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Friction forces position the neural anlage
Michael Smutny1, Zsuzsa Ákos2, Silvia Grigolon3, Shayan Shamipour1, Verena Ruprecht4,5, Daniel Čapek1,
Martin Behrndt1, Ekaterina Papusheva1, Masazumi Tada6, Björn Hof1, Tamás Vicsek2, Guillaume Salbreux3
and Carl-Philipp Heisenberg1,7

During embryonic development, mechanical forces are essential for cellular rearrangements driving tissue morphogenesis. Here,
we show that in the early zebrafish embryo, friction forces are generated at the interface between anterior axial mesoderm
(prechordal plate, ppl) progenitors migrating towards the animal pole and neurectoderm progenitors moving in the opposite
direction towards the vegetal pole of the embryo. These friction forces lead to global rearrangement of cells within the
neurectoderm and determine the position of the neural anlage. Using a combination of experiments and simulations, we show that
this process depends on hydrodynamic coupling between neurectoderm and ppl as a result of E-cadherin-mediated adhesion
between those tissues. Our data thus establish the emergence of friction forces at the interface between moving tissues as a
critical force-generating process shaping the embryo.

Throughout embryonic development, tissue morphogenesis depends
on mechanical forces that drive cell rearrangements and global tissue
shape changes1,2. In zebrafish gastrulation, epiboly, internalization,
convergence and extension constitute the main cellular processes
by which the embryo takes shape3. Although recent studies have
unravelled key force-generating mechanisms mediating these
different cellular processes3, how forces between neighbouring tissues
are generated, perceived and integrated is yet poorly understood.

Development of the central nervous system in vertebrates involves
extensive morphogenetic movements within the embryonic neurec-
toderm4. The zebrafish nervous system organization becomes first
apparent at gastrulation5, and morphogenesis of the neurectoderm
is accompanied by neighbouring tissues undergoing dynamic cellular
reorganization6. Recent studies in zebrafish suggested that the for-
mation of the mesoderm and endoderm (mesendoderm) germ layers
is required for proper morphogenesis of the overlying neurectoderm
during neural keel formation7,8. However, the mechanisms by which
mesendoderm influences neurectoderm morphogenesis have only
started to be unravelled.

RESULTS
Anterior axial mesendoderm (prechordal plate) collective cell
migration affects neurectoderm morphogenesis
To investigate the role of mesendoderm in neurectoderm morpho-
genesis (for tissue organization within the gastrulating embryo, see

Fig. 1), we turned to zebrafish maternal zygotic (MZ) one-eyed-
pinhead (oep) mutant embryos9, which lack much of the mesendo-
derm germ layers due to defective Nodal/TGF β-signalling. Interest-
ingly, when analysing MZoep mutants at late stages of gastrulation,
we found that the anterior neural anlage was positioned closer to
the vegetal pole than in wild-type (wt) embryos (Fig. 2a,b,i,j and
Supplementary Fig. 2k–m). This points at the intriguing possibility
that mesendoderm is required for proper positioning of the anterior
neural anlage. To further test this possibility, we analysed how the
neurectoderm, which gives rise to the anterior neural anlage, interacts
with the underlying anterior axial mesendoderm (prechordal plate,
ppl) during gastrulation. Previous studies have suggested that the ppl
moves as a migrating cell collective in a straight path towards the
animal pole, while the neurectoderm moves in the opposite direction
towards the vegetal pole (Fig. 1a–e)10. To understand how these in
opposite directions moving tissues might influence each other, we
first analysed the localization of molecules involved in cell–cell and
cell–extracellular matrix (ECM) adhesion at the neurectoderm/ppl
interface. We found that the cell–cell adhesion receptor E-cadherin
accumulated at the interface between ppl and neurectoderm during
gastrulation (Fig. 1f), supporting previous observations that ppl and
neurectoderm cells form E-cadherin-mediated cell–cell contacts at
this interface10. In contrast, ECM components, such as fibronectin,
did not show any recognizable accumulations at the neurectoderm/ppl
interface until late stages of gastrulation (Supplementary Fig. 1a–c),
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Figure 1 Neurectoderm (ecto) and prechordal plate (ppl) morphogenesis
during gastrulation. (a,c) Bright-field/fluorescence images of a Tg (gsc:GFP)
zebrafish embryo at 7.0 hpf; GFP-labelled ppl leading edge cells are indicated
(white arrowheads); the rectangle in c marks the magnified area in e;
the dashed lines in a indicate axial mesendoderm (white), and in c ecto-
to-ppl (white), yolk syncytial layer (YSL)-to-ppl (yellow), enveloping layer
(EVL)-to-media (pink) and EVL-to-YSL (blue) interfaces; embryonic axis
orientation as marked in b,d for same views. (b,d) Illustration of embryonic
(anterior (ppl) and posterior axial mesendoderm (pm), paraxial mesoderm
(pam) and ecto) and extra-embryonic (YSL, EVL, yolk) tissues, and their
respective direction of movement during gastrulation at the dorsal side of
the zebrafish embryo; arrows in b,d indicate animal–vegetal (A–V), left–right

(L–R) and dorsal–ventral (D–V) embryonic axes. (e) A magnified view of
the boxed area in c showing neighbouring ppl (green) and overlying ecto
(red pseudocoloured) tissues; dashed lines as in c. (f) Immunofluorescence
confocal images of sagittal sections of the ecto-to-ppl interface at 7.5 hpf
stained for E-cadherin (upper panel) and merged with ppl progenitors
expressing gsc:GFP and DAPI-stained nuclei (lower panel); the arrows
highlight E-cadherin accumulations at the ecto-to-ppl interface, and asterisks
mark ppl leading edge cells; the blue dashed line indicates the EVL-to-
media interface, and the yellow dashed line outlines ppl- and ecto-to-YSL
interfaces; animal pole to the right. All embryos animal pole up; dorsal (a,b)
and lateral (c–f) views with dorsal right. Scale bars, 200 µm (a,c), 100 µm (e),
and 20 µm (f).

arguing against ECM playing an important role in mediating the
interaction between ppl and neurectoderm cells during early stages
of gastrulation11. Consistent with ppl and neurectoderm cells forming
E-cadherin-mediated cell–cell contacts, we also found interstitial fluid
accumulations to be absent fromplaceswhere E-cadherin accumulates
at the neurectoderm/ppl interface (Supplementary Fig. 1d). Collec-
tively, these observations suggest that neurectoderm and ppl constitute
two directly adjacent tissues that globally move in opposite directions
during gastrulation and contact each other directly at their interface
via E-cadherin-mediated cell–cell adhesions.

Next we asked whether neurectoderm movements towards the
vegetal polemight be influenced by the underlying pplmigrating in the
opposite direction towards the animal pole of the embryo. To this end,
we compared neurectoderm cell movements in wt embryos forming
a ppl versus MZoep mutant embryos defective in ppl formation
(Supplementary Fig. 2a,i and Supplementary Videos 1 and 2). For
quantifying neurectoderm cell movements relative to the movement
of ppl cells, we constructed two-dimensional (2D) cellular flow maps
of velocities and directions from 3D tracking data (Fig. 2c). Consistent
with previous observations10,12,13, we found that ppl progenitors
migrated in a highly coordinated and directed manner towards the
animal pole of thewt gastrula (Supplementary Fig. 2b–d). Remarkably,
while the bulk of neurectoderm cells in wt underwent epiboly
movements directed towards the vegetal pole, cells located directly
above and anterior to the leading edge of the ppl slowed down their
vegetal-directed movement and reoriented their direction of motion
from vegetal to animal (Fig. 2c,d and Supplementary Fig. 2e,f and
Supplementary Video 3), resulting in high animal-directed movement
alignment with the adjacent ppl progenitors (measured average local
correlation (CL) over time interval (t , min) CL(t120) = 0.37± 0.03

(s.e.m., n= 6 embryos); Fig. 2e,f and Supplementary Fig. 2g,h and
Supplementary Video 4). This local reorientation of neurectoderm
cell movements close to the leading edge of the ppl in wt was
accompanied by the formation of characteristic large-scale cell flows
within the neurectoderm resembling two counter-rotating vortices,
which were mirrored along the embryo midline (Fig. 2c,g,h and
Supplementary Video 3). Notably, there was only little influence on the
movements of neurectoderm cells posterior of the ppl, probably due
to posterior axial mesendoderm behind the ppl displaying much less
pronounced animal-directed movements (Supplementary Fig. 1e,f).
In contrast to the situation in wt embryos, neurectoderm cells in
MZoep embryos lacking ppl progenitors (Supplementary Fig. 2i)
showed none of the characteristic flow patterns found in wt and,
instead, moved exclusively towards the vegetal pole (Fig. 1k–n and
Supplementary Fig. 2j and Supplementary Video 5). Collectively, these
observations point to the possibility that animal-directed migration
of ppl cells reorient the vegetal-directed movement of adjacent
neuroectoderm cells.

Movement speed of neurectoderm and prechordal plate (ppl)
controls neurectoderm morphogenesis
To determine whether changing ppl cell movement would affect
neurectoderm cell rearrangements, we turned to slb/wnt11morphant
embryos (Fig. 3a), in which ppl cells move less coordinated and
slower towards the animal pole due to compromised expression of
the non-canonical Wnt ligand Wnt11 (Supplementary Fig. 3e–h)14,15.
When analysing cell movements in slb morphants, we found that
neurectoderm cells located above and ahead of the ppl displayed
increased vegetal-directed movements, and that the characteristic
vortex movements within the neurectoderm were largely lost
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(Fig. 3b,c). Moreover, the alignment of neurectoderm with ppl cell
movements was strongly diminished (CL(t120)=−0.24± 0.04 (s.e.m.,
n=4 embryos); Fig. 3d,e) and, importantly, the anterior neural anlage
was positioned closer to the vegetal pole compared with wt embryos
(Fig. 3p,q and Supplementary Fig. 3j,k). Notably, similar effects were
observed in cyclops/ndr2 (cyc) mutant embryos (Fig. 3f), in which
a diminished number of ppl cells due to compromised expression
of the Nodal signal Ndr216,17 displayed reduced velocity and less
coordinated movements (Supplementary Fig. 3a–d). This resulted in
increased vegetal-directed movements of neurectoderm cells close to
the ppl (Fig. 3g,h), decreased movement alignment between ppl and
the neurectoderm (CL(t120)=−0.035±0.027 (s.e.m., n=3 embryos);
Fig. 3i,j) and a more vegetal localization of the neural anlage along
the animal–vegetal (AV) axis compared with wt embryos (Fig. 3p,q
and Supplementary Fig. 3i,k). Collectively, these observations strongly
support the notion that proper animal-directed collective ppl cell
migration is critical for normal neurectoderm cell movements and
positioning of the neural anlage (Fig. 3r).

Next, we asked whether epiboly movements of neurectoderm
cells towards the vegetal pole are also important for ppl cells to
control neurectodermmorphogenesis. To reduce epiboly movements,
we overexpressed a constitutively active version of the myosin-II
phosphatase (CA-Mypt) specifically within the yolk syncytial
layer (YSL) (Fig. 3k and Supplementary Fig. 4a–c)18. In CA-
Mypt-overexpressing embryos, animal-directed movements of
neurectoderm cells were more pronounced (Fig. 3l,m), whereas ppl
cell migration remained unchanged (Supplementary Fig. 4d–h).
Moreover, the degree of alignment between ppl and neurectoderm
movements was enhanced (CL(t120) = 0.61 ± 0.02 (s.e.m., n = 4
embryos); Fig. 3n,o and Supplementary Video 6), and the anterior
neural anlage was positioned closer to the animal pole (Fig. 3p,q
and Supplementary Fig. 4i,j). This suggests that the effect of ppl cell
movements on neurectodermmorphogenesis becomesmore apparent
when neurectoderm epiboly movements are reduced (Fig. 3r).

Continuous mesendoderm cell ingression is required for ppl
cells affecting neurectoderm morphogenesis
Movement of ppl cells towards the animal pole is initiated by the
synchronized ingression of ppl progenitors at the dorsal germ ring
margin10. To test whether continuous ingression ofmesendodermpro-
genitors is required for animal-directed ppl cell migration and, conse-
quently, their effect on neurectoderm cell movements, we analysed ppl
and neurectoderm cell movements in the absence of mesendoderm
cell ingression. To this end, we transplanted 100–150 induced ppl
progenitor cells19 below the neurectoderm close to the dorsal germ
ring margin of MZoep embryos lacking endogenous mesendoderm
cell ingression9 and monitored their movement relative to adjacent
neurectoderm cells (Fig. 4a and Supplementary Fig. 5a–c,e). Although
most of the transplanted cells displayed protrusions directed towards
the animal pole (Supplementary Fig. 5d), their movement coordina-
tion and directed migration were severely impaired (Supplementary
Fig. 5f,g). This is consistent with previous suggestions that anchor-
age of ppl progenitors to newly internalizing cells at their rear is
required for their animal-directedmigration20. Notably, neurectoderm
cells adjacent to the transplanted ppl progenitors showed vegetal-
directed movements indistinguishable from neurectoderm cells in

non-transplanted MZoepmutant embryos (Fig. 4b,c and Supplemen-
tary Video 7). Moreover, as gastrulation proceeded, transplanted ppl
cells started to move towards the vegetal pole in the same direc-
tion as the overlying neurectoderm cells, resulting in highly aligned
vegetal-directed movements of neurectoderm and transplanted ppl
cells (CL=0.48±0.04 (s.e.m. n=3 embryos); Fig. 4d,e).

To test whether slowing down neurectoderm epiboly movements
would restore ppl-induced redirection of neurectoderm cells, we
reduced the speed of vegetal-directed neurectoderm cell movements
in transplanted MZoep mutant embryos by overexpressing CA-
Mypt specifically within the YSL of those embryos (Fig. 4f and
Supplementary Fig. 5h–k) and monitored the interaction between
transplanted ppl cells and adjacent neurectoderm cells. We found
that ppl cells showed increased animal-directed movements when
vegetal-directed neurectoderm cell movements were slowed down in
MZoep embryos (Fig. 4g,h and Supplementary Video 8). Moreover,
neurectoderm cells adjacent to the transplanted ppl cells transiently
reoriented theirmovement towards the animal pole (Fig. 4h), resulting
in temporary high animal-directed movement alignment between
transplanted ppl and adjacent neurectoderm cells (CL(t80) = 0.53±
0.04 (s.e.m., n= 3 embryos); Fig. 4i,j). These observations strongly
support the notion that the difference in movement speed along the
AV axis between ppl and neurectoderm cells determines whether ppl
influences neurectoderm cell movements or vice versa.

Friction forces between neurectoderm and ppl mediate the
effect of ppl on neurectoderm morphogenesis
Wehypothesized that the observed large-scale cellular rearrangements
within the neurectoderm might be generated by friction forces
arising at the tissue interface between ppl and neurectoderm. To
test this hypothesis, we formulated a theoretical model based on the
physical principles of viscous fluid motion at low Reynolds numbers
(SupplementaryNote). In thismodel, we considered the neurectoderm
as a thin layer of viscous compressible fluid exposed to external friction
arising at its interface with EVL and/or yolk cell and being in contact
with ppl cells, which were modelled as a rectangular element exerting
a friction force on the neurectoderm (Supplementary Note).

