lower plates. Lower panel is the
quantification of the surface tension of the explants. t = 0 min corresponds to the onset of doming in
unperturbed control embryos. n = 4. Error bars, * s.d. Scale bar, 100 um.

(I) Fusion of blastoderm explants. Two blastoderm explants consisting of EVL and deep cells were removed
from 1k-cell stage embryos (3 hpf) and put into contact with each other. Changes in the length of the longest
axis of the fused explants were monitored as a function of time during fusion. Upper panels are still images
from a time-lapse movie of fusing explants. Dotted lines, measured long axis length. Lower panel shows the
quantification of the long axis length, in which pale grey lines show experimental results, while dashed thick
red lines show the outcome of simulations of this process using a sphere relaxing to its equilibrium shape
after equatorial deformation as a proxy for the fusion process (see also Methods S1). The first ~ 40 min have
not been taken into account in the fitting procedure in order to avoid artifacts due to wound healing at early
stages of explant fusion. The values of the viscosities of deep cell layer and EVL used for the simulation are
specified in Table S1C. t = 0 min corresponds to about 20-30 min later after the onset of fusion. n explants =
9. Error bars, * s.d. Scale bar, 100 um.

(J) Calculated ratio of blastoderm to yolk total surface tension in simulations of deep-cell depleted embryos.

(legend continued on next page)



(K) Experimental measurements and simulations of yolk cell relaxation after compression to determine yolk
cell viscosity. Yolk explants were obtained from embryos at the 256- and 512-cell stages (2.5 - 2.75 hpf) and
compressed when unperturbed control embryos had reached the onset of doming. After 30 min of
compression, the upper plate was removed and the relaxation of the yolk explant height was measured. Pale
gray line represents the experimental results and red dashed line shows the outcome of the simulations of
this process. The value of yolk cell viscosity used to fit the simulations to the experimental results = 40 Pa s.

n explants = 17. Error bars, £ s.d.
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Figure S4. Sensitivity of the Dynamical Doming Model to Changes in Tissue Viscosity, Active Stress,
and EVL Surface Tension Reduction, Related to Figure 4

(A-G”) Simulations of embryo surface areas (A-G), heights (A’-G’) and contact angles (A”-G”) as a function
of time during doming with pale blue and red curves showing the experimental measurements, and dashed
red and blue thick lines showing simulation results. In (A-A”) the same parameters as in Figures 4F-4F”
were used for simulations. In (B-B”) the blastoderm active stress was increased by a factor of 2. In (C-C”)
the blastoderm active stress was reduced by a factor of 2. In (D-D”), the EVL viscosity and blastoderm
surface tension reduction were both reduced by a factor of 2. In (E-E”), the EVL viscosity and blastoderm
surface tension reduction were both increased by a factor of 2. In (F-F”) the blastoderm surface tension
reduction was reduced by a factor 2. In (G-G”) the blastoderm surface tension reduction was increased by a
factor 2.

(H-H”) Simulations of explant relaxation after fusion (see also Figure S3l). Pale grey lines show experimental
results while red thick dashed lines the outcome of simulations. In (H) the same parameters as in Figure S3I
were used. In (H’) and (H”) the blastoderm viscosity was increased or decreased by a factor 2 with respect
to its value in (H), respectively.

(I and I') Simulation of the pressure field in a WT embryo at 10 min (I) and 90 min (I') after the onset of
doming. Scale bars show color coding of pressure in Pa.

Error bars, + s.d.
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Figure S5. Tissue and Cell Shape Changes and Simulations of the Doming Phenotype in pky Mutants
and EVL/Surface Cell-Transplanted Embryos, Related to Figures 5 and 6
(A) Surface area of deep cell-depleted pky embryos. n embryos = 3. Error bars, + s.e.m.

(legend continued on next page)



(B) Ratio of the distance between the animal pole and contact line (h,) to the distance between contact line
and the vegetal pole (h,) as a measurement for the position of the contact line. n embryos = 6 (WT), 3
(transplantation pky to WT), 4 (pky) and 3 (transplantation WT to pky). Error bars, + s.d.

(C) Geometrical parameters of pky embryos during doming with relative surface area, relative height and
contact angles quantified from bright-field embryo images. n embryos = 4. Error bars, * s.d.

(D) Comparison of deep cell radial movements between WT (black line) and pky mutant (red line) embryos.
n embryos = 4. Error bars, + s.e.m.

(E) Comparison of deep cell shape (left panel, aspect ratio; right panel, angle from embryo center) between
WT and pky mutant embryos. n embryos = 3. Error bars, £ s.e.m.

(F) Aspect ratio (left) and angle of major axis (right) of yolk granules in intact pky embryos (black line) and
pky embryos with transplanted WT EVL (red line). t = 0 min corresponds to sphere stage (4 hpf). n embryos
= 3 for pky and EVL-transplanted pky each. Error bars, £ s.e.m.

(G) Simulations for the doming defect in pky mutants. A combination of strongly impaired EVL surface
tension reduction and absent deep cell layer contraction gives rise to embryo shapes resembling pky mutant
embryos during doming. Right panels are plots of embryo surface area and height as a function of time
during doming with pale blue and red curves showing the experimental measurements, and dashed red and
blue thick lines showing simulation results. Simulations parameters are specified in Table S1C. Error bars, +
s.d.

(H and J) Schematic of possible mechanisms involved in rescuing doming by transplanting WT EVL cells on
pky embryos (H), or inhibiting doming by transplanting pky surface cells on WT embryos (J).

(I-”, K-K”) Simulation of surface area of the grafted patch in either pky embryo shapes as a result of WT
EVL transplantations (I-I") or WT embryo shapes as a result of pky surface cell transplantations (K-K”),
according to the three mechanisms described in (H) and (J). Pale green curves, experimental measurements,

dashed green thick lines, simulation results. Error bars, + s.d.
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Figure S6. Characterization of Embryo Shapes and Surface Cell Differentiation in the Transplantation
Experiments, Related to Figure 5

(A) Schematic of the procedure of EVL/surface cell transplantations. Donor and host embryos are labeled
with fluorescent proteins or dyes of different color. = 70 EVL/surface cells are taken from the donor embryo
and nearly the same number of EVL/surface cells was removed from the host embryo (i); donor EVL/surface
cells are placed on the surface-cell free area of the host embryo (ii and iii).

(B) Bright-field (upper row) and confocal microscopy images (bottom row) of a WT embryo containing

transplanted cells from a WT donor embryo at the onset (0 min), middle (60 min) and end of doming (120

(legend continued on next page)



min). There are only very few deep cells from the donor embryo compared with the number of transplanted
EVL cells. The plasma membrane and nuclei of the transplanted EVL cells are marked by mem-RFP
(magenta) and H2A-mCherry (magenta), respectively. The plasma membrane and nuclei of the host cells
were marked with mem-GFP (green) and H2B-GFP (green), respectively. Red and white dotted lines, BYI.
Scale bar, 100 um.

(C) Tight junction formation, marked by the localization of the tight junction component ZO-1, between
transplanted WT donor cells and pky mutant host cells (n embryos = 11). ZO-1 (white) is localized to the
interface between donor (green nuclei; WT) and host cells (cyan nuclei; pky) indicative of tight junction
formation at the interface between these cells. Scale bar, 20 um.

(D-G) Embryos where EVL/surface cells were transplanted from WT to WT embryos (D-E) (n embryos = 3)
and from pky to pky embryos (F-G) (n embryos = 3). Bright-field images of mosaic embryos before (-30 min)
and after completion of doming (+90 min) with transplanted cells marked by fluorescent dextran (green; D, D’,
F and F’). Confocal images with plasma membrane expressing mem-GFP (green), nuclei marked by H2A-
mCherry (magenta) and BY| outlined by fluorescent dextran (white; D”, D, F” and F’’). Transplanted cells
were marked by fluorescent dextran (green; D, D', F and F’) or H2B-GFP (green; D”, D’’, F” and F’”’). Red
and white dashed lines, BYI. Changes in relative BYI area (left column) and relative EVL/surface cell area
(right column) as a function of time during doming in the different transplantation experiments (E and G).
Error bars, £ s.e.m. Scale bars, 100 um.

(H) Ratio of deep-to-surface cells for transplanted RhoA-overexpressing cells as a function of time during
doming (n embryos = 4). t = 0 min corresponds to the onset of doming. Error bars, + s.e.m.

(I) EVL differentiation in RhoA- or Mypt1-overexpressing embryos. RhoA-overexpressing WT EVL cells in
intact (top row) and transplanted (second row from top) embryos expressing the EVL-differentiation marker
krt4:EGFP-CAAX. Mypt1-overexpressing pky cells in intact (third row from top) and transplanted embryos
(bottom row) do not show krt4:EGFP-CAAX expression. H2A-mCherry mRNA was co-injected with RhoA or
mypt1 mRNA into one-cell stage embryo to mark the injected cells. Dotted lines, embryo outline. Scale bar,
100 um.
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Figure S7. Estimation of Embryo Center Position and Measurement of EVL Surface Projections,
Related to STAR Methods

(A and B) Estimation of embryo center position. Side views of the animal pole hemisphere were obtained
from two perpendicular directions in the two-photon microscope stack as maximum intensity projections (A).
A circle was fitted along the arc of this hemisphere projection (red dotted line), and the center of the fitted
circle was used to estimate the embryo center (B).

(C-K) Image processing of EVL surface projections. Z-stack images obtained by two-photon microscopy
were first processed by binarization (C and D). The outline of each image slice was detected and its size was
reduced by the expected thickness of surface cells (E and F). The detected and reduced outline was applied
to the original image slice, and the inner area of this outline was filled with black color (G and H). After
processing the entire stack with this method, they were superimposed by maximum intensity projection (1).
The resultant projection image shows clearer surface cell outlines compared to a projection image from an

unprocessed stack. (J-K’). White rectangle regions in (J) and (K) are magnified in (J’) and (K’), respectively.



Supplemental Table Legend

Table S1. Values from Experimental Measurements and Lists of Parameters Used in The Simulations,
Related to Figures 2, 4, 6, S2, S3, S4 and S5

(A) Measurements of geometrical properties of embryos, averaged over 10 minutes prior to the onset of
doming. Errors are standard deviations. WT, wild-type control embryos (n = 6); Depleted, deep cell-depleted
embryos (n = 5, see main text for details).

(B) Experimental measurement of embryo sinking velocity in Danieau’s medium at 23 °C. The density of
Danieau’s medium was determined by weighting 1L of medium, and its viscosity was assumed to be equal to
the viscosity of water at the same temperature. WT, wild-type control embryos; Depleted, deep cell-depleted
embryos (see main text for details).

(C) Parameter list for finite element simulations of doming. t = 0 corresponds to the onset of doming. In these
simulations the friction coefficient ¢ is taken to be equal to 0. Simulations shown in Figures 2E and 2F are
performed for illustrative purposes. WT, wild-type control embryos; Depleted, deep cell-depleted embryos.
The yolk surface tension for pky embryos was determined from compression experiments as described in
section 2 (data not shown), and the ratio of surface tensions prior to doming were assumed to be identical in
pky mutant and WT embryos.

(D) Parameter list for finite element simulations of the grafting experiments.



Supplemental Movie Legends

Movie S1. Embryo Doming, Related to Figure 1
Bright-field time-lapse movie of a WT zebrafish embryo from pre-doming stage (-30 min) to the end of
doming (+90 min). 120 min total with 10 min time intervals. Animal, top and vegetal, bottom. Scale bar, 100

um.