We first aimed at comparing neurectoderm velocity profiles
along the animal–vegetal axis with a simplified, effectively 1D
theory (Fig. 5a). To assess the effect of ppl cells on neurectoderm
movement, we measured unperturbed neurectoderm epiboly
movements in MZoep mutants devoid of ppl cells and subtracted
those epiboly movements from the overall neurectoderm flow
field in wt embryos (Supplementary Fig. 6a). Consistent with our
experimental observations (Fig. 5b), we assumed that the velocity of
the calculated neurectoderm flow vanishes at the ventral and dorsal
margins of the neurectoderm in both the presence and absence of
the ppl. In our model, the external friction force acting outside the
ppl domain causes the velocity profile to decay exponentially away
from ppl cells, on a length scale that decreases when the friction
coefficient increases (Supplementary Note), while in the absence of
such external friction, this decay is linear (Supplementary Fig. 6b).
When performing a fit to experimentally obtained neurectoderm
flow profiles in wt, we obtained a very close agreement between the
calculated and experimentally observed flow profiles for a very low
external friction force (Fig. 5b and Supplementary Fig. 6c).
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Figure 2 Defective neurectoderm (ecto) morphogenesis in MZoep mutants.
(a,i) Bright-field/fluorescence images of Tg (gsc:GFP) wt (a) and MZoep
mutant embryos (i) at the end of gastrulation (bud stage, 10hpf); the
arrowhead in a marks the anterior edge of GFP (blue)-labelled ppl.
(b,j) Anterior neurectoderm progenitor cells in a wt (b) and MZoep embryo
(j) at bud stage (10hpf) visualized by whole-mount in situ hybridization
of otx2 mRNA. (c,k) 2D tissue flow map indicating average velocities of
ecto movements along the animal–vegetal (AV) and left–right (LR) axis
at the dorsal side of a wt (c; 7.1 hpf) and MZoep embryo (k; 7.2 hpf);
local average ecto velocities colour-coded ranging from 0 (blue) to 2 (red)
µmmin−1; positions of all/leading edge ppl cells marked by black/green
dots; boxed areas are used for measurements in d,l. (d,l) Mean velocities
along the AV axis (VAV) of ecto (red; right y axis; boxed area in c,k) and
underlying ppl leading edge cells (green, left y axis) in wt (d; n=6 embryos)
and MZoep embryos (l; n=4 embryos); 6–8 hpf; error bars (dashed lines),
s.e.m. (e) 3D directional correlation between ecto and ppl in a wt embryo

at 7.1 hpf; colour-coded correlation ranging from 1 (red, highest) to −1
(white, lowest); red arrows indicate local averaged ecto velocities; position
of all/leading edge ppl cells marked by white/green dots; blue arrowhead
indicates average velocity of ppl leading edge cells; boxed area was used
for measurements in f. (f) 3D average directional correlation between leading
edge ppl and adjacent neurectoderm cells (black boxed area in e) used for
local correlation (CL) calculation in wt embryos (n=6 embryos); 6–8 hpf;
error bars (dashed lines), s.e.m. (g,m) 2D tissue flow map of ecto cells
showing time-averaged velocities (over 120min from 3 embryos) along the
AV and LR axes at the dorsal side in wt (g) and MZoep embryos (m); black
dot in g marks position of ppl leading edge. (h,n) Schematic of ecto (red),
ppl (green), and enveloping layer (EVL)/yolk syncytial layer (YSL) movements
(blue) in wt (h) and MZoep embryos (n); arrows indicate AV and LR embryonic
axes. All embryos animal pole up; dorsal (b,j (dor) and h,n) and lateral
(a,i and b,j (lat)) views with dorsal right. Scale bars, 200 µm (a,b,g,i,j) and
100 µm (c,e,k,m).

Next, we extended our analysis to slbmorphant embryos, where the
effect of changing the relative velocity betweenneuroectodermandppl
cells was clearly detectable throughout the time frame of our analysis
(6–8 hours post fertilization (hpf)). When analysing slb morphant
embyros, we made the assumption that if the ppl cells were to exert a
dynamic friction force that is linearly dependent on the relative veloci-
ties between the two tissues, we would expect the force to be decreased
by the same amount as the relative velocity between neurectoderm and

ppl (20% reduction). Indeed, we found that calculated neurectoderm
flow profiles with a ppl friction force reduced by 20% (Supplementary
Note and Supplementary Table 1) closely resembled the experimen-
tally obtained flow profiles in slbmorphants (Fig. 5b1). Together, our
1D analysis of neurectoderm flows in wt and slb morphant embryos
revealed a remarkable quantitative similarity between the model pre-
dictions and experimental observations, supporting the notion that
friction forces mediate the effect of ppl on neurectoderm motion.
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Figure 3 Prechordal plate (ppl) velocity determines the effect of ppl on
neurectoderm (ecto) morphogenesis. (a,f,k) Bright-field/fluorescence images
of a Tg (gsc:GFP) wt (a,f; top panel), slb (a; bottom panel) and cyc morphant
embryo (f, bottom panel) at 9 hpf; Tg (gsc:GFP) embryo (k) injected at
3.3 hpf with CA-Mypt and H2A-mCherry mRNAs into the YSL (top panel,
schematic) at 8 hpf; arrowheads, GFP (green/blue)-labelled ppl leading edge.
(b,g,l) 2D tissue flow map of time-averaged velocities of ecto cells (over
120min, 3 embryos) along animal–vegetal (AV) and left–right (LR) axes at
the dorsal side of slb (b), cyc (g) and CA-Mypt-injected embryos (l); black
dots; ppl leading edge positions; boxed areas used for measurements in
c,h,m. (c,h,m) Mean velocities along the AV axis (VAV) of ecto (red; right
y axis; boxed areas in b,g,l) and underlying leading edge ppl cells (green,
left y axis) in slb (c; n=4 embryos), cyc (h; n=3 embryos) and CA-Mypt-
injected embryos (m; n=4 embryos); 6–8 hpf; error bars (dashed lines),
s.e.m. (d,i,n) 3D directional correlation map between ecto and ppl cells in a
slb (d; 7.1 hpf), cyc (i; 7.2 hpf) and CA-Mypt-injected embryo (n; 6.6 hpf);
colour-coded correlation ranging from 1 (red, highest) to −1 (white, lowest);
red arrows, local averaged ecto velocities; position of all/leading edge ppl cells

marked by white/green dots; blue arrowhead indicates average velocity of ppl
leading edge cells; boxed areas used for measurements in e,j,o. (e,j,o) 3D
average directional correlation between leading edge ppl and ecto cells (boxed
areas in d,i,n) in slb (e; n=4 embryos), cyc (j; n=3 embryos) and CA-Mypt-
injected embryos (o; n=4 embryos); 6–8 hpf; error bars (dashed lines), s.e.m.
(p) Anterior neural anlage and notochord labelled by otx2 (red arrows) and ntl
expression (yellow arrows), respectively, in wt, slb, cyc and CA-Mypt-injected
embryos at 9 hpf; arrowheads denote anterior neural plate edge. (q) Angle (◦)
between the vegetal pole and neural plate anterior edge in wt, slb, cyc and CA-
Mypt-injected embryos at 9 hpf. Student’s t-test for all graphs; ∗∗∗,P<0.001;
∗, P < 0.05; n (embryos from 4 independent experiments) wt/cyc/slb/CA-
Mypt=36(<0.001)/39(<0.001)/17(<0.0001)/22(0.0194); box plot centre,
median; red dot, mean; upper whisker, maximum; lower whisker, minimum.
(r) Schematic of ecto (red), ppl (green) and enveloping layer (EVL)/yolk
syncytial layer (YSL) (blue/orange) movements in slb, cyc and CA-Mypt-
injected (magenta arrows, increased vortex flow) embryos; arrows, AV and
LR axes. All embryos animal pole up; dorsal (f) and lateral (lat; a,k,p) views
with dorsal right; scale bars, 200 µm (a,f,k,p) or 100 µm (b,g,l,d,i,n).

We further asked whether our 1D description could also account
for 2D neurectoderm flow patterns within the domain of obser-
vation. Since our 1D analysis revealed that external friction out-
side the ppl domain is very low, we neglected its contribution to

neurectoderm flows in our 2D analysis. We also assumed for sim-
plicity that the bulk and shear viscosity of the fluid are equal. We
then solved the equations in the 2D rectangular domain of our
experimental observations, imposing the experimentally measured
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Figure 4 Mesendoderm cell ingression is required for ppl affecting ecto cell
movements. (a,f) Schematic of ppl cells (green)transplanted at 6 hpf into the
dorsal side of a MZoep (a) or MZoep embryo injected with CA-Mypt mRNA
into the YSL (f). (b,g) 2D tissue flow map indicating average velocities of ecto
movements along the animal–vegetal (AV) (VAV) and left–right (LR) (VLR) axis at
the dorsal side of a transplanted MZoep mutant (b; 6.6 hpf) and transplanted
MZoep embryo overexpressing CA-Mypt within the YSL (g; 6.7 hpf); local
average ecto velocities indicated by arrows colour-coded ranging from 0
(blue) to 2 (red) µmmin−1; positions of all/leading edge transplanted ppl cells
marked by black/green dots; boxed areas were used for measurements in c,h.
(c,h) VAV of ecto (red; boxed areas in b,g) and underlying ppl leading edge cells
(green) in transplanted MZoep (c; n=3 embryos) and transplanted MZoep
embryos overexpressing CA-Mypt within the YSL (h; n=3 embryos); 6–8 hpf;

the vertical dashed line in h indicates the start of vegetal-directed movements
of ppl cells; error bars (dashed lines), s.e.m. (d,i) 3D directional correlation
between leading edge ppl and ecto cells in a transplanted MZoep (d; 6.7 hpf)
and transplanted MZoep mutant embryo overexpressing CA-Mypt within the
YSL (i; 6.7 hpf); colour-coded correlation ranging from 1 (red, highest) to −1
(white, lowest); red arrows indicate local averaged ecto velocities; position
of all/leading edge ppl cells marked by white/green dots; blue arrowhead
indicates average velocity of ppl leading edge cells; boxed areas were used
for measurements in e,j. (e,j) 3D average directional correlation between
leading edge ppl and adjacent ecto cells (boxed areas in d,i) in transplanted
MZoep (e; n=3 embryos) and transplanted MZoep embryos overexpressing
CA-Mypt within the YSL (j; n=3 embryos); 6–8 hpf; vertical dashed line (j)
as in h; error bars (dashed lines), s.e.m. All scale bars, 100 µm.

velocities on the boundaries of the domain (Fig. 5c and Supple-
mentary Note) and compared predicted to experimentally observed
neurectoderm velocities. We first analysed alterations in neurecto-
derm movement in wt embryos displaying normal ppl cell move-
ments. By adjusting the ratio between the force density and neurec-
toderm bulk viscosity (f /ηb) (Supplementary Note and Supplemen-
tary Table 1), we found that the predicted neurectoderm velocity
profile in wt embryos matched well the magnitude and shape of
the experimentally determined velocity profile (Fig. 5d,e,f–f3). Assu-
ming that the force exerted by ppl cells originates from dynamic
friction between these two moving tissues with a friction coefficient
ξ , we further obtained the ratio of internal viscosity to friction against
ppl cells ηb/ξ (Supplementary Note and Supplementary Table 1) and,
given previous measurements of tissue viscosity21, a value of the
friction coefficient in the order of ξ∼1 pN s µm−3 (Supplementary
Note). Applying the same logic to slbmorphant embryos produced 2D
neurectoderm flow patterns very closely matching the experimentally
observed ones (Fig. 5d1,e1,g–g3), suggesting that the friction force
density at the neurectoderm/ppl interface is critical for the effect ppl
cells have on neurectoderm cell movements.

Friction forces between neurectoderm and ppl depend on
transient e-cadherin-mediated cell–cell contacts at the tissue
interface
To understand how friction can arise at this interface, we first analysed
ppl cell migration and protrusive activity by visualizing the actin
cytoskeleton of migrating ppl cells (Fig. 6a,b). We found that ppl

cells were organized in a shingled array along the dorsal–ventral
(DV) axis of the ppl (Fig. 6a,f and Supplementary Video 9) with
cells at the leading edge displaying protrusions typically adhering
to the YSL surface, which served as a substrate for their migration
(Fig. 6b and SupplementaryVideo 10).Moreover, ppl progenitors close
to the interface with the neurectoderm usually trailed behind cells
positioned further away from this interface along the DV extent of
the ppl (Fig. 6a,b and Supplementary Video 9), consistent with the
possibility that friction at this interface slows down their animal-
directed migration. To further test this assumption, we plotted the
velocities of ppl progenitors in wt embryos along the DV axis of the
ppl (Fig. 6c). We found a linear velocity gradient along this axis with
its minimum at the interface to the overlying neurectoderm (Fig. 6e),
as expected for friction forces at the neurectoderm/ppl interface most
strongly slowing down the movement of ppl cells directly adjacent to
this interface (Fig. 6f).

We then asked which molecular players might be involved in
building up friction at the neurectoderm/ppl interface. Our estimation
of the friction coefficient between neurectoderm and ppl cells being
in the order of ξ∼1 pN s µm−3 (Supplementary Note) argues against
the possibility of interstitial fluid alone generating this friction, given
that the friction coefficient for a fluid with the viscosity of water and a
layer of thickness h=100 nm (corresponding to the estimated distance
between ppl and neurectoderm) would be in the order of ξ∼0.01
pN s µm−3. In contrast, our initial analysis indicated that the cell–
cell adhesion receptor E-cadherin, unlike ECM components (Fig. 1f
and Supplementary Fig. 1a), might be a likely candidate generating
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Figure 5 Hydrodynamic model description of the influence of ppl on ecto cell
flows through friction forces at the tissue interface. (a) Illustration of 1D ecto
flow description along the tissue midline axis; ppl domain exerts an animal-
directed force on the ecto; the differential velocity v of ecto tissue equals 0
at tissue boundaries. (b,b1) 1D analysis of ecto flow velocity (vy) along the
tissue midline axis in wt (b) and slb morphant (b1) embryos; predicted flow
profile (red), experimentally obtained flow velocities in wt and slb morphant
embryos subtracted by the flows in MZoep mutants (blue), non-subtracted
flow profiles in wt and slb morphant embryos (green), and flows in MZoep
mutants (purple) are shown; values of the 1D model parameters used for
each experimental case are listed in Supplementary Table 1 (Supplementary
Note). (c) Illustration of 2D ecto flow description within the experimental
image plane; velocities at the up (U), down (D), right (R) and left (L)
boundaries of the image plane are taken from experimental measurements;

a uniform force density is exerted on the ecto within the ppl domain.
(d–e1) 2D analysis of ecto flow velocities for wt (d,e) and slb morphant
(d1,e1) embryos; upper panels (d,d1) show the vy velocities along the
ecto tissue midline axis and lower panels (e,e1) the vy velocities along
the mediolateral extent of the ecto; colour labelling of curves as in b,b1;
values of the 2D model parameters used for each experimental case are
listed in Supplementary Table 1 (Supplementary Note). (f–g3) 2D vector
density plots for the theoretical and experimental ecto flow velocity fields
of wt (f–f3) and slb morphant embryos (g–g3); subtracted flow fields for wt
(f,f1) and slb morphant (g,g1) embryos; non-subtracted total flow velocity
fields for wt (f2,f3) and slb morphant (g2,g3) embryos generated by adding
corresponding experimental MZoep velocities to the theoretical flow profiles;
direction (arrows) and colour-coded velocities from 0 (white, lowest) to 2
(purple, highest). All error bars s.d.
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Figure 6 E-cadherin-mediated friction forces between ppl and ecto determine
ecto morphogenesis. (a,b) Confocal images of ppl donor cells expressing
lifeact-GFP (actin, green) transplanted into the ppl leading edge (outlined
by dashed red line in a) of a host embryo labelled with Utrophin-Cherry
(actin, purple) and H2A-mCherry (nuclei, purple); asterisks, ppl cells at YSL
interface (yellow), between YSL and ecto (orange), and at ecto interface
(white); dorsal view as maximal z-stack projection (a); dorsal (top) and sagittal
(bottom) confocal sections with ppl protrusions (arrows) and interfaces to
YSL (yellow dashed lines) and ecto (white dashed lines) indicated (b).
(c,d) Average instantaneous velocities of migrating ppl cells in a wt (c)
and e-cadherin morphant embryo (d) along the AV and DV axis colour-
coded from 0 (blue) to 4 (red) µmmin−1. (e) Linear regression lines of
binned mean velocities of ppl cells along the normalized radial distance
of the DV axis from ventral (0) to dorsal (1) for wt (green; P =0.0006,
n=6 embryos) and e-cadherin morphant embryos (blue; P =0.15; n=4
embryos); P values from F -test with null hypothesis; P>0.05, slope equals
zero; error bars (dashed lines), s.e.m. (f) Schematic illustrating ppl (yellow
arrow) dragging ecto cells (white arrow) and friction forces slowing down

ppl cells at the ppl/ecto interface (bottom), leading to a linear velocity
gradient within ppl (top); Ff, friction force; E-cadherin, orange line/dots.
(g) 2D tissue flow map indicating velocities of ecto cell movements along
the AV (VAV) and left–right (LR) (VLR) axis at the dorsal side of an e-cadherin
morphant embryo at 6.7 hpf; local average ecto velocities indicated and
colour-coded from 0 (blue) to 2 (red) µmmin−1; positions of all/leading
edge ppl cells, black/green dots; boxed area used for measurements in h.
(h) Mean velocities along the AV axis (VAV) of ecto (red; boxed area in g;
right y axis) and underlying ppl leading edge cells (green, left y axis) in
e-cadherin morphant embryos (n=4 embryos); 6–8hpf; error bars (dashed
lines), s.e.m. (i) 3D directional correlation between leading edge ppl and
adjacent ecto cells in an e-cadherin morphant embryo at 6.7 hpf; correlation
colour-coded from 1 (red, highest) to −1 (white, lowest); red arrows, local
averaged ecto velocities; boxed area used for measurements in j. (j) 3D
directional correlation values between leading edge ppl and adjacent ecto
cells (boxed area in i) in e-cadherin morphant (n=4 embryos); 6–8 hpf; error
bars (dashed lines), s.e.m. Scale bars, 20 µm (a,b) and 100 µm (g,i); arrows,
AV and DV axes.