Movie S2. Simulations of Embryo Doming, Related to Figure 2
Simulations of embryo doming for the two different scenarios hypothesized in Figure 2 where either reduced
blastoderm surface tension (i; Figure 2E) or increased deep cell layer contraction (ii; Figure 2F) drive doming.

160 (i) and about 80 (ii) min total with 2 min and 1 min time intervals, respectively.

Movie S3. Deep Cell Movement and Polarization during Doming, Related to Figure 3
Confocal time-lapse movie of deep cells directly below the EVL near the animal pole region of a
Tg(actb1:lifeact-GFP) embryo during doming. 90 min total with 1 min time intervals. Asterisks, EVL cells.

Animal (EVL cells), top and vegetal, bottom. Scale bar, 10 um.

Movie S4. Doming of Deep Cell-Depleted Embryo, Related to Figure 4

(i) Bright-field time-lapse movie of a deep cell-depleted embryo from pre-doming stage (-30 min) to the end
of doming (+90 min). 120 min total with 10 min time intervals. Animal, top and vegetal, bottom. Scale bar,
100 um.

(ii) Single-plane confocal time-lapse movie of a deep cell-depleted WT embryo from pre-doming stage (-39
min) until after completion of doming (+210 min). Plasma membrane and nuclei are labeled by mem-GFP
(green) and H2A-mCherry (magenta), respectively, and BYI is marked by fluorescent dextran (white). 249
min total with 6 min time intervals. Animal, top and vegetal, bottom. Scale bar, 100 um.

(iii and iv) Simulations movies of embryo doming respectively for deep-cell depleted embryos (iii) and WT

control embryos (iv). 160 min total with 2 min time intervals

Movie S5. Doming in EVL/surface Cell Transplanted Embryos, Related to Figures 5 and 7

Time-lapse movies with overlay of bright-field (gray, donor embryo) and fluorescent (green, transplanted
cells) images of mosaic embryos where pky surface cells were transplanted in WT (i), WT EVL cells
overexpressing RhoA in WT (ii) and WT EVL cells in pky embryos (iii). 120 min total with 10 min time

intervals for each sample. Animal, top and vegetal, bottom. Scale bar, 100 um.

Movie S6. Simulations of Doming in EVL/surface Cell Transplanted Embryos, Related to Figure 6
Simulations of doming in WT embryos on which a patch of expansion-defective pky mutant surface cells
was transplanted (i; Figure 6B”), and of pky mutant embryos on which a patch of expansion-competent WT

EVL cells was transplanted (ii; Figure 6D”). 80 min (i) and 180 min (ii) total with 2 min time intervals.



Methods S1. Supplementary Theory, Related to STAR Methods

SUPPLEMENTARY THEORY

We propose a theoretical description of the shape, shape changes and cellular flows occurring
during doming in the zebrafish embryo. In this description, deep cells are modelled as a 3D
incompressible active viscous fluid, the EVL epithelium as a thin layer of active, 2D compressible
viscous fluid, under surface tension. Such an active fluid description captures the viscous resistance
to flow of the tissue as well as autonomous cellular force generation within the tissue [Prost et al.,
2015, Ranft et al., 2010, Etournay et al., 2015, Behrndt et al., 2012|. The yolk cell is described
as a membrane with a surface tension, filled with a fluid of negligible viscosity compared to other
dissipation processes occurring during doming.

In the first part of the these supplements, we calculate static equilibrium shapes of the embryo
predicted by this description. We then describe compression experiments of zebrafish embryos and
how surface tensions can be extracted from force measurements of compressed embryos. In the
last part, we propose a dynamic description of doming, taking into account the viscosities of the
blastoderm and EVL, and internal autonomous active stresses in the blastoderm and EVL. We

then describe finite element simulations of the dynamical equations.

1. SURFACE TENSION DESCRIPTION OF THE ZEBRAFISH EMBRYO

We start by discussing the equilibrium shape of a model of the Zebrafish embryo based on surface
tensions. We consider here that the blastoderm and yolk have a fixed volume. The blastoderm and
yolk have interfaces with the external medium, with respective surface tension T, and 7 (Figure
S2B). The surface tension of the blastoderm corresponds to the surface tension of the enveloping
layer (EVL), a thin epithelium covering the blastoderm. In addition, the blastoderm and yolk
have a common interface, denoted blastoderm-yolk interface (BYI) with interfacial tension Tiy;.
The pressures within the blastoderm and the yolk are uniform and are denoted P, and F,. The
law of Laplace then implies that these interfaces are portions of sphere, and the overall shape has
rotational symmetry around an axis of symmetry joining the poles of the blastoderm (animal pole)

and of the yolk (vegetal pole).

1.1. Force balance equations. The mechanical work of the surface tension-based model can be

written

W =T,S; + 1,5y + ThyiSbyi — Py(Vy — Vyo) — P — 1) (1)



with S the surface area of the yolk /medium interface, S, the surface area of the blastoderm /medium
interface, Syyi the surface area of the BYI, V; the volume of the yolk, V4, the volume of the blas-
toderm, V; the preferred volume of the yolk and V}? the preferred volume of the blastoderm.

To find the equilibrium shape, we note that the shape of the embryo can be described in terms
of 4 lengths: the heights Ay, h. and h, and the radius of the contact circle r, where the yolk,
blastoderm and BYT meet (Figure S2B). The surface areas and volumes relate to these lengths

according to

Sy = w(ri+h) (2)
Sy = w2+ hd) (3)
Se = w(rl +hi) (4)
Vv, = %[hy(3r§+h§)+hc(3r§+h§)] (5)
Vo = [m(3r2+ 1) — he(3r +12)] (6)

Plugging these expressions in the mechanical work Eq. 1 and differentiating with respect to r,

hy, hy, and h, one obtains the force balance equations

2(Ty + Ty, + Thyi) = Py(hy + he) + By(hy — he) (7)
Bo= A )

P, = 2T, r;ﬁbh% (9)

P,— P, = ZTbyiT;Thchg (10)

where the three last equations correspond to the law of Laplace expressed at different interfaces, as
can be seen from the expression of the radii of curvature Ry = (r2+h2)/(2hy), Ry = (r2+h3)/(2h),
and R. = (r? + h?)/(2h.). Eliminating the pressure in equations 7 and 10 yields the two force

balance equations:

ey L B B Sy Y.
T, Y4 T by ———< = 0, 11
Y nz gz e 1
h h h
B AL S R I 12
R T Y Mz (12)

Fixing in addition the volume of the yolk and the blastoderm in Eqgs. 5 and 6 then yields a system

of 4 equations which can be solved for the 4 unknowns hy, hc, hy and 7.



We note that the three contact angles at the contact line separating the EVL, yolk surface and
BYTI are related to the geometrical parameters hy, hy, he and r. by ¢, = 0, — 0., ¢y = 0y + 0,
¢ =21 — 0, — 0, with

Tg — h% . 2hpr.
cost, = Y ,sin 6y, = T (13)

r2 — h? 2hyr

_ C y : _ y'c
cosl, = 2 ,sin by, = RN (14)

r2 — h? ) 2here
cosf. = 22 ,sinf, = 252 (15)

One can then verify that the balance equations 11 and 12 are equivalent to

Ty + Thyicospy + Ti,cosp = 0, (16)
Tiyisinpy — Tsing = 0, (17)

which correspond to the balance of surface tensions at the contact line (Figure S2C).

1.2. Solutions for embryo equilibrium shapes. To solve Eqs. 11-12, we introduce a charac-
teristic length Ry, verifying %WR? = Vi, + V4 the total volume of the embryo. We then define the
adimensional lengths l_zy = hy/Ry, hy, = hy/ Ry, he = he/ Ry, 7e = 1</ Ry, and the volume fractions
of the blastoderm and of the yolk v, = V4, /(Vi, +V;) and vy = 1 —w;,. Solving the volume equations
Egs. 5 and 6 for the heights ]_zy and hy, then yields the solution

_ 8v, — he(372 + h?

hy = chg( 4 E;CJF C)) (18)
TC

- 8 he(37% + h?

iy, = chg( W Sfﬁ C>> (19)
TC

with
@) = (<2 +2 (o +VIT2) )2 (o + vIT ) ) (20)

a mathematical function. Imposing the value of v, = 1 — vy, as well as the tension ratios T}, /7y
and Ty /Ty, and plugging Egs. 18 and 19 in the force balance equations 11 and 12, we then solve
numerically for the values of r. and h.. The corresponding solutions are plotted for v, = 0.235 in
Figure 2B in the main text, as a function of the tension ratios Ty, /Ty and Tiyi/Ty.

Above critical values of the tension ratios Ti,/Ty and Ty /Ty, no solution can be found. These

situation correspond to three extreme cases:

o (i) Ty > Ty, + Tiyi: engulfment of the yolk in the blastoderm.
e (ii) T}, > Ty + Tiyi: engulfment of the blastoderm in the yolk.



o (iii) Tiyi > T, + Ty: separation of the yolk and blastoderm.
Condition (i) can be found by noting that Eqgs. 11 and 12 can be combined to yield

h2 — 12+ 2hphy h2 — 12 + 2hhe
g + T |
hy + r? h? +r?

T, =T, (21)

Letting 7. — 0 and hy, — 0 in the equation above, corresponding to vanishing of the interface
between yolk and the external medium, yields the condition 7y = Ty, + Ty;.

Similarly, condition (ii) is obtained from the relation arising from Eqgs. 11 and 12

h}% — 7’2 + Zhbhy h2 Tz — thhc

C
byi
2 2 y
hi +rZ

=1 h2 + 12

(22)

Letting r. — 0 and hy, — 0 in the equation above, corresponding to vanishing of the interface
between blastoderm and the external medium, yields the condition Ti, = Ty + Ti,y;.
Finally, condition (iii) is obtained from the relation

h}Qf B ’I”g + 2hchy T h% — ?"2 - QhChb
hZ + 12 PRI g2

Ty =1y (23)

Letting r. — 0 and h. — 0 in the equation above, corresponding to vanishing of the interface

between blastoderm and yolk, yields the condition Ti; = T3, + Ty

1.3. Comparison with experimental data. Prior to doming, the zebrafish embryo assumes
a roughly steady shape during about 10 minutes (Figures 1K-N). Measurements of the embryo
shape during this stage are listed in Table STA. To fit the shape prediction of the previous section
to embryo shapes, we impose the value of v, measured experimentally, solve the predicted shape
calculated above, and minimise the following objective function

T, Thy . o o
s(—b,ﬂ) (R - RO 4 (R — BG4 (R — RO+ (7 — )’
Ty Ty

T Thoyi ?
+ (1+—bcosgoe+ﬂcosg0;)

Ty Ty
T Tiyi ?
+ (?i sin ¢ — ;:j sin (p;) (24)

where the ¢ and e indexes respectively stand for theoretical and experimental values. Theoretical
values are obtained by solving Eqgs. 11 and 12. The last two terms are included in the objective
function 24 to ensure that force balance at the contact line is taken into account in the fitting

procedure, as the shape of interfaces in the embryo are not perfect portions of sphere. Minimization
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of the objective function yields the tension ratio

(WT) T,/T, ~ 0.9440.13 , Tyyi/T, ~ 0.11 4 0.24 (25)

(Depleted) T},/T, ~ 0.9440.16 , Tyy:/T, ~ 0.09 % 0.24 (26)

2. ANALYSIS OF COMPRESSION EXPERIMENTS

In this section, we use the surface tension model introduced in section 1 to analyze experiments
where the embryo is compressed between two plates and subjected to a constant vertical force
F (Figure S2D). The surface tensions of the upper and lower part of the embryo are determined
by quantifying the shape taken by the embryo following compression. Because the embryo has a
large enough mass that its shape is affected by gravity, we also take into account here the effect

of gravitational forces.