friction between these tissues.We therefore tested whether E-cadherin
is needed to sustain coupling of ppl with neurectoderm cell move-
ments by lowering the amount of E-cadherin expressed within the

gastrulating embryo using e-cadherin (cdh1) morpholinos22. Consis-
tent with previous reports22–24, we found that in e-cadherinmorphant
embryos neurectoderm cell movements towards the vegetal pole were
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Figure 7 E-cadherin-mediated friction is sufficient to reorient ecto cell
movements in vitro. (a) Illustration of parallel plate set-up for application of
friction on ecto cells in vitro; uncoated control or coated with E-cadherin/Fc
(E-Fc) polystyrene beads were sheared uniaxial (−y) over a cluster of opposing
moving ecto cells (+y) to create friction; fluorescent reference beads (red)
absorbed to the top plate were used to track the position and movement of
adjacent polystyrene beads; E-cadherin receptors (orange) mediating friction
are indicated. FN, fibronectin. (b) Maximum projection confocal image of
ecto cell cluster expressing GPI-GFP (membrane, green) and H2A-mCherry
(nuclei, white) plated onto a fibronectin-coated dish; directions of cell/stage
movement (+y ; velocity ∼0.5 µmmin−1) and E-Fc-coated beads/top plate
movement (−y ; velocity ∼1.5 µmmin−1) are indicated; position of cluster
of beads above ecto cells is outlined (orange dashed line). (c,d) 2D tissue
flow map indicating average velocities of ecto cell movements along the
y (Vy ) and x (Vx ) axis after application of friction using control (c) or
E-Fc-coated (d) beads at a representative time point; local average ecto
velocities indicated and colour-coded ranging from 0 (blue) to 2 (red)
µmmin−1; positions of leading edge polystyrene beads are marked by green

dots; boxed area was used for measurements in e,f. (e,f) Mean velocities
along the y axis (Vy ) of leading edge control (e; n= 3 experiments) or
E-Fc-coated (f; n=3 experiments) beads (green) and adjacent ecto cells
(boxed area in c,d; red curve) plotted before (t = 0–10min) and after
(t=10–80min) application of friction; error bars (dashed lines), s.e.m. (g,h)
3D directional correlation between ecto cells and adjacent control (g) or
E-Fc-coated beads (h) at a representative time point; correlation colour-
coded ranging from 1 (red, highest) to −1 (white, lowest); red arrows
indicate local averaged ecto velocities; position of all/leading edge ppl cells
marked by white/green dots; blue arrowhead indicates average velocity of ppl
leading edge cells; boxed area was used for measurements in i,j. (i,j) 3D
average directional correlation between ecto cells (boxed area in g,h) and
leading edge control (i; n=3 experiments) or E-Fc-coated beads (j; n=3
experiments) before (t=0–10min) and after (t=10–80min) application of
friction. (k) Time-averaged tissue flow map (over 70 (10–80)min from 3
experiments) of ecto cell movements along the y (Vy ) and x (Vx ) axis after
application of friction using E-Fc-coated beads; error bars, s.e.m. Scale bars,
100 µm (b,c,d,g,h).

strongly reduced whereas the EVL/YSL advanced normally in the
direction of the vegetal pole (Supplementary Fig. 7a,b). Addition-
ally we observed that under reduced E-cadherin levels, ppl progeni-
tor cells display less correlated movements towards the animal pole
with slightly diminished velocity (Supplementary Fig. 7c–f). Notably,
the influence of animal-directed ppl cell migration on the overly-
ing adjacent neurectoderm cells was drastically diminished showing
nearly exclusively vegetal-directed movements of neurectoderm cells
(Fig. 6g,h and SupplementaryVideo 11). Consequently, the directional
correlation between ppl and neurectoderm cell movements was nearly
completely abolished (CL(t120)=−0.14±0.03 (s.e.m., n=4 embryos);
Fig. 6i,j and Supplementary Video 12), and the DV velocity gradient
of cells within the ppl was much less pronounced (Fig. 6d,e and
Supplementary Fig. 7g). This suggests that E-cadherin is critical for

building up friction at the neurectoderm/ppl interface. Notably, the
loss of correlation of directional movement between ppl and neurec-
toderm cells in e-cadherin morphant embryos was accompanied by a
more vegetal positioning of the anterior neural anlage (Supplementary
Fig. 7l,m), underlining the importance of coupling neurectoderm to
ppl cell movement for positioning of the neural anlage.

E-cadherin has previously been suggested to be required for
radial cell intercalations within the ectoderm and ectoderm epiboly
movements23,24. To exclude that the observed loss of ppl and
neurectoderm tissue coupling in e-cadherin morphant embryos is
merely due to a failure of E-cadherin function within the ectoderm,
we transplanted e-cadherin morphant ppl cells into MZoep mutants
that were beforehand injected with CA-Mypt messenger RNA into
the YSL to increase the effect of ppl cells on adjacent neurectoderm
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Figure 8 Friction forces trigger tissue deformations within the ecto. (a) Ecto
tissue deformations along the AV and LR axes of wt (upper panels; n=3)
and MZoep (lower panels; n=3) embryos plotted as time-averaged strain
values for each domain (50×50µm); average normal strain rate is colour-
coded according to amount of stretch (minimum green (0) to maximum
red (10×10−3 s−1)) or compression (minimum green (0) to maximum blue
(−10 × 10−3 s−1)); tissue flows of ecto are indicated as time-averaged
velocities; the dashed line indicates ppl position and the black dot marks the
ppl leading edge as reference point in wt and MZoep; the rectangle outlines
the area used for defining sectors along the AV axis in b. (b) Mean normal
strain rates of ecto tissue along the AV (left panels) and LR (right panels) axes
of wt (upper panels; n=3 embryos) and MZoep (lower panels; n=3 embryos)

embryos in defined sectors (100×200µm) of the ecto (A1 and A2 anterior
and P1 and P2 posterior of ppl leading edge; for a detailed description refer
to Supplementary Fig. 1e) as a function of time during gastrulation (plotted
from 6.3–7.3 in 10min intervals); amount of stretch/compression within each
sector is plotted along the y axis. (c) Ecto tissue strain rate maps derived by
subtraction of AV (left panel) and LR (right panel) time-averaged strain values
of wt from MZoep mutant embryos (n=3 embryos); colour-coded as in a;
tissue flows of ecto are indicated as time-averaged velocities; black dot marks
ppl leading edge as reference point. (d) Illustration of kind and direction of
tissue deformation in the ecto derived from normal strain; the arrows indicate
the direction of stretch or compression of a tissue domain along the AV and
LR axes dependent on the direction and magnitude of ecto movements.

cells as observed earlier (Fig. 4f–j). We found that animal-directed
movements of e-cadherin morphant ppl cells were nearly unaltered
compared to transplanted wt ppl cells (compare Supplementary
Fig. 7i to Fig. 4h). However, the effect of morphant ppl cells
on rearrangement of cell movements within the neurectoderm
was significantly diminished and shorter-lived compared with their
wt counterparts (Supplementary Fig. 7h,i), leading to an overall
reduced alignment of movements between neurectoderm and ppl
cells (CL(t80) = 0.22± 0.05 (s.e.m., n= 4 embryos); Supplementary
Fig. 7j,k). Together, our analysis of e-cadherin morphant embryos
and cells support a critical function for E-cadherin in generating
friction between ppl and neurectoderm, which is essential for force
transduction between those tissues and, consequently, positioning of
the neural anlage.

E-cadherin-mediated friction between neurectoderm and ppl is
sufficient to reorient neurectoderm cell movements
Vertical signalling from the axial mesendoderm to the overlying
neurectoderm has been shown to be an important determinant of
axial patterning within the forming neural keel4,25 and thus could in
principle contribute to the observed influence of ppl on neurectoderm
movement. To address this possibility, we thought to test whether
E-cadherin-mediated friction alone might be sufficient to explain the
observed effect of ppl on neurectoderm movement in the embryo.
Hence, we designed an in vitro experiment where we substituted
ppl cells with a layer of E-cadherin -coated beads and sheared
them over a cluster of ex vivo cultured ectoderm progenitor cells to
create friction between them (Fig. 7a). To mimic similar conditions
as in the embryo, we moved the labelled ectoderm cell cluster
(GPI-GFP membrane and H2A-mCherry nuclei) in one direction

(stage movement ∼0.5 µmmin−1) and the E-cadherin -coated beads,
mimicking the ppl, with higher velocities (top plate ∼1.5 µmmin−1)
in the opposite direction of the ectoderm cell cluster (Fig. 7a,b
and Supplementary Fig. 8a–c). Remarkably, we observed that this
movement of E-cadherin -coated beads was sufficient to reorient cell
movements within the ectoderm cell cluster (Fig. 7d,f), leading to
high local correlation between bead and ectoderm cell movements
(Fig. 7h,j) and to generate double vortex flows within the ectoderm
cluster reminiscent of the situation in vivo (Fig. 7k). In contrast,
no such effects were obtained when using uncoated control beads
(Fig. 7c,e,g,i), suggesting that E-cadherin-mediated contact between
beads and ectoderm cells is critical for the beads to reorient ectoderm
cell movements. Collectively, these findings support the view that
E-cadherin-mediated friction between ppl and neurectoderm cells
is sufficient to explain the observed effect of ppl on neurectoderm
movement in the embryo.

Friction forces lead to distinct tissue deformations within the
neurectoderm
To further corroborate the role of frictional forces on neurectoderm
morphogenesis, we asked whether neurectoderm cells become
compressed in front of the ppl cells and stretched behind, as one would
expect if the ppl cells would be pushing the overlying neurectoderm
towards the animal pole. To this end, we compared neurectoderm
tissue deformation in wt versusMZoepmutant embryos by calculating
normal tissue domain strain rates along the AV and left–right (LR)
axes (Fig. 8d; normal strain) and shear strain rates (Supplementary
Fig. 8h) frommeasured neurectoderm cell velocities.We observed that
both normal and shear strain rates appeared considerably different
between wt and MZoep mutant embryos during the course of
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gastrulation (Fig. 8a,b and Supplementary Fig. 8e,f). In particular,
when subtracting the time-averaged strain rates of MZoep from
wt embryos (Fig. 8c), we found a pronounced elongation of the
neurectoderm along the AV axis behind the ppl leading edge, while
ahead of the ppl the neurectoderm was compressed along the AV axis
and elongated along the LR axis. Moreover, we found inverse shear
deformations of the neurectoderm in areas left and right of the ppl
in wt, but not in MZoep mutant embryos (Supplementary Fig. 8e–g).
Together, these distinct tissue deformations in wt compared with
MZoep mutant embryos are consistent with the notion that the ppl
pushes the overlying neurectoderm towards the animal pole.

DISCUSSION
Biochemical signals from the axial mesendoderm have long been
thought to trigger cell fate specification and patterning of the devel-
oping neural anlage4,25. Our finding that the generation of friction
forces at the neurectoderm–mesendoderm interface is critical for
proper positioning of the neural anlage during gastrulation shows
that alongside biochemical, also mechanical signals play an impor-
tant role for mesendoderm influencing neural plate development.
Interestingly, the extent by which mesendoderm affects neurecto-
derm morphogenesis depends on the magnitude of friction force
generated at the tissue interface, which again is determined by the
speed difference between those tissues. This suggests that the reg-
ulation of differential speed between neurectoderm and mesendo-
derm during gastrulation constitutes an important factor determining
neurectoderm morphogenesis.

Our data also suggest that friction forces at the neurecto-
derm/mesendoderm interface are generated by transient E-cadherin-
mediated heterotypic contacts between ppl and neurectoderm cells.
While the friction coefficient (∼1 pN s µm−3) at the neurectoderm/ppl
interface estimated from our simulations is in principle compatible
with this notion, directly confirming this by comparing an estimated
with an expected friction coefficient due to E-cadherin-mediated
transient interactions between ppl and neurectoderm cells remains
difficult as long as number, lifetime and elasticity of E-cadherin bonds
at the tissue interface are unknown. Still, our genetic and biophysical
experiments, and in particular the E-cadherin loss-of-function ap-
proaches, strongly argue in favour of a decisive function of E-cadherin
in friction generation at the neurectoderm/ppl interface.

Mechanical coupling between mesendoderm and neurectoderm,
potentially mediated by ECM accumulation at the interface between
these tissues, has previously been speculated to be required for
coordination of their convergence movements during neurulation7,8.
Yet, whether and how such potential mechanical coupling between
these tissues might lead to the generation of forces at their
interface, and how such forces are transmitted between the tissues
is yet unclear. Furthermore, large vortex cell flows have previously
been observed within the chicken epiblast during primitive streak
formation26,27. Yet, given that these large-scale tissue flows occur
before ingression of mesoderm and endoderm progenitors and are
thought to be driven by cell shape changes and cell intercalations
within the epiblast itself28,29, the role of friction forces in this process
remains uncertain.

Our observations that ppl mesoderm directly affects the move-
ments of the neurectoderm through friction forces at their interface

unravel an important yet unrecognized mechanical function of
the mesendoderm in neurectoderm morphogenesis. Friction forces
emerging at the interface between fluids and the plasma membrane
have previously been implicated in vascular development30 and tissue
deformation during Drosophila gastrulation31. Our findings demon-
strate that the generation of friction forces between forming tissues
sliding against each other constitutes a key regulatory mechanism of
embryo morphogenesis in development. �

METHODS
Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
this paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS
Embryo staging and fish line maintenance. Zebrafish (Danio rerio) were
maintained as described previously32. Embryos were raised at 28–31 ◦C in E3
buffer and staged according to morphological criteria33. Zebrafish lines (female
and male between the age of 0.5–2.5 yr) used for obtaining embryos: wild-
type (wt) strains TL and AB and the following transgenic and mutant lines
were used: MZoeptz257/tz2579 (ref. 9), Tg (dharma:eGFP)34, MZoep;Tg (dharma:eGFP),
Tg (gsc:GFP)35, Tg (gsc:GFP-CAAX), Tg (actb2:Cherry-UtrCH ) and Tg (actb1:lifeact-
GFP)18. No cell lines were used in this study. All animal experiments were carried out
along the guidelines of the Ethics and Animal Welfare Committee (ETK) in Austria.