2.1. Determination of surface tensions. Following compression between two plates separated
by a distance h, a circular surface of contact forms between the embryo and the upper plate, with
radius 7, and surface S, = 7r2. Similarly, a circular region of contact forms with the lower plate
with radius r; and surface S; = 7r?. The embryo is embedded in Danieau’s medium, a fluid with
density po close to the density of water. As a result the external medium is under a gradient of
external pressure Py(z) = Py, — pogz, where Py, is the pressure of the fluid in contact with the
upper plate. We denote Py = Py, — pogh the pressure of the fluid in contact with the lower plate.

The force exerted by the embryo on the upper plate F' and on the lower plate F; can be written

F = (P, — Py)Sy — Th2mr, sin ¢y, (27)

E = (Pl — POl)Sl — Ty27TT’l sin @1, (28)
where we denote here P, the pressure in the blastoderm near the upper plate and P, the pressure
in the yolk near the lower plate.

The pressures within the yolk and the blastoderm are related to the surface tensions 73, and Ty,

by the law of Laplace applied to a section of the surface near the plane of contact:

2T
P,— Py, = R—j, (29)
2T,
P—Py = =¥ 30
l 0l Rl7 ( )

where 1/R,, and 1/R; denotes the mean curvature of the surface of the embryo near the planes of

contact. For simplicity and because changes of curvature across the surface of the blastoderm or

)



the yolk can not be resolved experimentally with enough precision, we calculated the curvatures
from segmentations of the entire blastoderm and yolk surfaces.
Using Eqgs. 27-30 and eliminating the pressures, one finds the two relations

2T, F

— ]_
R, mr2(1 — Ry /rysing,)’ (31)
o7, o
-y . 32
R, mri(1 — Ry/rysing;) (32)

We now relate the force exerted on the lower plate F; to the force exerted on the upper plate F'.

Denoting p the mass density of the embryo, Archimedes’ principle states that
E—F = (p—po)gV (33)

where V' is the volume of the embryo.

Combining these equations, we obtain finally

2T, F =
R, mr2(1 — R, /1y singy,)
Ry mri(1 — Ry/rsingy)

By measuring the force F', the radii of contact r, and r;, the contact angles ¢, and ¢;, the
density of the embryo relative to the medium p/py, the mean radii of curvature of the yolk and

blastoderm R, and It;, Eqs. 34 and 35 yield the surface tensions 73, and T5,.

2.2. Determination of the mass of the embryo. To measure the mass of the embryo m = pV,
we performed sinking experiments and recorded the steady-state sinking velocity of the embryo.

The Reynolds number is defined as

"o
with pg the medium density, 7y the medium viscosity, R the radius of the embryo and U its sinking

Re (36)

velocity. Using experimental measurements listed in Table S1B, we find that the Reynolds numbers
are respectively Re = 9.56 for WT embryo and Re = 9.21 for deep cell depleted embryos. As a
result, the sinking of embryos does not occur at low Reynolds number, and the sinking velocity

can be related to the mass density of the embryo through

|8gR p — po
U=,/2-C_™ 37
3Cqs  po (87)

with Cy the drag coefficient [Clift et al. (2005)]. For a sphere, the drag coefficient is a function of
the Reynolds number; using the approximate formula of |Clift et al. (2005)] we find respectively
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Cy ~ 4.39 for WT embryos and Cy ~ 4.5 for deep-cell depleted embryos. Using Eq. 37, we then

obtain

PWT 1055.59 kg/m® (38)

PDepleted = 1053.44 kg/m3 (39)

3. FLUID DYNAMIC DESCRIPTION OF ZEBRAFISH DOMING

In this section, we propose a dynamic description of zebrafish doming where the blastoderm and

EVL are described as active fluids (Figures 2 and S2E).
3.1. General equations.

3.1.1. Blastoderm flow and stress tensors. We label a position in the blastoderm X(z!, 2%, 23) by
the curvilinear coordinates x', 2%, x® (Figure S2E). In the following, 3D coordinates are denoted by
greek indices, lower (resp. upper) indices correspond to covariant (resp. contravariant) coordinates,
and Einstein summation is implied. The associated local 3D basis is denoted e, = 0,X. We denote
the associated metric as g,3 = €, - €3 and the metric determinant as g = det g,3. In practice, in
simulations, we use cylindrical coordinates r, ¢, z around the animal-vegetal axis of the embryo.
The blastoderm is described as an active, incompressible fluid with velocity field v = v*e,. The

incompressibility condition imposes that
(Ouv)-€e*=0 (40)
The constitutive equation for the stress in the fluid 0,4 is given by

o = 2NVap — Pgap+ Cup (41)

where 7 is the shear viscosity of the fluid, vas = $((0.v) €5+ (95v) - €4) is the symmetric gradient
of velocity, the pressure P ensures incompressibility of the fluid, and (.4 is a symmetric traceless
tensor corresponding to an active internal anisotropic stress. The form of (.5 depends on internal
polarised cellular processes driving autonomous tissue deformations. In the following we assume

that the active stress is oriented radially, away from the centre of the embryo:

Cozﬂ = C (nanﬂ - %gaﬁ) 5 (42)

with n a unit vector characterising the orientation of the anisotropic active stress. Using the

cylindrical coordinates r, z, ¢ around the animal-vegetal axis, we choose the orientation (Figure
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S2E):

1
n=— oy P, (re, + (2 — zp)e;) . (43)

where zg = (z, + 2,)/2 is a position along the animal-vegetal axis, with z, and z, the positions of
the animal and vegetal poles. Because the embryo has roughly the shape of a sphere, this choice
ensures that the vector n is approximately orthogonal to the surface of the embryo.

Force balance in the blastoderm reads

Ou(y/90Pes) = 0. (44)

Plugging the constitutive equation 41 in the force balance equation 44 yields an equation for the
velocity field v. To solve this equation, boundary conditions for the stress at the surface of the
blastoderm must be specified. In the next section, we describe the constitutive equations for the

surface tension of the blastoderm.

3.1.2. Blastoderm surface flow and tension tensor. We now give constitutive equations for the flows
at the surface of the blastoderm, in the EVL. We assume that the normal velocities of the EVL
and blastoderm at the surface coincide, but the EVL and blastoderm can have different tangential
velocities. We express covariant constitutive equations using the framework of differential geometry
for surfaces |Deserno (2004)].

Land s? are

The surface S enclosing the blastoderm is labelled by the vector X(s!, s?), where s
two coordinates going along the surface. In the following, coordinates on the surface are denoted
by latin indices i, j, k, [, lower (resp. upper) indices correspond to covariant (resp. contravariant)
coordinates, and Einstein summation is implied. The tangent and normal vectors to the surface

are defined by

e = 0X, (45)

_ €] X €9

n = ———. 46
|e1 X e2| ( )

Coordinates are chosen such that the normal vector points outward the blastoderm. The curvature
tensor Cj; can then be obtained from Cj; = €; - 9;n, the metric tensor reads g;; = €; - €; and the
metric determinant is denoted by g = det g;;. We denote the covariant derivative on the surface
Vi, defined by its application on a tangent vector v through (9;v) - & = V7.

The surface is flowing according to a velocity field v (Figure S2E), which can be separated in a
tangential and normal part:

v = v'e; + v"n. (47)
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For convenience we also introduce the difference between the bulk surface flow and the EVL

flow:
u=v-v. (48)

Because the normal velocities of the blastoderm and its surface coincide, u is a tangential vector
field. We also impose that the blastoderm and EVL move at the same velocity at the contact line;

therefore

u‘c =0. (49)

Two surfaces enclose the blastoderm: the EVL surface S, with surface tension tensor ti = te;
and the blastoderm-yolk interface Spy with uniform isotropic surface tension ti; = Tie’ (Figure
S2E). We assume here that the viscosity of the BYT is negligible. The surface tension tensor of
the EVL is given by the constitutive equation

= tg”,
ty, = T, +7(0;¥v) &. (50)
where we have introduced the active tension of the blastoderm surface 7}, and the surface viscosity

of the EVL 7. The force balance equation of the EVL and BYTI read, taking into account the force

exerted by the blastoderm as well as the external fluid pressure Fy and P,:

Viti +f — Pon =0, (51)
Vithy +f — P =0, (52)

where we have introduced the force f exerted by the fluid blastoderm on the surface. The force f

is related to the bulk blastoderm stress tensor according to
fa = —Uﬁaﬁg. (53)

We assume that a friction force acts at the boundary between the volume and the surface with
friction coefficient ¢ at the EVL interface, and we assume that there is no friction acting at the
BYI. Decomposing the force exerted by the blastoderm on the EVL into its parallel and normal
contributions f = fle; + f,n and using the force balance equation 51,
fn = Po+tCi¥, (54)
fi = &vi—v;) = —&u; = —Vity. (55)
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In the following, we set the external reference pressure F to be equal to 0. Similarly, one obtains

at the BYI

fa P, + T, Ci", (56)

fi =0, (57)

where we have chosen here to neglect the friction of the blastoderm against the BYT.
Finally, the surfaces Sy, Spyi and Sy meet on a contour line denoted C (Figure S2E). Force balance

on the contour C implies
ti Vi = —Thyilbyi — TyVy, on the contour C (58)

where vy, 1y and vy are the vectors tangent to the surface Sy, Sy and Sy respectively, and are

all normal to the contour C (Figures S2C and E).

3.2. Shape of the yolk. The viscosity of the yolk is taken to be negligible compared to other
dissipative processes. The shape of the yolk surface is therefore a spherical cap with radius of
curvature Ry,. Volume conservation of the yolk imposes

V, = Shy(3r2 + h2) + / dsz, (59)

6 Y So

where the volume of the yolk has been decomposed as the volume of a spherical cap and the
volume contained between Sy and the planar region Sy perpendicular to the animal-vegetal axis
(z = 0), contained within the contact line. Eq. 59 can be solved for hy, and yields then the radius
of curvature R, through the relation Ry = (r? + hi) /2hy. The yolk pressure is then imposed by
the law of Laplace

P, - %. (60)
3.3. Parameter list. Eqgs. 44, 51, 56 and 58-60 form a system of equations which can be solved
for the velocity of the blastoderm, the velocity of the EVL and the shape of the yolk, once surface
tensions, active stresses and viscosities are specified. The corresponding physical parameters are

listed in Table S1C. The surface tension of the yolk 7} is determined from compression experiments

described in section 2.