Microinjections of mRNA morpholino antisense oligonucleotides and dextran.
CappedmRNA for injection was synthesized using the SP6mMessagemMachineKit
(Ambion). For ubiquitous mRNA overexpression, 100 pg h2afva-mCherry, 75 pg
h2afva-tagBFP36 and 100 pg membrane RFP (mRFP) mRNAs were injected
into 1-cell-stage embryos. To generate mesoderm progenitors, one-cell-stage
Tg (gsc:GFP), Tg (gsc:GFP-CAAX) or Tg (actb2:lifeact-GFP) embryos were injected
with 100 pg cyclops (cyc) mRNA37 and 2 ng casanova (cas) morpholino (MO;
GeneTools) oligonucleotides19. To downregulate myosin-II activity specifically
within the YSL, 50–75 pg of mRNA encoding for a constitutively active myosin-
II phosphatase 1 (CA-Mypt) consisting of the N terminus (amino acids 1–300) of
the humanmyosin phosphatase targeting subunit 1 lacking the inhibitory domain38,
together with 100 pg of h2afva-mCherry mRNA, was directly injected into the
YSL of embryos between 512K and high stage (2.75–3.3 hpf)39. To interfere with
prechordal plate (ppl) progenitor cell number, 0.5–1 ng of cyc MO (GeneTools)
targeted against the ATG start codon of the cyc cDNA was injected into one-
cell-stage embryos40. To reduce E-cadherin and Wnt11 expression levels, 3–4 ng
e-cadherin MO (GeneTools)22 or 6 ng of wnt11 MO (Gene Tools)41, both targeted
against the ATG start codon of the respective cDNAs, was injected into one-cell-
stage embryos. Interstitial fluid was labelled by injection of dextran Alexa Fluor 647
(10,000MW; ThermoFisher Scientific) at high stage (3.3 hpf) into the extracellular
space at the animal pole of the developing embryo.

Sample preparation for live cell imaging. Embryos were mounted in 0.5% low-
melting-point (LMP) agarose (Invitrogen) into agarose moulds inside a Petri dish
and covered with E3 medium with the dorsal side of the embryo facing upwards.
For imaging of cell-division-inhibited embryos, aphidicolin and hydroxyurea were
added into the 0.5% LMP agarose solution.

High-resolution multiphoton imaging. For in vivo fluorescence imaging, embryos
were mounted at 60% epiboly (6 hpf) and subsequently imaged on an upright
multiphoton microscope (TrimScope II, LaVision) equipped with a W Plan-
Apochromat 20 × 1.0 NA dipping lens (Zeiss). GFP, mCherry/RFP, Dextra-
647 and BFP fluorescence were imaged at 900 nm, 1,100 nm and 810 nm
excitation wavelength, respectively, using a Ti-sapphire femtosecond laser system
(Coherent ChameleonUltra) combinedwith optical parametric oscillator (Coherent
Chameleon Compact OPO) technology. Excitation intensity profiles were adjusted
to tissue penetration depth and Z-sectioning for imaging was set between 2–4.8 µm.
For long-term imaging, videos were acquired for 100–140min with a frame rate
between 95–166 s. All embryos were imaged with a temperature control unit set to
28.5 ◦C, and embryos were checked for normal development after imaging.

Confocal imaging. For whole-embryo confocal imaging, embryos were imaged
using a Leica SP5 confocal microscope equipped with a Leica 25× 0.95 NA water-
dipping lens. The temperature during imaging was kept constant at 28.5 ◦C using a
temperature chamber. To analyse YSL ring advancement, consecutive z-stacks (up
to 150 µm depth) of Tg (actb2:Cherry-UtrCH ) embryos throughout the course of
epiboly were recorded. YSL ring advancement was determined by PIV analysis on
maximum z-projections of acquired time-lapse z-stacks using a custom-designed
Matlab script18.

For whole-mount imaging, embryos probed with anti-fibronectin antibody were
imaged with a Zeiss LSM510 Meta confocal microscope, using a 40×/NA1.0 water-
dipping lens. Live cell imaging of in vitro experiments was performed on a Leica SP5
confocal microscope equipped with a 20×/NA0.7 air objective. Embedded sections
of E-cadherin -stained embryos were imaged with a Leica SP5 TCS microscope,
using a 63×/NA1.4 oil immersion objective. Live cell imaging of in vitro experiments
was performed on a Leica SP5 TCS microscope equipped with a 20×/NA0.7
air objective.

Transplantation assays. For cell transplantation experiments, donor and host
embryos were kept in Danieaus’s solution (58mM NaCl, 0.7mM KCl, 0.4mM
MgSO4, 0.6mM Ca(NO3)2 and 5mM HEPES (pH 7.6)) after dechorionation.
Tg (gsc:GFP) or Tg (gsc:GFP-CAAX) donor embryos injected with cyc mRNA and
cas MO were checked at 30% epiboly (3 hpf) for GFP expression, indicative of

mesoderm induction19. Single or groups of cells (100–200 cells) were then removed
from the animal pole of those embryos using a glass transplantation needle (20 µm
diameter) and transplanted below the neurectoderm cells at the dorsal side close to
the margin of a MZoep host embryo at 60% epiboly (6 hpf). For detecting the dorsal
side of the host embryo, MZoep;Tg (dharma:eGFP) embryos were used expressing
Dharma:EGFP at their dorsal side. Transplanted embryos weremounted for imaging
as described above.

In situ hybridization assays.Whole-mount in situ hybridizations were performed as
described previously10. Fornotail (ntl) and otx2 in situhybridizations, antisense RNA
probes were synthesized from partial sequences of the respective cDNAs. Images
were taken with a dissecting stereo-microscope (Olympus SZX 12) equipped with a
QImaging Micropublisher 5.0 camera.

Bead shearing on ectoderm aggregates. Beads were prepared as follows: 10 µl of
a 0.5% w/v solution of magnetic polystyrene particles (10 and 20 µm diameter;
Spherotech) was incubated for 2 h at 4 ◦C in either 100 µl of 1×PBS (Hank’s balanced
salt solution) for control beads, or 100 µl of recombinant mouse E-cadherin/Fc
chimaera (E-Fc) in 1× PBS (50 µg µl−1) to prepare E-cadherin -coated beads. Beads
were centrifuged at 3,000g for 15min, washed with 1× HBSS (Hank’s balanced salt
solution) containing 1.3mMCaCl2) buffer, again centrifuged and then re-suspended
in 1× HBSS. Beads with passively absorbed E-Fc were stored up to two weeks at
4 ◦C. To test E-Fc coupling efficiency, control and E-Fc-coupled beads were boiled in
4× NuPAGE LDS sample buffer (Thermo Scientific), supernatants were loaded on
a 4–15% protein gel and E-Fc was detected by western blot using a rat monoclonal
E-cadherin antibody (DECMA-1, Santa Cruz). For shearing E-Fc-coated beads over
the surface of ectoderm aggregates, we developed a parallel plate device, consisting of
a glass plate controlled by two piezo elements for nanometre-precision movements
in the y and z direction. The glass plate was assembled on top of a stage containing
an inlet for a cell culture dish, which was mounted on a Leica SP5 TCS confocal
microscope. Magnetic polystyrene beads were assembled into elongated clusters
(∼100–200 beads mimicking the size and shape of the ppl in vivo) and held in
position at the bottom of the glass plate by a fixed magnet on top of the glass
plate. As reference points, small fluorescent beads (4 µm Tetraspeck Microspheres;
Invitrogen) were absorbed to the glass plate to track the location and movement of
the magnetic polystyrene particles. For preparing ectoderm cell aggregates, MZoep
mutant embryos, injected with H2A-mCherry (nuclei) and GPI-GFP (membrane)
mRNA at 1-cell stage, were dissociated at 4–5 hpf in DMEM/F12 media mixture,
and ectoderm cells were harvested and seeded in clusters on fibronectin-coated glass
dishes. polystyrene particles were positioned on top of the ectoderm cell cluster
with slight indentation. To mimic the movements of ppl and ectoderm cells in vivo,
ectoderm cells were moved continuously in one direction (∼0.5 µmmin−1) and
polystyrene particles were sheared over the ectoderm cells (∼1.5 µmmin−1) in the
opposite direction, resulting in a comparable velocity ratio (1:3) as in wt embryos.
Velocity profiles and correlations were obtained from nuclei and bead positions and
calculated similar to measured flow profiles in the embryo.

Whole-mount immunohistochemistry and antibodies. For whole-mount
immunohistochemistry, embryos were fixed for 2 h with 2% paraformaldehyde in
1× PBS, washed twice after fixation with 50mM glycine in 1× PBS, 0.05% Triton-X,
0.05% Tween (PBSTT), and pre-blocked with 5% purified bovine serum albumin
(BSA, Sigma-Aldrich, A9418) in PBSTT. For fibronectin immunohistochemistry,
embryos were fixed at 60%, 80% and 90% epiboly and fibronectin was detected
using a primary rabbit anti-fibronectin antibody (Sigma-Aldrich, F3648; 1:100
dilution). For E-cadherin immunohistochemistry, embryos were fixed at 75–80%
epiboly and E-cadherin was detected using a primary rabbit antibody against
zebrafish E-cadherin (antibody facility MPI-CBG; 1:200 dilution). Incubation with
primary antibodies was performed overnight in PBSTT with 2% purified BSA at
4 ◦C. Embryos were consequently washed with PBSTT 4× for 30min and incubated
overnight with secondary antibody (Alexa 488-conjugated goat anti-rabbit,
ThermoFisher Scientific, A-11008; 1:5,000 dilution) and rhodamine-phalloidin for
F-actin staining (ThermoFisher Scientific, R415; 1:200 dilution). Embryos were
washed 4× for 30min with PBSTT and nuclei were stained with DAPI nuclei acid
stain (ThermoFisher Scientific, D1306).

Preparation of histological sections. For tissue sectioning, pre-stained embryos
were re-fixed in 2% PFA, embedded in increasing concentrations of OCT medium
(Tissue-Tek O.C.T. Compound, Sakura Finetek; 0%–10%–30%–50%–70%–90%
diluted in 30% sucrose/PBS), shock-frozen in 90% OCT solution on dry ice, and
cryo-sectioned at a thickness of 20 µm before embedding in ProLong Gold antifade
mountant (ThermoFisher Scientific, P36930).

Calculations of tissue strain rates. Strain rates were calculated within the
neurectodermclose to the animal–vegetal axis in thewt andMZoepmutant embryos.
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To calculate tissue strain rates, the neurectoderm tissue was subdivided into small
domains of 50 µm2 boxes in xy (∼50 cells per domain per time point) and the
velocity of cells within each box was averaged to calculate its instantaneous average
ensemble. The strain rates were then calculated similar to a previous approach42, by
using spatial derivatives of the velocities within the neighbouring boxes along the
animal–vegetal (AV) and lateral (LR) axes of the embryo, considering the adjacent
domains. To distinguish direction and kind of strain, we calculated normal strain
rates along the AV, LR axes and shear strain rates. Normal strain rates determine
the stretch (positive value) or compression (negative value) across the tissue domain
along a specific direction (AV or LR) and shear strain rates capture the change of
angle when the tissue deforms, whereby the angle of the domain (unit of the tissue)
can shrink (positive value) or enlarge (negative value) during deformation. Strain
rates were calculated as follows:

εAV=
∂v
∂y

εLR=
∂u
∂x

εshear=
∂u
∂y
+
∂v
∂x

where x and y are mathematical representations of the LR and AV axes, u and v are
the velocities in these directions respectively and ε resembles strain rate.

Image and data processing for flow and correlation analysis. Images acquired
frommultiphoton live cell imaging were initially processed with ImSpector software
(LaVision Bio Tec) to compile channels from imaging data, and the exported files
were further processed using Imaris software (Bitplane) to visualize the recorded
channels in three dimensions. Full data sets containing all of the channels from
live cell imaging were used for identifying embryo landmarks needed to align
all embryos in the same way for comparison of different experiments. Each
imaged embryo was rotated and aligned along the AV axis at the dorsal side of
the embryo using the gsc:GFP, or in the case of MZoep mutant embryos, the
dharma:EGFP signal as dorsalmarker for correct embryo orientation. Ppl progenitor
nuclei were extracted by surface masking of the gsc:GFP signal within prechordal
plate progenitors. Neurectoderm cell nuclei were calculated from non-surface
masked areas, and nuclei of remaining deep cells including paraxial mesoderm,
endoderm and YSNwere identified by their characteristic positions/movements and
then manually subtracted. Nuclei positions of ppl progenitors and neurectoderm
cells in xyz-dimensions were extracted for each time point and used for further
quantitative analysis.

Cell tracking data containing nuclei positions over time were analysed with
custom-made Perl scripts. From the 3D cell positions instantaneous velocity of a cell
i at time t was calculated as follows:

vi(t)=
ri(t+1t)− ri(t)

1t

where vi(t) is the velocity vector of cell i at time t and ri(t) is the position of cell i
at time t and 1t is the elapsed time between two consecutive 3D image sets in the
time-lapse videos.

Analysis and visualization of ppl progenitor cell movements. In this section we
delineate different analysis types that are based on methods generally used to
quantify collective motion behaviour43,44 to characterize collective cell migration.

To visualize how individual cell movements correlate with the averagemovement
of the ppl cell collective, we calculated correlation values between the direction
of movement of each individual cell and the average movement direction of the
collective as follows:

Ci(t)= v̂i(t)·v̂group(t)

where v̂i(t) is the normalized 3D velocity vector of cell i and

v̂group(t)=
1

N (t)

N∑
i=1

v̂i(t)

is the average normalized 3D velocity vector of the group at time t and N (t) is
the number of ppl cells at time t . We calculated Ci(t) for every time point for
each cell. Ci(t) can take values between 1 (if a cell movement is perfectly aligned
with the average movement of the ppl collective) and −1 (if a cell is moving in
the opposite direction of the collective). Correlation values of individual cells Ci(t)

are indicated in images for a representative time point by the colour of the velocity
vectors (Supplementary Fig. 2b).

To quantify the alignment of cell movements, we defined the ‘order parameter’
as the absolute value of the averaged normalized velocity as follows45:

ϕ(t)=|v̂group(t)|=

∣∣∣∣∣ 1
N (t)

N∑
i=1

v̂i(t)

∣∣∣∣∣
where v̂i(t) is the normalized velocity of a cell and N (t) is the total number of
cells at time t . ϕ(t) can take values between 0 (if cells move randomly, disordered
movement) and 1 (if cells move uniformly in the same direction, highly ordered
movement; Supplementary Fig. 2c).

Calculations and visualization of neurectoderm flows. To quantify and visualize
neurectoderm cell motion without ppl progenitor cells, we calculated velocity flow
maps in spatially defined areas of the embryo. Three-dimensional cell velocity
vectors were averaged in 50 by 50 µm2 sectors in xy planes and over the full z
direction for every time point to create a grid covering the whole area of the
visualized embryo. For visualization we plotted xy projections of the 3D velocity
vectors for every time point and reconstructed a velocity flow map. Magnitude of
the average velocity, namely ∣∣∣∣∣ 1N

N∑
i=1

vi(t)

∣∣∣∣∣
whereN is the number of cells in a sector at time t , was calculated and is indicated by
the colour of the arrow in each sector. The centre point of the grid was determined
as the middle point of the imaged area.

To quantify and visualize neurectoderm cell motion with underlying ppl
progenitor cells, we determined the centre 0,0 point of the above-mentioned grid
as the average position of the first 20 leading cells. We used this 0,0 grid position as
a reference point to compare the cell movements from different embryos. For each
time point of image acquisition, the 0,0 grid position was superimposed to keep the
reference point fixed for every time frame and the 50×50µm2 sectors, containing
the average instantaneous cell velocities, were back projected around this reference
point (Fig. 2c and Supplementary Fig. 2e,f). This method allowed us to quantify
cell velocities in the adjacent neurectoderm in a relative position to the leading ppl
progenitor cells and to directly compare different data sets with each other.

Averaged neurectoderm velocity fields were calculated by making both time and
ensemble averages for each experimental case. Time averages were taken over the
whole duration of image acquisition (typically 120min) for wt, cyc morphant, slb
morphant, CA-Mypt and MZoep mutant embryos and visualized as time-averaged
neurectoderm flow velocity fields (Fig. 2g).

Directional correlation analysis of neurectoderm and prechordal plate
progenitor cell movements. To quantify the correlation between the movement
of neurectoderm (‘ecto’ in equations) and underlying ppl progenitor cells (‘pp’
in equations), we calculated their directional correlation in every sector of the
grid (grids were positioned the same way as described above) for each time point
as follows:

Cecto−pp(t)= v̂ecto(t) · v̂pp(t)

where v̂ecto(t) and v̂pp(t) are the normalized averaged 3D velocity vectors in a grid
at time t of neurectoderm and ppl progenitor cells, respectively (Supplementary
Fig. 2g). Cecto−pp(t) can take values between 1 (ectoderm and ppl progenitor cells
move in the same direction) and −1 (they move in opposite directions). The
Cecto−pp(t) value of each grid sector is indicated in images and videos by the colour
of the sector (Fig. 2e and Supplementary Fig. 2g,h).

To investigate the effect of ppl movement on neurectoderm cells that are
positioned anterior to the leading edge of the ppl, we calculated the directional
correlation between v̂ecto(t) and the average normalized velocity vector of the first
20 leading ppl cells as follows:

Cecto-leading(t)= v̂ecto(t) · v̂leading(t)

The Cecto-leading(t) value of each grid sector is indicated in images and videos by the
colour of the sector (Fig. 1k).

Instantaneous speed, directionality and polarity analyses of ppl cells. Cell speed
vCell was calculated from single cell trajectories with positions

r(t)=(x(t),y(t),z(t))
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Data were selected every frame to obtain instantaneous velocities

v=|δr(n · tlag )|/(n · tlag )

with

δr(n · tlag )=r(t+n · tlag )−r(t)

and tlag being the time interval between successive frames. Instantaneous velocity
values v calculated from single trajectories were averaged to obtain the cell speed
vCell (Supplementary Fig. 2d).

To calculate directionality values, single cell trajectories were split into segments
of equal length (5 frames). Directionality indices for single trajectories were
calculated via a sliding window as the ratio of start-to-end distance versus the
summed distance between successive frames in a segment. Obtained directionality
values were averaged over all segments in a single trajectory. This analysis
yielded values between [0,1], with higher movement directionality closer to 1
(Supplementary Fig. 2d).

For the calculation of speed gradients along the DV axis bright-field images of
embryos were obtained to measure the embryo radius RE. The value RE was used as
an input parameter to fit (x ,y ,z) coordinates of ppl cells to a sphere with radius RE

to obtain the centre of the embryo (x0,y0,z0). Ppl cell coordinates were shifted to the
origin by linear translation

(x ′ =x−x0,y
′

=y−y0,z
′

=z−z0)

and transformed to spherical coordinates (x ′, y ′, z ′)→ (R, θ , ϕ). In this reference
frame the DV axis is represented by the R coordinate (the AP axis and LR
axis by θ and ϕ coordinates respectively). Two-dimensional velocity maps along
the DV and AV axis were generated from instantaneous velocity values v(R, θ)
calculated as described above and plotted at interpolated cell positions between
consecutive frames (Fig. 6c,d). Speed gradients along the DV axis were obtained
from instantaneous velocities v(R) and were binned and averaged to calculate mean
instantaneous velocity values (Fig. 6e).

Direction of protrusion formation of transplanted ppl progenitor cells was
analysed for each video in steps of 15–20min with Fiji software using the angle
measurement tool. Angle between detected protrusion and the AV axis was
measured, where an angle of 0◦ corresponds to the animal and an angle of 180◦ to the
vegetal pole, and a 90 and 270◦ angle for the right and left axis respectively. Angles
were plotted in polar plots using IgorPro software (WaveMetrics) (Supplementary
Fig. 5d).

Quantification of neural plate positioning. After whole-mount in situ
hybridization, the embryos were imaged using a dissecting stereoscope with
the Leica Imaging Application. Fiji software was utilized to fit a circle around
the embryo and to measure the angle between the vegetal pole and the anterior
border of the otx2 expression domain by using the built-in angle tool. Box–whisker
plots were generated to compare angles from different developmental stages
(Supplementary Fig. 2m).

Statistical analysis and reproducibility. Statistical analysis was performed using
software Prism 5 (GraphPad) and R (Bell Laboratories). To compare the mean
values, unpaired Student’s t-tests were used to calculate two-tailed P values for two-
group comparison and Student’s t-tests with Benjamini–Hochberg correction for

multiple-group testing correction were used to calculate the false discovery rate for
each P value. The data meet the assumption of the tests and the variance is estimated
to be similar between groups that are compared.We used a non-parametric unpaired
test because we assume that the data follow a Gaussian distribution and that in
the compared groups the individual values were not paired or matched with one
another. All P values are reported within the figure legends. All n-values report
biological replicates (embryos) if not stated otherwise. No statistical method was
used to predetermine the sample size. The experiments were not randomized.
The investigators were not blinded to allocation during experiments and outcome
assessment. For interpreting linear regression slopes we performed an F-test to
report the P value (two-tailed) testing the null hypothesis that the overall slope
is zero (P > 0.05). Where whisker–box plots were used, the centre of the box
shows the median (the additional red dot shows the mean), and the whiskers
show the minimum and maximum measured value, respectively (capped by 1.5
interquartile range; values measured outside are shown as outliers). Representative
stereoscope/confocal/multiphoton images of zebrafish embryos, or ex vivo isolated
cells, or western blot in Figs 1a,c,f, 2a,b,i,j, 3a,g,m,s, 6a,b and 7b and Supplementary
Figs 1a–e, 2a,i,k,l, 3a,e,i,j, 4b,d,i, 5b–d,i,j, 7a,b,l and 8a–c have been successfully
repeated between 3 and 6 times.

Code availability. Relevant computational codes used for data processing are
available from the authors on request.

Data availability. All data that support the conclusions in the study are available
from the authors on reasonable request.
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Supplementary Figure 1 Fibronectin and interstitial fluid localization at the 
neurectoderm-to-prechordal plate interface during zebrafish gastrulation. (a, 
b, c) Immunofluorescence confocal images of the neurectoderm (ecto)-to-pre-
chordal plate (ppl) interface (white dashed line) in a wild type (wt) embryos 
at 6 (a), 8 (b), and 9 (c) hpf showing Fibronectin staining (pseudo-colored 
with Fire LUT) in maximum intens ity projections of dorsal views (top pan-
els) and sagittal sections (middle panels); red dashed line outlines position of 
ppl leading edge cells; blue dashed line indicates ecto-to-EVL interface, and 
yellow dashed line shows YSL interface to ppl and ecto; bottom panels are 
sagittal sections of the ecto-to-ppl interface stained for F-actin (phalloidin) 
to mark this interface; double-sided arrows indicate animal (A) to vegetal (V) 
and dorsal (V) to ventral (V) embryo axes; asterisk labels ppl leading edge cell; 
scale bar, 20 µm. (d) Multiphoton live cell images showing interstitial fluid 
(IF) accumulation (dextran-Alexa Fluor 647, left panel), F-actin localization 
(Tg(actb1:lifeact-GFP), middle panel) and a combination of those different 
labels (right panel) at the ecto-to-ppl interface (white dashed line) at 7 hpf; red 

arrows indicate extracellular cavities filled with IF at the ecto-to-ppl and ecto-
to-YSL interfaces; white arrows indicate ecto-to-ppl cell-cell contacts devoid of 
IF accumulations; blue dashed line indicates ecto-to-EVL interface, and yellow 
dashed line shows YSL interface to ppl and ecto; double-sided arrows indicate 
AV and dorsal DV embryo axes; asterisk labels ppl leading edge cell; scale bar, 
20 µm. (e) Multiphoton live cell image of Tg(gsc:GFP) embryo (t = 120 min, 
8 hpf) with pseudo-colored spots marking positions of nuclei within the axial 
mesendoderm (green); dorsal view with double-sided arrows indicating AP to 
VP and left (L) to right (R) embryo axes; color-code indicates mean total cell 
speeds of axial mesendoderm cells moving to the animal pole after internaliza-
tion (cyan, 0-2 and yellow/magenta >2 µm/min); position of anterior (ppl) and 
posterior mesendoderm marked; scale bar, 50 µm. (f) Average instantaneous 
cell speeds in µm/min of internalized axial mesendoderm cells in wt embryos 
(n=6 embryos) plotted along the normalized distance along the AV axis from 
anterior (0) to posterior (1); green dashed line marks position of transition from 
anterior (ppl) to posterior axial mesendoderm, error bars, s.e.m. 
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Supplementary Figure 2 Prechordal plate and neurectoderm cell movements 
and neural plate positioning in wild type and MZoep mutant embryos. (a) Fluo-
rescent images of a wild type (wt) Tg(gsc:GFP) embryo showing neurectoderm 
nuclei (H2A-BFP, cyan) and gsc-expressing GFP-labeled prechordal plate (ppl) 
cells at a representative time point during gastrulation (t = 65 min, 7.1 hpf); 
dorsal and sagittal (dorsal up) sections through the embryo (yellow tags in up-
per panel mark sagittal section plane in lower panel); animal (AP) and vegetal 
pole (VP) indicated by arrows; scale bar, 100 µm. (b) Correlation of ppl cell 
movements in a wt embryo at a representative time point during gastrulation 
(t = 111.7 min, 7.9 hpf); ppl cells are visualized as arrows in a 2D plot and 
color-coded corresponding to their 3D correlation values between 1 (red, maxi-
mum correlation) and -1 (blue, minimum correlation); every 3rd cell is plotted; 
AP, animal pole; VP, vegetal pole; scale bar, 50 µm. (c) Average degree of 
alignment of ppl cell movements in wt embryos (n=5 embryos) plotted from 
6 to 8 hpf (120 min); the order parameter corresponds to the degree of align-
ment ranging from 0 (disordered movement) to 1 (highly ordered movement); 
error bars, s.e.m. (d) Mean instantaneous cell speed and directionality of ppl 
cells in a wt embryo (n=5 embryos) calculated from 6 to 8 hpf are plotted as 
bar graphs; error bars, s.e.m. (e) Schematic illustration of global neurectoderm 
velocity measurements at the dorsal side of the embryo; the neurectoderm 
was segmented into 100 x 200 µm sectors along the AV axis (VAV); sectors 
were positioned and color-coded relative to the ppl leading edge (yellow dot), 
or fixed for cases without ppl cells; A1-3 and P1-3, sector anterior and poste-
rior of the ppl leading edge, respectively; mean VAV velocities in the different 
sectors were calculated for each time frame. (f) Mean movement velocities 
(µm/min) along the AV axis (VAV) of neurectoderm cells in wt embryos (n=6 
embryos) plotted from 6 to 8 hpf (120 min); colors of curves correspond to 
respective sectors in (e); error bars, s.e.m. (g) Schematic illustration of global 
3D movement correlation analysis between neurectoderm and ppl cells in de-
fined sectors along the AV axis of the embryo. For 3D correlation calculations, 
neurectoderm cell velocities along the AV (VAV), left-right (LR) (VLR; see (e)) 
and dorsal-ventral (DV) axis (VDV in sectors of 130x100 µm) were measured; 

sectors were positioned and color-coded relative to the ppl leading edge (yel-
low dot); A1-3 and P1-3, sector anterior and posterior of the ppl leading edge 
(yellow dot), respectively. (h) 3D movement correlation between leading edge 
ppl and adjacent neurectoderm cells in defined sectors along the AV axis of 
wt embryos (n=6 embryos) plotted from 6 to 8 hpf (120 min); colors of curves 
correspond to respective sectors in (e) and (g); error bars, s.e.m. (i) Fluorescent 
images of a MZoep;Tg(dharma:EGFP) mutant embryo showing neurectoderm 
nuclei (H2A-BFP, cyan) and Dharma (dharma:EGFP, green, marked with aster-
isk) expression at the dorsal blastoderm margin at a representative time point 
during gastrulation (t = 74.22 min, 7.2 hpf); dorsal and sagittal (dorsal up) 
sections through the embryo (yellow tags in upper panel mark sagittal section 
plane in lower panel); animal (AP) and vegetal pole (VP) indicated by arrows; 
scale bar, 100 µm. (j) Mean movement velocities (µm/min) of neurectoderm 
cells along the AV axis (VAV) in MZoep mutant embryos (n=4 embryos) plot-
ted over from 6 to 8 hpf (120 min); colors of curves correspond to sectors 
outlined in (e); error bars, s.e.m. (k, l) Anterior neural anlage in wt (k) and 
MZoep mutant (l) embryos marked by whole-mount in situ hybridization of otx2 
mRNA expression at consecutive stages of gastrulation from 70% epiboly to 
bud stage (7 - 10hpf); posterior axial mesoderm was detected by no tail (ntl) 
mRNA expression (arrows); animal pole (dorsal down), dorsal (animal pole up) 
and lateral (dorsal right) views are shown; arrowheads mark the anterior most 
edge of the neural plate; scale bars 200 µm. (m) Quantitative analysis of neu-
ral plate position during gastrulation in MZoep versus wt embryos. The angle 
(°) between the vegetal pole and the anterior border of the otx2 expression 
domain was measured for embryos at different stages during gastrulation (k, l) 
and plotted as box-whisker graphs; n, embryos analyzed from 4 independent 
experiments; student’s t-test (P value indicated) for all graphs comparing same 
stages; ***, P <0.001, (ns) non significant, P >0.05; n (wt, bud) = 36, n (wt, 
90%) = 36, n (wt, 80%) = 34, n (wt, 70%) = 29, n (MZoep, bud; P <0.0001) 
= 24, n (MZoep, 90%; P <0.0001) = 36, n (MZoep, 80%; P <0.0001) = 20, n 
(MZoep, 70%; P <0.358) = 18; box plot centre, median; red dot, mean; upper 
whisker, maximum; lower whisker, minimum.
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Supplementary Figure 3 Prechordal plate cell movements and neural plate po-
sitioning in cyc and slb morphant embryos. (a, e) Fluorescence images of a 
Tg(gsc:GFP) cyclops (cyc) (a) and silberblick (slb) morphant (e) embryo showing 
H2A-BFP expression (cyan) in all nuclei and GFP (green, white outline) ex-
pression in gsc-expressing prechordal plate (ppl) cells at a representative time 
point during gastrulation (a; t = 71.40 min, 7.2 hpf and e; t = 74.22 min, 
7.2 hpf); dorsal and sagittal (dorsal up) sections through the embryo (yellow 
tags in upper panel mark sagittal section plane in lower panel); animal (AP) 
and vegetal pole (VP) indicated by arrows; red line in (e) indicates widened ppl 
internalization zone; scale bar, 100µm. (b, f) Number of internalized ppl cells 
in Tg(gsc:GFP) cyc (b; blue curve, n = 3 embryos) and slb (f; blue curve, n = 3 
embryos) morphant embryos (blue curve, n = 3 embryos) versus wt (green curve, 
n = 6 embryos) embryos plotted between 6 and 8 hpf (120 min); error bars, 
s.e.m. (c, g) Average degree of alignment of ppl cell movements in cyc (c) ma-
genta curve/squares, n = 3 embryos) and slb morphant (g; magenta curve/dots, 
n=3 embryos) versus wt (green curve/dots, see Supplementary Fig. 2c) embryos 
plotted from 6 to 8/8.3 hpf (120/140 min); the order parameter corresponds 
to the degree of alignment ranging from 0 (disordered movement) to 1 (highly 
ordered movement); error bars, s.e.m. (d, h) Mean instantaneous ppl cell speed 
and directionality of cyc [d; gray bar graph, n = 4 embryos; P(speed) = 0.0061, 
P(dir) = 0.033] and slb morphant [gray bar graphs, n = 3 embryos, P(speed) = 