3.4. Finite element simulations. We now describe the Galerkin method |Zienkiewicz et al.
(1977)] we used to perform finite element simulations for the blastoderm bulk and surface flows,

according to the equations described above.
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3.4.1. Bulk flow. To ensure the force balance condition in bulk Eq. 44, we introduce a test vector

field w and write the weak formulation as an integral over the volume V:

/ dotdr?da’w - 0,(\/g0*Pes) = 0. (61)
%

Performing an integration by part, Eq. 61 can be rewritten

—/dV(@aW) (0*Pep) + / dSnqwse® = 0. (62)
% S

where we have introduced the volume element dV = |/gdr'dz*dz®, the surface element dS =
Vgdstds?, and S denotes the union of S, and Syyi. Using the constitutive equation 41 for the
stress tensor o,s, the definition of the boundary force f given in Eq. 53, and the force balance

equation on the surface 51, we obtain

—/ dV2n(d,w) - egv®? + / dVP(O,w) - e — / dV (0,w) - e5(*”
% % %

+ / dSw - (V;t, — Pyn) + / dSw - (Vity, — Pyn) = 0. (63)
Shb Shyi
Performing an integration by part of the surface terms and setting the reference pressure Py = 0,

one obtains

—/ dV2n(d,w) - egv®? + / dVP(0,w) - e — / AV (0,w) - es(*”
% % %

—/ dS(@,-w)-té—/ dS(O;w) - ,f)yi—/ dSP,w-n
Sb b,

Sbyi yi

+ / dlv,;w - i+ /dll/byi,iw . tf)yi =0, (64)
c c

where we have introduced the infinitesimal line element dl on the contour C. Using the constitutive

equations 50 and the force balance equation 58 on the contour C,

—/ dV2n(d,w) - egv®? + / dVP(0,w) - e* — / dV (0,w) - es(*”
% % %

—/ dS’(@iw)-éi(TbJrﬁ(aj\_/)-éj)—Tbyi/ dS(o;w) - &
Sy,

Shyi
/sb

dSPyw - i — T, / diw - vy = 0. (65)
C

yi



The velocity, pressure, active stress, surface tension fields are decomposed on a set of basis

function {¢*(x)}, {x"(x)}, ¥*(x)} and {x{(x)}:
v(x) = ) v"e(x) (66)
wx) = > weu’(x) (67)
ux) = > utie;t(x) (68)
P(x) = Y PX'(x) (69)
¢Ux) = D CR) (70)
Th(x) = D TEX(x). (71)

Note that the surface flow u and surface tension Ty only take non-zero values on elements at the

surface of the blastoderm. Using this decomposition, eq. 65 takes the form of a matrix equation
a,a 1 a' B 2 b 3 a,f3
v { — M), @pV" "+ Mgy " = Mia), @S
4 c 5 a B 72 a i 6 o 7 _ Aq8 _
_M(a,oz),ch - M(a,a),(a/,ﬁ)v - M(a/,i),(a,a)u - M(a,a)Tbyl M(a,a)PY M(a,a)Ty:| =0, (72)

with the coefficients

Moy = [ V1@, (%) o) (070" es) & 4 D' wes) o) (7
Miae = [ avo e, e (74)
M ey apr) = /V dVOs(veq) - €9X" (75)
Moo = [ dsoure,) ex; (76)
Sp
s = [ dST0wreq) - €9,(0"0;) & )
Mow = [ dsoiure,) - (78)
MI,, = / dSiie, - n (79)
Shyi
M. = /C dlvie, - v,. (80)



and M(Qa“i)’(a’a) is defined in Eq. 91. Because Eq. 3.4.1 must be valid for all test functions w, the

velocity field obeys the matrix equation
(M1, + Mo (@9) V"7 + My a ™" = M P
M), 05mC" = Mipaya T = My oy Togi = M{yayPe = My oy Ty (81)
To ensure incompressibility (Eq. 40), we write the weak form formulation:
/Vdes(ﬁav) -e” = 0. (82)
Decomposing the test function wy on the basis function x?,
w(x) = 3wl (x), (83)
b
Eq. 82 can be rewritten
Mg 0™ =0 (84)
where M?, ), is defined in Eq. 74.
3.4.2. Surface flow. We now derive an equation for the flow on the surface §,. We introduce a

test vector field w tangent to the surface, and write the weak formulation as an integral over the

surface Sy
/ dSw - (Vi) +f) = 0. (85)
Sp

where dS = /gds'ds? is the surface element on S,,. Integration by part then yields the modified

equation
- / dS(0;w) -t + / dSw - f + / dlv,;w -t =0 (86)
Sp Sp C

where v, is the unit vector tangent to &), and normal to the contour C. Using the constitutive

equation for the surface tension 50, one obtains

- / dS7((0:%) - &)((9;u) - &) — / dSa((0:) - &)((9,v) - &)
Sp

Sb
—/ dSTb(@v"v) : éi — / deu‘)’uz + /le_V : (Tbcljb) =0 (87)
Sy, Sp C

where T} is the surface tension at the contact point. Discretizing the fields u and 73 on the surface

(Eq. 68 and 71) as well as the field w:
W(x) = Y w"en"(x), (88)
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Eq. 87 takes the form

(=M iy (87 = MGy (0 = Mgy (007 = My o T+ M3;) =0, (89)
with the following coefficients
Mo () = /3 dSii((9x(v")) - @) ((A(v"sy)) - &) (90)
b
Moo ar) = /5 dSi((0p(1°&:)) - &) (V" en)) - &) (91)
b
Moy g = /s e (92)
b
Mg ) = /S dS((Or(v&;)) - e (93)
b
M, = /C dliy*e; - (1) (94)
Eq. 89 must be valid for all test functions w and can therefore be rewritten
(M(la,i),(a’,j) + M(:J’a’i)’(a,7j))u“,’j + M(Qa,i%(a/’j)?]a/’j = —M(Zla’i),a/Tgl + Mzii' (95)

T¥ can be seen as a Lagrange multiplier enforcing condition 49.

3.4.3. Flow near the contact line. Stokes flow solutions near a corner can exhibit divergences of
the pressure and gradient of flow (Moffatt (1964), De Gennes (1985), Huh and Scriven (1971)).
The continuum description of tissue flow we propose here however does not apply on length scales
smaller than a cell diameter [. ~ 15 — 20um, effectively setting a cut-off near the contact line. In
our finite-element simulations, this is ensured by the finite size of the elements. As a result, the

force balance equation at the contact line becomes
6 Vb + Thoyilliyi + Tyvy = tp, (96)

with tp a tension dependent on [.. This correction arises from forces acting on a length /. and

contributing a force near the contact line.