0.0025, P(dir) <0.0001] versus wt (white bar graph, see Supplementary Fig. 
2d ) embryos plotted as bar graphs; error bars, s.e.m.; student’s t-test for all 
graphs; ***, p < 0.001, **, p < 0.01; *, p < 0.05. (i, j) Anterior neural plate an-
lage in cyc and slb morphant embryos marked by whole-mount in situ hybridiza-
tion of otx2 mRNA expression at consecutive stages of gastrulation from 70% 
epiboly to bud stage (7 - 10hpf); posterior axial mesoderm was detected by no 
tail (ntl) mRNA expression (arrows); animal pole (dorsal down), dorsal (animal 
pole up) and lateral (dorsal right) views are shown; arrowheads mark the most 
anterior edge of the neural plate; scale bar 200 µm. (k) Quantitative analysis 
of neural plate position in cyc and slb morphant versus wt embryos during gas-
trulation. The angle (°) between the vegetal pole and the anterior border of the 
otx2 expression domain was measured for embryos at different stages during 
gastrulation (i, j) and plotted as box-whisker graphs; n, embryos analyzed from 
4 independent experiments; student’s t-test (P value indicated) for all graphs 
comparing same stages; ***, P <0.001, ns (non significant), P >0.05; n (wt, 
bud) = 36, n (wt, 90%) = 36, n (wt, 80%) = 34, n (wt, 70%) = 29, n (slb, bud; 
P <0.0001) = 23, n (slb, 90%; P <0.0001) = 17, n (slb, 80%; P <0.0001)  = 
20, n (slb, 70%; P = 0.134) = 16, n (cyc, bud; P <0.0001) = 40, n (cyc, 90%; 
P <0.0001)  = 39, n (cyc, 80%; P <0.0001) = 32, n (cyc, 70%; P = 0.851) = 
27; red dots mark mean values; box plot centre, median; red dot, mean; upper 
whisker, maximum; lower whisker, minimum.
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Supplementary Figure 4 Prechordal plate cell movements and neural plate 
positioning in wild type embryos overexpressing CA-Mypt within the yolk syn-
cytial layer. (a) Schematic illustration of CA-Mypt and H2A-mCherry mRNA in-
jection into the yolk syncytial layer (YSL) of an embryo at high stage (3.3 hpf). 
(b) Confocal images of the enveloping layer (EVL)/YSL epiboly progression in 
F-actin labeled Tg(actb1:GFP-UtrCH) wild type (wt) control (lower panel) and 
embryos injected with constitutively active myosin II phosphatase mRNA into 
the YSL (CA-Mypt, upper panel) at 8 hpf; both embryos were co-injected with 
H2A-mCherry mRNA into the YSL to mark YSL nuclei. (c) Quantification of the 
average advancement (µm/min) of the EVL margin of wt control and CA-Mypt 
injected embryos between 7 and 9 hpf; student’s t-test; ***, P <0.001; n= 
4 embryos; error bars, s.e.m. (d) Fluorescence images of a Tg(gsc:GFP) em-
bryo overexpressing CA-Mypt and H2A-mCherry (magenta, arrows) within the 
YSL, also showing H2A-BFP expression within all nuclei and GFP-expression 
in gsc-expressing prechordal plate (ppl) progenitors (green, white outline) at 
a representative time point during gastrulation (t = 75 min, 6.25 hpf); dorsal 
and sagittal (dorsal up) sections through the embryo (yellow tags in upper 
panel mark sagittal section plane in lower panel); animal (AP) and vegetal 
pole (VP) indicated by arrows; scale bar, 100µm. (e) Number of internalized 
ppl cells in Tg(gsc:GFP) embryos overexpressing CA-Mypt within the YSL (blue 
curve, n = 4 embryos) versus wt embryos (green curve) plotted from 6 to 8 hpf 
(120 min); error bars, s.e.m. (f) Directional correlation of ppl cell movements 
in a wt embryo overexpressing CA-Mypt within the YSL at a representative time 
point during gastrulation (t = 77.40 min, 6.8 hpf); ppl cells are visualized as 
arrows in a 2D plot and color-coded according to their 3D correlation values 
between 1 (red, maximum correlation) and -1 (blue, minimum correlation); 
every 3rd cell is plotted; AP, animal pole; VP, vegetal pole; scale bar, 50 µm. (g) 

Average degree of alignment of ppl movements in embryos overexpressing CA-
Mypt within the YSL (magenta curve/squares, n = 3 embryos) versus wt embry-
os (green curve/dots, see Supplementary Fig. 1c) plotted from 6 to 8 hpf (120 
min); the order parameter corresponds to the degree of alignment ranging from 
0 (disordered movement) to 1 (highly ordered movement); error bars, s.e.m. 
(h) Mean ppl cell instantaneous speed and directionality in CA-Mypt injected 
[gray bar graphs, n = 4 embryos; P(speed) = 0.323, P(dir) = 0.702] versus wt 
(white bar graphs, see Supplementary Fig. 2d) embryos plotted over 120min 
(6 to 8 hpf) as bar graphs; error bars, s.e.m.; student’s t-test for all graphs; ns 
(not-significant), P > 0.05. (i) Anterior neural anlage in embryos overexpress-
ing CA-Mypt within the YSL marked by whole-mount in situ hybridization of 
otx2 mRNA expression at consecutive stages of gastrulation from 70% epiboly 
to bud stage (7 - 10hpf); posterior axial mesoderm was detected by no tail (ntl) 
mRNA expression (yellow arrows); animal pole (dorsal down), dorsal (animal 
pole up) and lateral (dorsal right) views are shown; red arrowhead marks the 
most anterior edge of the neural plate; 200 µm. (j) Quantitative analysis of 
neural plate position during gastrulation in embryos overexpressing CA-Mypt 
in the YSL versus wt embryos. The angle (°) between the vegetal pole and the 
anterior border of the otx2 expression domain was measured for embryos at 
different stages during gastrulation (i) and plotted as box-whisker graphs; n, 
embryos analyzed from 4 independent experiments; student’s t-test (P value 
indicated) for all graphs comparing same stages; **, P <0.01; *, P <0.05, (ns) 
non significant, P >0.05; n (wt, bud) = 36, n (wt, 90%) = 36, n (wt, 70%) = 
29, n (CA-Mypt, bud; P = 0.49) = 16, n (CA-Mypt, 90%; P = 0.0259) = 22, 
n (CA-Mypt, 80%; P = 0.0016) = 34, n (CA-Mypt, 70%; P = 0.0016) = 12; 
red dots mark mean values; box plot centre, median; red dot, mean; upper 
whisker, maximum; lower whisker, minimum.
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Supplementary Figure 5 Movement of transplanted prechordal plate cells in 
MZoep mutant embryos. (a, h) Schematic illustration of a MZoep;Tg(dhar-
ma:EGFP) (a) and a MZoep;Tg(dharma:EGFP) mutant embryo that was inject-
ed with CA-Mypt mRNA into the YSL at high stage (h; 3.3 hpf) transplanted 
with prechordal plate (ppl) cells (green) into the dorsal side at 60% epibo-
ly (6 hpf); asterisk marks position of dorsal marker Dharma; orange arrows 
indicate reduced vegetal-directed movement of EVL margin (h); AP, animal 
pole; VP, vegetal pole; L, left; R, right. (b, i) Bright-field/fluorescence image 
of a MZoep;Tg(dharma:EGFP) mutant embryo at 90% epiboly (9 hpf) and a 
MZoep;Tg(dharma:EGFP) mutant embryo at 80 % epiboly (8 hpf) that over-
expresses CA-Mypt and the nuclei marker H2A-mCherry (red) within the 
YSL containing transplanted GFP-labeled ppl cells from Tg(gsc:GFP) donor 
(b) and Tg(gsc:GFP-CAAX) donor (i) embryos; ppl cell nuclei are marked by 
H2A-mCherry (i; red, co-localizes with green ppl cells); dashed white line in-
dicates position of transplanted ppl progenitors; arrowhead points at anterior 
edge of ppl cells; asterisk marks dharma:EGFP signal at the dorsal side of the 
embryo; dorsal (animal pole up, top panel) and lateral (dorsal right, bottom 
panel) views; scale bar, 200 µm. (c, j) Fluorescence images of representative 
time points during gastrulation (c; t = 47.19 min, 6.8 hpf and j; t = 56.39 
min, 6.9 hpf) showing a MZoep;Tg(dharma:EGFP) (c) and a MZoep;Tg(dhar-
ma:EGFP)  mutant embryo which overexpresses CA-Mypt and the nuclei mark-
er H2A-mCherry (magenta) within the YSL (j) containing transplanted gsc-ex-
pressing GFP-labeled ppl cells (white outline) from Tg(gsc:GFP) donor (c) and 
Tg(gsc:GFP-CAAX) donor (j) embryos; all nuclei are marked by H2A-mCherry 
(c; magenta) and H2A-BFP (j; cyan) expression, and the dorsal side of the 

embryos is marked by dharma:EGFP expression (green, asterisk); dorsal and 
sagittal (dorsal up) sections through the embryo (yellow tags in upper panel 
mark sagittal section plane in lower panel); animal pole (AP) and vegetal pole 
(VP) indicated by arrows; scale bar, 100µm. (d) Protrusion orientation of ppl 
cells transplanted into MZoep mutants: top panel, fluorescence image of ppl 
cells with cytoplasm in green (gsc:GFP) and nuclei in cyan (H2A-BFP); animal 
pole up; scale bar, 20 µm. Bottom panel, polar plot or protrusion orientation 
of transplanted ppl cells (n = 48 cells from 2 embryos) with 0 ° = animal pole, 
180 ° = vegetal pole. (e) Number of ppl cells transplanted into MZoep mutant 
embryos (n=3 embryos) plotted from 6 to 8 hpf (120 min); error bars, s.e.m. (f) 
Directional correlation of transplanted ppl cell movements in a MZoep mutant 
embryo at a representative time point during gastrulation (t = 83.5 min, 7.4 
hpf); ppl cells are visualized as arrows in a 2D plot and color-coded according 
to their 3D correlation values between 1 (red, maximum correlation) and -1 
(blue, minimum correlation); every 5th cell is plotted; AP, animal pole; VP, veg-
etal pole; scale bar, 50 µm. (g) Average degree of alignment of transplanted ppl 
cell movements in MZoep mutant embryos (magenta curve/squares, n=3 em-
bryos) versus endogenous ppl cell movements in wt embryos (green curve/dots, 
see Supplementary Fig. 2c) from 6 to 8 hpf (120 min); the order parameter 
corresponds to the degree of alignment ranging from 0 (disordered movement) 
to 1 (highly ordered movement); error bars, s.e.m. (k) Mean neurectoderm cell 
velocities along the animal-vegetal (AV) axis (VAV) (measurement area indicated 
by black box in Supplementary Fig. 2e) in MZoep mutant embryos (red curve, 
n=3 embryos) and MZoep mutant embryos overexpressing CA-Mypt in the YSL 
(black curve, n=3 embryos); error bars, s.e.m.
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Supplementary Figure 6 Effect of external friction on one-dimensional 
neurectoderm flow profile. (a) For capturing the flow profile induced solely 
by prechordal plate (ppl) cells, MZoep mutants devoid of ppl cells were 
used to measure unperturbed epiboly movements, and those movements 
were subtracted from the overall neurectoderm flow field in wt embryos. 
This allowed decomposing the neurectoderm flow field and obtaining 
the ppl-induced movement alterations only. In the 2D description, 
neurectoderm flows exclusively within the experimental image plane (red 
square) were taken into account.(b) Theoretical 1D flow profile when 
the external friction coefficient ξ_0 between neurectoderm and tissues 

other than the ppl, such as the yolk cell and/or EVL, is varied. In case the 
external friction coefficient is increased, the range of flow triggered by ppl 
cells is decreased (blue: ξ0⁄η =10-11μm-2, orange: ξ0⁄η =10-5μm-2, green: 
ξ0⁄η=10-4 μm-2, all curves: f⁄η =-4.3∙10-5 μm-1∙min-1). (c) Experimental 
velocities in wt embryos (blue dots) compared to theoretical flow profiles 
for the parameter settings as used in Fig. 5 (red dotted line, f⁄η=-4.3∙10-5 
μm-1∙min-1,ξ0/η =2.4∙10-6 μm-2), and for zero external friction (green line, 
f⁄η =-3.5∙10-5 μm-1∙min-1,ξ0/η=0). The experimental velocity profile in wt 
embryos is well explained by either a small (ξ0< η/LE

2) or vanishing (ξ0 =0) 
external friction coefficient. 



S U P P L E M E N TA RY  I N F O R M AT I O N

WWW.NATURE.COM/NATURECELLBIOLOGY 8

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Supplementary Figure 7
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Supplementary Figure 7 Prechordal plate cell movements and neural plate po-
sitioning in e-cadherin morphant embryos. (a) Brightfield/fluorescence image 
of a wild type (wt) Tg(gsc:GFP) (top panel) and e-cadherin (e-cad) morphant 
embryo (bottom panel) with gsc-expressing GFP-labeled prechordal plate pro-
genitor (ppl) cells (green, white outline) at 80% epiboly; dorsal views, animal 
pole up; the increasing distance between the margins of the enveloping layer 
(EVL; red dashed line) and deep cell/neurectoderm (blue dashed line) shows 
(neur)ectoderm epiboly delay in e-cad morphant embryos; scale bar, 200 µm. 
(b) Fluorescence images of a Tg(gsc:GFP) e-cad morphant embryo showing 
H2A-mCherry (magenta) expression in all nuclei and GFP (green) expression 
in ppl cells (white outline) at a representative time point during gastrulation 
(t = 80.30 min, 7.3 hpf); dorsal and sagittal (dorsal up) sections through 
the embryo (yellow tags in upper panel mark sagittal section plane in lower 
panel);  red and blue dashed lines as in (A); animal pole (AP) and vegetal 
pole (VP) indicated by arrows; scale bar, 100 µm. (c) Number of internalized 
ppl cells in Tg(gsc:GFP) e-cad morphant (blue curve, n=4 embryos) versus wt 
(green curve) embryos plotted from 6 to 8 hpf (120 min); error bars, s.e.m. 
(d) Correlation of ppl cell movements in a e-cad morphant embryo at a rep-
resentative time point during gastrulation (t = 80 min, 7.3 hpf); ppl cells are 
visualized as arrows in a 2D plot and color-coded according to their 3D cor-
relation values between 1 (red, maximum correlation) and -1 (blue, minimum 
correlation); every 3rd cell is plotted; AP, animal pole; VP, vegetal pole; scale 
bar, 50 µm. (e) Average degree of alignment of ppl movements in e-cad mor-
phant (magenta curve/squares, n=3) versus wt (green curve/dots, see Supple-
mentary Fig. 2c) embryos from 6 to 8 hpf (120 min); the order parameter cor-
responds to the degree of alignment, ranging from 0 (disordered movement) 
to 1 (highly ordered movement); error bars, s.e.m. (f) Mean ppl instantaneous 
speed and directionality in e-cad morphant [gray bar graphs, n=4 embryos; 
P(speed) = 0.0362; P(dir) = 0.222] versus wt (white bar graphs, see Supple-
mentary Fig. 2d) embryos plotted as bar graphs; error bars, s.e.m; student’s 
t-test for all graphs; *, P  < 0.05; (ns) non significant, P > 0.05. (g) Model 
of friction generation under E-cadherin reduced conditions (compare with wt 
in Fig. 6f) in e-cadherin morphant embryo leads to decreased friction at the 
ppl-to-neurectoderm (ecto) interface and to non-graded velocities within the 
ppl (left panel; Ff, friction force; orange dashes indicate remaining cadher-
in); reduced E-cadherin-mediated adhesion between ppl and neurectoderm 
leads to loss of frictional drag and vegetal-directed movements (red arrow) 
of neurectoderm cells (right panel; yellow arrows indicate ppl movement); 
double-sided arrows indicate embryonic axes, animal (A) to vegetal (V), dorsal 
(D) to ventral (V). (h) 2D tissue flow map indicating velocities (µm/min) of 

neurectoderm (ectoderm) cell movements along the AV (VAP) and left-right 
(LR) (VLR) axis at the dorsal side of a MZoep embryo overexpressing CA-Mypt 
within the YSL and transplanted with e-cad morphant ppl cells (t = 41.40 
min, 6.7 hpf) at a representative time point; average velocity vector for each 
defined area is indicated and color-coded ranging from 0 (blue) to 2 (red) µm/
min; positions of all/leading edge ppl cells are marked by black/green dots; 
black boxed area was used for mean velocity measurements in (i); scale bar, 
100 µm. (i) Mean movement velocities (µm/min) along the AV axis (VAV) of 
ppl leading edge progenitor cells (green curve, left y-axis) and neurectoderm 
(ecto) cells positioned above the ppl leading edge (black boxed area in h; red 
curve, right y-axis) in MZoep embryos overexpressing CA-Mypt within the YSL 
and transplanted with e-cad morphant ppl cells (n=4 embryos) plotted from 
6 to 8 hpf; vertical dashed line indicates start of vegetal-directed movements 
of ppl cells; error bars, s.e.m. (j) 3D directional correlation values between 
leading edge ppl and adjacent neurectoderm (ecto) cells in MZoep embryo 
overexpressing CA-Mypt within the YSL and transplanted with e-cad mor-
phant ppl cells (t = 41.40 min, 6.7 hpf) at a representative time point during 
gastrulation; degree of correlation is color-coded ranging rom 1 (red, highest) 
to -1 (white, lowest); average neurectoderm velocities for each defined area 
are marked; black boxed area was used for local correlation measurements 
in (k); scale bar, 100 µm. (k) 3D directional correlation values between lead-
ing edge ppl and adjacent neurectoderm (ecto) cells (black boxed area in j) 
in MZoep embryos overexpressing CA-Mypt within the YSL and transplanted 
with e-cad morphant ppl cells (n=4 embryos) plotted from 6 to 8 hpf; error 
bars, s.e.m. (l) Anterior neural anlage in e-cad morphant embryos marked by 
whole-mount in situ hybridization of otx2 mRNA expression at consecutive 
stage during gastrulation from 70% to 90% epiboly (7 - 9hpf); posterior axial 
mesoderm was detected by no tail (ntl) mRNA expression (yellow arrows), ani-
mal pole (dorsal down), dorsal (animal pole up) and lateral (dorsal right) views 
are shown; red arrowheads mark the most anterior edge of the neural plate; 
scale bar, 200 µm. (m) Quantitative analysis of neural plate position during 
gastrulation in e-cad morphant versus wt embryos; the angle (°) between the 
vegetal pole and the anterior border of the otx2 expression domain was mea-
sured for embryos at different stages (l) and plotted as box-whisker graphs; n, 
embryos analyzed from 4 independent experiments; student’s t-test (P value 
indicated) for all graphs comparing same stages; ***, P <0.001, (ns) non 
significant, P >0.05; n (wt, 90%) = 36, n (wt, 80%) = 34, n (wt, 70%) = 
29, n (e-cad, 90%; P <0.0001) = 30, n (e-cad, 80%; P <0.0001)  = 37, n 
(e-cad, 70%; P = 0.00036) = 41; box plot centre, median; red dot, mean; 
upper whisker, maximum; lower whisker, minimum.
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Supplementary Figure 8 Alterations in ectoderm movements upon appli-
cation of E-cadherin mediated friction ex vivo and shear-strain-induced 
neurectoderm tissue deformation in vivo. (a) Bright-field/fluorescence image 
showing setup of magnetic polystyrene beads (20 µm diameter) and fluores-
cent reference beads (red, 4 µm diameter) attached to a glass plate used to 
apply friction onto ectoderm cells; dashed line outlines shape of polysty-
rene cluster; scale bars, 100 µm and 20 µm for magnified area. (b) Western 
Blot analysis showing detection of E-cadherin ectodomain (80 kDa) eluted 
from magnetic polystyrene beads coupled to E-cadherin-Fc Chimera (E-Fc) 
or uncoated control beads; molecular weight markers, 100 and 200 kDa. 
(c) Section of maximum projection confocal image (see Fig. 7a; t = 19.33 
min) showing top plate with fluorescent reference beads and selected beads 
are highlighted (red arrows in xy and yz cross-section); cross-section (yz; 
red rectangle) shows the position of E-Fc-coated beads (outlined in orange) 
at the ectoderm cell interface (yellow dashed line); direction of beads 
movement (top plate; - y; velocity ~ 1.5 µm/min) is indicated; scale bars, 
100µm in xy and 20 µm in yz. (d) Shear strain-induced neurectoderm tis-
sue deformations of wild type (wt, upper panels; n=3 embryos) and MZoep 
(lower panels; n=3 embryos) embryos plotted as time-averaged strain values 
for each domain (50 x 50 µm); average shear strain rate is color-coded 
according to amount of plane distortion [minimum green (0) to maximum 

red (5 x10-3s-1)]; tissue flows of neurectoderm are indicated as time-aver-
aged velocities; dashed line indicates ppl and black dot marks ppl leading 
edge as reference point in wt and MZoep; rectangle outlines area used for 
defining sectors along the animal-vegetal (AV) axis in (e). (e) Mean shear 
strain rates of neurectoderm tissue of wt (upper panels; n=3 embryos) and 
MZoep (lower panels; n=3 embryos) in defined sectors (100 x 200 µm) are 
plotted along the AV axis over time of gastrulation (plotted from 6.3 to 7.3 
hpf in 10 min intervals); sectors were positioned and color-coded relative 
to the ppl leading edge (anterior A1-2 and posterior P1-2 of the ppl leading 
edge; for detailed description refer to Supplementary Fig. 1e); amount of 
plane distortion [minimum green (0) to maximum red (10 x10-3s-1)] is plot-
ted along the y-axis; (f) Neurectoderm tissue strain rate maps derived by 
subtraction of time-averaged shear strain values of wt from MZoep embryos 
(n=3 embryos); color-code as in (f); tissue flows of neurectoderm are indi-
cated as time-averaged velocities; dashed line indicates ppl and black dot 
marks ppl leading edge as reference point. (g) Illustration of shear strain 
tissue deformation in the neurectoderm; arrows indicate direction of plane 
distortion of a tissue domain along the AV and left-right (LR) axis depen-
dent on the direction and magnitude of neurectoderm movements; shear 
strain-induced domain angle of plane distortion can shrink (positive value) 
or enlarge (negative value).
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Supplementary Video Legends

Supplementary Video 1 Live cell imaging of cell movements in wt embryo. Multiphoton time-lapse imaging of a wild type (wt) Tg(gsc:GFP) embryo with 
gsc-expressing GFP-labeled prechordal plate progenitor (ppl) cells (green) and neurectoderm cells at the dorsal side of the embryo from 6 to 8 hpf (123 min); 
all nuclei were labeled with histone H2A-BFP; animal/vegetal pole, up/down.

Supplementary Video 2 Life cell imaging of cell movements in MZoep mutant embryo. Multiphoton time-lapse imaging of a MZoep;Tg(dharma:EGFP) mutant 
embryo (Dharma:EGFP signal green) showing neurectoderm cells at the dorsal side of the embryo from 6 to 8.1 hpf (129 min); all nuclei were labeled with 
histone H2A-BFP; animal/vegetal pole, up/down.

Supplementary Video 3 2D velocities of neurectoderm cells in wt embryo. Tissue flow map indicating velocity vectors of neurectoderm cell movements along 
the animal-vegetal (AV) (VAV) and left-right (LR) (VLR) axis at the dorsal side of a wild type (wt) embryo between 6 to 8 hpf (117 min); average velocity vector for 
each defined area is indicated and color-coded ranging from 0 (blue) to 2 (red) µm/min; position of all/leading edge prechordal plate (ppl) cells are indicated 
as black/green dots; xy-axes in µm; time in mins; animal/vegetal pole, up/down.

Supplementary Video 4 3D correlation of neurectoderm and prechordal plate (pp) cell movements in wt embryo. Movement correlation between neurectoderm 
and underlying (ppl) cells at the dorsal side of a wild type (wt) embryo between 6 to 8 hpf (118 min); degree of correlation is color-coded ranging from 1 (red, 
highest correlation) to -1 (white, lowest correlation); average neurectoderm movement velocities and direction for each defined area are indicated by arrows; 
position of all/leading edge ppl cells are indicated as white/green dots; blue arrow marks movement direction of ppl leading edge cells; xy-axes in µm; time 
in mins; animal/vegetal pole, up/down.

Supplementary Video 5 2D velocities of neurectoderm cells in MZoep mutant embryo. Tissue flow map indicating velocity vectors of neurectoderm cell move-
ments along the animal-vegetal (AV) (VAV) and left-right (LR) (VLR) axis at the dorsal side of a MZoep mutant embryo between 6 to 8 hpf (121 min); average 
velocity vector for each defined area is indicated and color-coded ranging from 0 (blue) to 2 (red) µm/min; xy-axes in µm; time in mins; animal/vegetal pole, 
up/down.

Supplementary Video 6 3D correlation of neurectoderm and prechordal plate (pp) cell movements in CA-Mypt injected embryo. Movement correlation between 
neurectoderm and underlying prechordal plate (ppl) cells at the dorsal side of a wt embryo overexpressing CA-Mypt in the YSL between 6 to 8 hpf (118 min); 
degree of correlation is color-coded ranging from 1 (red, highest correlation) to -1 (white, lowest correlation); average neurectoderm movement velocities and 
direction for each defined area are indicated by arrows; position of all/leading edge ppl cells are indicated as white/green dots; blue arrow marks movement 
direction of ppl leading edge cells; xy-axes in µm; time in mins; animal/vegetal pole, up/down.

Supplementary Video 7 2D velocities of neurectoderm cells in ppl-transplanted MZoep mutant embryo. Tissue flow map indicating velocity vectors of neurec-
toderm cell movements along the animal-vegetal (AV) (VAV) and left-right (LR) (VLR) axis at the dorsal side of a transplanted MZoep mutant embryo between 6 
to 7.5 hpf (91 min); average velocity vector for each defined area is indicated and color-coded ranging from 0 (blue) to 2 (red) µm/min; position of all/leading 
edge transplanted prechordal plate (ppl) cells are indicated as black /green dots; xy-axis in µm; time in mins; animal/vegetal pole, up/down.

Supplementary Video 8 2D velocities of neurectoderm cells in ppl-transplanted and CA-Mypt injected MZoep mutant embryo. Tissue flow map indicating 
velocity vectors of neurectoderm cell movements along the animal-vegetal (AV) (VAV) and left-right (LR) (VLR) axis at the dorsal side of a MZoep embryo over-
expressing CA-Mypt within the YSL between 6 to 8 hpf (120 min); average velocity vector for each defined area is indicated and color-coded ranging from 0 
(blue) to 2 (red) µm/min; position of all/leading edge transplanted prechordal plate (ppl) cells are indicated as black /green dots; xy-axis in µm; time in mins; 
animal/vegetal pole, up/down.

Supplementary Video 9 Arrangement of leading and trailing prechordal plate (ppl) cells in wild type (wt) embryo. Consecutive z-sections of a fluorescent 
imaging stack showing lifeact-GFP (F-actin) expressing ppl cells transplanted into the ppl leading edge of a wt embryo expressing Utrophin-mCherry (F-actin) 
and H2A-mCherry (nuclei); section starts at the ppl-neurectoderm interface and progresses through the leading edge ppl to the ppl-YSL interface; animal pole 
to the left; z-section taken from movie 16 at t = 12.36 min; scale bar, 20 µm.

Supplementary Video 10 Life cell imaging of leading and trailing prechordal plate (ppl) cells in wild type (wt) embryo. Fluorescence time-lapse imaging of 
lifeact-GFP (F-actin) expressing ppl cells transplanted into the ppl leading edge of a wt embryo expressing Utrophin-mCherry (F-actin) and H2A-mCherry 
(nuclei) starting at 70% epiboly (7 hpf); dorsal (top, animal pole left) and sagittal (bottom, animal pole left) sections through the embryo with dual (left side) 
and single (right side) color label; time in mins; scale bar, 20 µm.

Supplementary Video 11 2D velocities of neurectoderm cells in e-cadherin morphant embryo. Tissue flow map indicating velocity vectors of neurectoderm cell 
movements along the animal-vegetal (AV) (VAV) and lefty-right (LR) (VLR) axis at the dorsal side of a e-cadherin morphant embryo between 6 to 8 hpf (120 
min); average velocity vector for each defined area is indicated and color-coded ranging from 0 (blue) to 2 (red) µm/min; position of all/leading edge prechordal 
plate (ppl) cells are indicated as black /green dots; xy-axis in µm; time in mins; animal/vegetal pole, up/down.

Supplementary Video 12 3D correlation of neurectoderm and prechordal plate (ppl) cell movements in e-cadherin morphant embryo. 3D movement correla-
tion between neurectoderm and underlying prechordal plate (ppl) cells at the dorsal side of e-cadherin morphant embryo 6 to 8 hpf (120 min); degree of 
correlation is color-coded ranging from 1 (red, highest correlation) to -1 (white, lowest correlation); average neurectoderm movement velocities and direction 
for each defined area are indicated by arrows; position of all/leading edge ppl cells are indicated as white/green dots; blue arrow marks movement direction 
of ppl leading edge cells; xy-axes in µm; time in mins; animal/vegetal pole, up/down.
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In these supplementary informations we propose a theoretical description of flows arising

in the neurectoderm as a result of the underlying motion of ppl cells. In order to analyze the

specific effect of ppl cells on neurectoderm flows, we use experimental measurements of neuroec-

toderm velocity field in the presence of ppl cells, denoted vtot, and experimental measurements

of neuroectoderm velocity field in the absence of ppl cells in MZoep mutants (denoted vMZ).

We then calculate the difference between these velocity fields:

v = vtot − vMZ. (1)

Our theoretical description aims at reproducing this velocity field.

1. Simplified one dimensional description of neurectoderm flows

We describe the neurectoderm as a two-dimensional viscous compressible fluid, flowing with

velocity vector v. We assume that the effect of ppl cells is to exert an external force on the

neuroectoderm, and we analyze the flow profile induced by this external force.

1.1. Main equation of one-dimensional viscous flow. We first discuss a simplified descrip-

tion of the flow in one dimension. We aim here at understanding flow profiles measured along

the animal-vegetal axis of the embryo, with y denoting the coordinate along the animal-vegetal

axis, going positively towards the vegetal axis (Fig. 5a). We consider the velocity towards the

vegetal pole vy, and the tension within the tissue is denoted σy. We consider the tissue to be

fluid with effective one-dimensional viscosity η̄, such that the stress within the tissue reads

σy = η̄∂yvy (2)

We assume that neurectoderm cells flow with a friction coefficient ξ0 relative to the surround-

ing tissues other than ppl cells. For instance, ξ0 could be caused by relative friction between the

neurectoderm and the EVL or by friction between the neurectoderm and the yolk. In addition,

we assume that within the ppl domain, delimited by the region yppl − Lppl
y < y < yppl + Lppl

y ,

1
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ppl cells exert a uniform force density f . Force balance at low Reynolds number then reads:

∂yσy = ξ0vy outside of ppl domain (3)

∂yσy = ξ0vy − f inside the ppl domain (4)

Finally, we denote LE the distance from the animal pole to the neurectoderm margin, such

that y = 0 denotes the animal pole and y = −LE and y = LE denote the neurectoderm

margin on the ventral and dorsal side. We impose that the flow vanishes at the margin,

vy(−LE) = vy(L
E) = 0. The solution for the flow reads:

vy = C1

(
e
y
l0 − e−

2LE+y
l0

)
, y < yppl − Lppl

y (5)

vy = C2e
y
l0 + C3e

− y
l0 +

f

ξ0
, yppl − Lppl

y < y < yppl + Lppl
y (6)

vy = C4

(
e
y
l0 − e

2LE−y
l0

)
, y > yppl + Lppl

y (7)

with l0 =
√
η̄/ξ0 an hydrodynamic length, and Ci, i = 1, ..., 4 are constants which can be

determined from the conditions of continuity of the velocity and its derivative at the boundaries

of the ppl domain. The flow profile induced by a localized external force decays exponentially

away from the ppl region exponentially on the length l0 (Supplementary Fig. 6b).