3.5. Implementation. Eqs. 81, 84 and 95 form a system of linear equations which can be solved
for the vectors of bulk velocities v, relative surface velocities u®’ and bulk pressure PP.

To implement the finite element simulation, we choose a mesh consisting of N = 384 quadri-
laterals made from 8 triangles with a common vertex. The shape functions ¥ for the velocity
field are chosen as linear functions on triangles, the shape functions y* for the pressure are taken

constant on quadrilaterals, and the shape functions y* are taken as constant on triangles. The
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shape function for the surface tension 73, x¢, are taken constant on surface elements. We use
cylindrical coordinates (r, ¢, z) and assume axisymmetry, such that the stresses and velocity fields

do not depend on ¢. The basis vectors e, are therefore given by
e, = cos ge, +sin ge, , e, = r(—sin ge, + cos pe,) , e, (97)

with e,, e,, e, the unit vectors of a right-handed cartesian coordinate system (Figure S2E). On

the surface, we take coordinates (s, ¢) such that point on the surface is given by

X(s,¢) = r(s)cos e, + r(s)sinpe, + z(s)e,. (98)

with z(s) and r(s) two functions characterising the shape of the surface. Because of axisymmetry,
the surface velocities only have one non-zero component, v, us.

The overall velocity of the embryo is specified by external forces that we do not take into account
here. We therefore set the velocity component v, of the vertex with maximum 2z to 0. In addition,
radial velocities v, = 0 of vertices located on the axis of symmetry are set to 0. Eq. 49 is enforced
by imposing that the velocity us vanishes at the vertex located on the contact line.

At each time step t, the components of the bulk and surface velocity fields v and u are calculated
by inverting eqs. 81 and 95. The mesh is then updated at t + dt by moving the mesh points
according to the bulk velocity field v. In addition, the radius of the curvature of the yolk R, is
updated to take into account the volume conservation of the yolk, Eq. 59. This results in a change
of yolk pressure according to Eq. 60.

Doming is simulated in WT embryos by assuming that at ¢ = 0, the EVL surface tension is
reduced by a constant factor (Table S1C) and that the active stress ¢, which vanishes for ¢t < 0,
takes a constant non zero value for ¢ > 0. The computed pressure field is shown in Figures S4I-1".
Deep-cell depleted and pky embryos are simulated similarly with different parameters (Table S1C).

To simulate grafting experiments described in Figure 5, we perform simulations with a profile

of surface tension Tj(s):
s< s :Ty(s) =Ty (99)
s>s,:Ty(s) =T} (100)
with 7Y the initial surface tension before rescue, and T} the surface tension in the grafted patch
of EVL. s, is updated in time according to the surface flow.

When considering a corresponding rescue of active stress within the blastoderm(scenario 3,

Table S1D), we define the radius r, = r(s,) with r(s) the radial profile of the EVL prior to doming

15



defined in Eq.98, and introduce a spatial profile of active stress ((r, z):

r<r.:((rz)=C (101)

r>r.:((r,z) =(° (102)

with (° the blastoderm active stress before rescue, and ¢ the blastoderm active stress in the region
below the grafted EVL patch. We take a fixed value of r, for simplicity.

To test the effect of a friction force between the blastoderm and EVL (Figure 6), we have to
specify a physically realistic value of friction coefficient ¢ in simulations. To have a significant
effect on blastoderm flows, the friction coefficient must be large enough, /¢ < R. With values for
WT embryos (Table S1C), this imposes £ > 2.6 Pa.s/um. We also note that EVL flows are spread
over the entire EVL [Behrndt et al., 2012, implying that the hydrodynamic length [ = \/7/€ can
not be much smaller than the radius of the embryo R. Taking this into account, we performed
simulations choosing a friction coefficient in the upper range of possible values, £ = 150 Pa.s/um,
corresponding to a hydrodynamic length [ = 72um, of the same order of magnitude than the radius

of the embryo.

3.6. Simulation of fusion experiment. In order to determine the viscosity of the blastoderm,
75, We implemented finite elements simulations reproducing the fusion experiment of two W'T
explants, described in “Methods details - Embryo compression and relaxation experiments”. We
first relaxed a sphere with fixed volume V and fixed the equatorial radius 7. to a value of r./V1/3
set by experimental observations of initial conditions of fusion. We then relaxed the constraint on
the radius and calculated the pressure and velocity field as given by Eq. 81 and 95, without the
terms describing the yolk and blastoderm-yolk interface, and without active stress. The mesh was
then deformed over time according to the velocity field. The surface tension of the explant was set
according to values measured from compression experiments (73, ~ 94pN/um, the surface tension
of explants was found to be different from the surface tension of embryos). We then adjusted the
viscosity 1 and kept the ratio of 77/n equal to the WT value given in Table S1C. We computed the
length of the long axis of the two explants and compared the result to experimental measurement

(Figure S3I).

3.7. Simulation of compression-release experiment. In order to determine the viscosity of
the yolk, 7,, we implemented finite elements simulations reproducing the compression-release ex-
periment on one yolk explant as explained in “Methods details - Embryo compression and relaxation

experiments”.
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Using the measurement of the initial distance between the two plates, we initialised the mesh
and relaxed it by keeping its volume constant and constraining the vertices in contact with the
plates (compression phase). We then removed the constraint and let the entire mesh relax to its
equilibrium shape (release phase), setting the viscosity of the fluid represented by the mesh to
1ny. We set the yolk surface tension as in the experimental measurements obtained from the same
compression experiments (T, = 146 pN-um™"). We adjusted the viscosity of the yolk 7,. At each
time step in the simulation, we computed the distance between the Animal and Vegetal poles and
compared it with the experimental measurements (Figure S3K). This allowed us to obtain a value
of the yolk viscosity equal to 1, = 40 Pa-s, around 24 times smaller than the one obtained for the

blastoderm viscosity (Table S1C).
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