In the limit where friction acting on the tissue from other sources than ppl cells can be

neglected, (l0 � LE), the solution for the flow profile reads:

vy =
fLppl

y

η̄

(
1− yppl

LE

)
(LE + y) , y < yppl − Lppl

y (8)

vy = − f

2η̄

(
(y − yppl)2 +

2Lppl
y yppl

LE
(y − yppl) +

Lppl
y

LE
(2yppl

2 − 2LE
2

+ LELppl
y )

)
,

yppl − Lppl
y < y < yppl + Lppl

y (9)

vy =
fLppl

y

η̄

(
1 +

yppl

LE

)
(LE − y) , y > yppl + Lppl

y (10)

In that case the flow profile decays linearly towards the EVL margin.

1.2. Comparison to experimental flow profile along the dorsal midline.
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1.2.1. Wild-type velocity profiles. To compare to experiment, we first aimed at matching the-

oretical profiles with wt velocity profiles along the animal-vegetal axis, on the dorsal line.

Estimates of the lengths Lppl, LE and yppl used for comparison are discussed in section 3 and

reported in Table 2.

A fitting procedure then gave f/η̄ = −4.2 · 10−5µm−1·min−1 and η̄/ξ0 = 6.3 · 105µm2 (Table

1), corresponding to an hydrodynamic length l0 = 793 µm. Because l0 is close to the system

size LE, we conclude that external friction arising from other tissues than ppl cells has a small

effect on the flow profile in wt. Predicted profiles without external friction from surrounding

tissues (ξ0 = 0) indeed also match experimental profiles closely (Supplementary Fig. 6c).

Assuming that the force density f exerted by ppl cells on the neuroectoderm can be described

by a dynamic friction force, we then have the following relation:

f = ξ(vpply − vtoty ), (11)

where vpply is the velocity of ppl cells, vtoty is the wild-type neuroectoderm total velocity at the

same point and ξ is the friction coefficient. To determine the friction coefficient, we average

Eq. 11 in the domain of ppl cells, assuming here for simplicity that the force density f is

homogeneous within the ppl domain:

f = ξ(〈vpply 〉 − 〈vtoty 〉). (12)

We then estimate the experimental values of 〈vpply 〉 and 〈vtoty 〉. The corresponding values are

reported in Table 1. We then obtain an estimate of f/ξ, and using the value of f/η̄ obtained

by comparison with experimental profiles, we then can estimate the ratio η̄/ξ (Table 1). A

characteristic hydrodynamic length can be defined from this ratio by:

l1 =
√
η̄/ξ. (13)

Note that l1 6= l0 since ξ is associated to friction acting in between the neurectoderm and

ppl cells, while ξ0 is associated to friction in between the neurectoderm and other tissues.

We find l1 ' 288 µm, corresponding to a friction coefficient about 8 times larger in between

neurectoderm and ppl cells than in between neurectoderm and other tissues.
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Simplified one-dimensional description

Exp f/η̄ η̄/ξ0 〈vpply 〉 〈vtoty 〉 f/ξ η̄/ξ l1

Unit µm−1·min−1 µm2 µm/min µm/min µm/min µm2 µm

wt -4.2 ·10−5 6.3·105 -4 -0.5 -3.5 8.4·104 290

slb -3.4 ·10−5 6.3·105 -2.5 0.4 -2.9 8.4·104 290

Two-dimensional description

Exp f/ηb ηb/η 〈vpply 〉 〈vtoty 〉 f/ξ ηb/ξ l2

Unit µm−1·min−1 µm/min µm/min µm/min µm2 µm

wt -2 ·10−4 1 -4 -0.5 -3.5 1.8·104 133

slb -1.6 ·10−4 1 -2.5 0.4 -2.9 1.8·104 133

Table 1. Values of parameters obtained by comparison of the one dimensional

simplfied theory and two-dimensional theory with experiments.

1.3. slb mutant velocity profiles. ppl cells have a reduced velocity in slb mutants. We

therefore estimate the reduction in the magnitude of ppl exerted force density f from Eq. 12,

using experimentally measured average velocities in the ppl region (Table 1). We then obtain

the corresponding predicted theory profile, keeping mechanical parameters other than f as in

wt, and using geometrical parameters reported in Table 2. This yields a very good agreement

with experimental profiles (Fig. 5-b1).

2. Two-dimensional flow

2.1. Main equations. We discuss here the two-dimensional flow profiles obtained in the re-

gion of experimental measurement, a square domain of size 2L. For simplicity, we ignore the

curvature of the embryo and use 2D cartesian coordinates x, y. For comparison with flows

observed in the zebrafish embryo, the x axis is going on the surface of the embryo along the

left-right direction, away from the dorsal midline of the embryo, and the y axis as going along

the animal-vegetal direction, away from the animal pole. The corresponding geometry is rep-

resented in Fig. 5a. As before, we assume that the effect of ppl cells is to exert an external

force on the neuroectoderm. We solve for the theoretical flow within the region of observation,

and impose experimentally measured velocities at the boundary of the region.
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Force balance on the neuroectoderm in two dimensions now reads

∂iσij = −fppl
j , (14)

where σij is the two-dimensional stress tensor within the neurectoderm, and fppl is the two-

dimensional force density exerted by ppl cells on the neurectoderm.

The stress tensor σij in the neuroectoderm tissue reads:

σij = 2η
[
vij −

1

2
vkkδij

]
+ ηbvkkδij, (15)

where η is the neurectoderm shear viscosity, ηb is the neurectoderm bulk viscosity, and vij =

(∂ivj + ∂jvi)/2 is the symmetric part of the gradient of flow.

We further choose the following form for the force density exerted by ppl cells:

fppl
j = f

(
H[x+ Lppl

x ]−H[x− Lppl
x ]
)

×
(
H[y − yppl + Lppl

y ]−H[y − yppl − Lppl
y ]
)
δjy (16)

where H is the Heaviside function. This choice corresponds to a uniform force density with

magnitude f , acting along the y direction, and exerted on a rectangular domain of size 2Lppl
x ×

2Lppl
y , centred around x = 0 and y = yppl.

By using the constitutive equation 15, the force balance equation 14, and the force density

16, we obtain the following equation for the flow field:
η∆vx + ηb(∂

2
xvx + ∂y∂xvy) = 0,

η∆vy + ηb(∂
2
yvy + ∂y∂xvx) = −f

(
H[x+ Lppl

x ]−H[x− Lppl
x ]
)

×
(
H[y − yppl + Lppl

y ]−H[y − yppl − Lppl
y ]
)
.

(17)

Eqs. 17 are then solved on a rectangular domain of size 2L× 2L. The boundary conditions are

set by imposing experimentally measured velocity profiles

vx(L, y) = vR,expx (y), vy(L, y) = vR,expy (y) (18)

vx(−L, y) = vL,expx (y), vy(−L, y) = vL,expy (y) (19)

vx(x, L) = vU,expx (x), vy(x, L) = vU,expy (x) (20)

vx(x,−L) = vD,expx (x), vy(x,−L) = vD,expy (x). (21)
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2.2. Calculation of flow fields. To solve for the velocity field and get explicit expressions

for vx and vy, we used the method of superposition. For convenience, we used the following

decomposition of the velocity field:

vx(x, y) = vperx (x, y) +
N∑
n=1

αn(y) sin

(
nπ(x− L)

2L

)
(22)

+
N∑
n=1

βn(x) cos

(
nπ(y − L)

2L

)
+ β0(x)

vy(x, y) = vpery (x, y) +
N∑
n=1

γn(y) cos

(
nπ(x− L)

2L

)

+
N∑
n=1

δn(x) sin

(
nπ(y − L)

2L

)
+ γ0(y) (23)

In the equation above, vperx (x, y) and vpery (x, y) are solution of Eq. 17 which are periodic along

the x axis and have vanishing velocities at the boundaries y = −L and y = L. The additional

truncated Fourier sums are introduced to verify the remaining boundary conditions.

2.2.1. Determination of the periodic solution. To obtain the periodic solution, we introduce the

Fourier transforms of the velocity field along the x direction:ṽx(kx, y) = 1√
2π

∫
dxe−ikxxvperx (x, y)

ṽy(kx, y) = 1√
2π

∫
dxe−ikxxvpery (x, y).

(24)

where kx = πn/L with n ∈ Z. We then obtain from Eq. 17:η∂
2
y ṽx + ηbikx∂yṽy − (η + ηb)k

2
xṽx = 0

(η + ηb)∂
2
y ṽy + ηbikx∂yṽx − ηk2xṽy = C(kx)Hy,

(25)

where we have introduced C(kx) = −f
√

2
π
sin(kxL

ppl
x )

kx
for kx 6= 0 and C(0) = −f

√
2/πLppl

x ,

and Hy = H[y − yppl + Lppl
y ] − H[y − yppl − Lppl

y ]. These equations can be rewritten after

rearrangement ∂
4
y ṽx − 2k2x∂

2
y ṽx + k4xṽx = −C(kx)ηbikxH

′
y

η(η+ηb)

∂4y ṽy − 2k2x∂
2
y ṽy + k4xṽy =

C(kx)H
′′
y

η+ηb
− Ck2xHy

η
.

(26)
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We solve separately these equations in the following three domains (1), −Lppl
y < y < Lppl

y ; (2),

y > Lppl
y , (3), y < −Lppl

y , and the corresponding solutions read for kx 6= 0:

ṽ1x = (D1 +D2y)ekxy + (D3 +D4y)e−kxy

ṽ1y =
[

i
ηbkx

(2η + ηb)D2 − iD1 − iD2y
]
ekxy +

[
i

ηbkx
(2η + ηb)D4 + iD3 + iD4y

]
e−kxy − C(kx)

ηk2x

ṽ2x = (G1 +G2y)ekxy + (G3 +G4y)e−kxy

ṽ2y =
[

i
ηbkx

(2η + ηb)G2 − iG1 − iG2y
]
ekxy +

[
i

ηbkx
(2η + ηb)G4 + iG3 + iG4y

]
e−kxy

ṽ3x = (M1 +M2y)ekxy + (M3 +M4y)e−kxy

ṽ3y =
[

i
ηbkx

(2η + ηb)M2 − iM1 − iM2y
]
ekxy +

[
i

ηbkx
(2η + ηb)M4 + iM3 + iM4y

]
e−kxy.

(27)

where we have introduced 12 constants Di, Gi, Mi, that can be determined from boundary

conditions. Using the boundary conditions of vanishing velocity at the boundaries y = −L and

y = L, together with the continuity of the velocity field vx, vy and of the stress components σxy

and σyy at the interfaces y = Lppl
y and y = −Lppl

y , we obtain a system of equations that allow

to determine all the constants. For kx = 0, the solution reads

ṽx = 0

ṽ1y = −
√

2
π

fLppl
x

2(η+ηb)
y2 +K1y +K2

ṽ2y = W1y +W2

ṽ3y = Z1y + Z2.

(28)

The 6 constants Ki, Wi and Zi are determined from the boundary conditions imposing the

continuity of the velocity at the ppl boundary, the continuity of the stress σyy at the ppl

boundary, and zero vy velocity at the domain boundary.

From the solution in Fourier space, the real-space solution is then obtained fromv
per
x (x, y) = 1√

2π
π
L

∑
kx
eikxxṽx(kx, y),

vpery (x, y) = 1√
2π

π
L

∑
kx
eikxxṽy(kx, y).

(29)

where the sum is numerically performed in practice for 0 < n < Nmax. In the results reported

here, we chose Nmax = 400.
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2.2.2. Determination of the remaining solution of the homogeneous equation. The remaining

part of the solution v̄x = vx − vperx and v̄y = vy − vpery verifies the homogeneous equation

η∆v̄x + ηb(∂
2
xv̄x + ∂y∂xv̄y) = 0, (30)

η∆v̄y + ηb(∂
2
y v̄y + ∂y∂xv̄x) = 0. (31)

We find that these equations are satisfied using the following form for the undetermined func-

tions in Eq. 22:

αn(y) = (An1 + An2y)e−
nπy
2L + (An3 + An4y)e

nπy
2L (32)

γn(y) = (anA
n
2 + An1 + An2y)e−

nπy
2L + (anA

n
4 − An3 − An4y)e

nπy
2L (33)

βn(x) = (anD
n
2 +Dn

1 +Dn
2x)e−

nπx
2L + (anD

n
4 −Dn

3 −Dn
4x)e

nπx
2L (34)

δn(x) = (Dn
1 +Dn

2x)e−
nπx
2L + (Dn

3 +Dn
4x)e

nπx
2L (35)

β0(x) = D0
1 +D0

2x (36)

γ0(y) = A0
1 + A0

2y. (37)

with an = (2L(2η + ηb)/(nπηb)).

We then impose the boundary conditions for v̄x, v̄y:

v̄x(L, y) = v̄R,expx (y) = vR,expx (y)− vperx (L, y) (38)

v̄y(L, y) = v̄R,expy (y) = vR,expy (y)− vpery (L, y) (39)

v̄x(−L, y) = v̄L,expx (y) = vL,expx (y)− vperx (−L, y) (40)

v̄y(−L, y) = v̄L,expy (y) = vL,expy (y)− vpery (−L, y) (41)

v̄x(x, L) = v̄U,expx (x) = vU,expx (x) (42)

v̄y(x, L) = v̄U,expy (x) = vU,expy (x) (43)

v̄x(x,−L) = v̄D,expx (x) = vD,expx (x) (44)

v̄y(x,−L) = v̄D,expy (x) = vD,expy (x). (45)
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A set of equations is then obtained by projecting the boundary conditions in Fourier sine

and cosine series for n > 0 (Einstein convention is used for repetition of indices):

v̄x,Rn =
(
Dn

1 + (an + L)Dn
2

)
e−

nπ
2 +

(
−Dn

3 + (an − L)Dn
4

)
e
nπ
2 (46)

v̄x,Ln =
(
Dn

1 + (an − L)Dn
2

)
e
nπ
2 +

(
−Dn

3 + (an + L)Dn
4

)
e−

nπ
2 (47)

v̄y,Un =
(
An1 + (an + L)An2

)
e−

nπ
2 +

(
− An3 + (an − L)An4

)
e
nπ
2 (48)

v̄y,Dn =
(
An1 + (an − L)An2

)
e
nπ
2 +

(
− An3 + (an + L)An4

)
e−

nπ
2 (49)

v̄y,Rm =
(
anA

n
2 + An1

)
dnm + An2enm +

(
anA

n
4 − An3

)
fnm − An4gnm+

+ A0
2bm +

[(
Dn

1 +Dn
2L
)
e−

nπ
2 +

(
Dn

3 +Dn
4L
)
e
nπ
2

]
cnm (50)

v̄y,Lm = (−1)n
[(
anA

n
2 + An1

)
dnm + An2enm +

(
anA

n
4 − An3

)
fnm − An4gnm

]
+

+ A0
2bm +

[(
Dn

1 −Dn
2L
)
e
nπ
2 +

(
Dn

3 −Dn
4L
)
e−

nπ
2

]
cnm (51)

v̄x,Um =
[
(An1 + An2L)e−

nπ
2 + (An3 + An4L)e

nπ
2

]
cnm +

[
(Dn

1 + anD
n
2 )dnm +Dn

2 enm+

(anD
n
4 −Dn

3 )fnm −Dn
4 gnm

]
+D0

2bm (52)

v̄x,Dm =
[
(An1 − An2L)e

nπ
2 + (An3 − An4L)e−

nπ
2

]
cnm + (−1)n

[
(Dn

1 + anD
n
2 )dnm +Dn

2 enm+

(anD
n
4 −Dn

3 )fnm −Dn
4 gnm

]
+D0

2bm, (53)

and for n = 0:

v̄x,R0 = 2D0
1 + 2D0

2L (54)

v̄x,L0 = 2D0
1 − 2D0

2L (55)

v̄y,U0 = 2A0
1 + 2A0

2L (56)

v̄y,D0 = 2A0
1 − 2A0

2L, (57)

and the 4 additional conditions for v̄x,U0 , v̄x,D0 , v̄y,R0 , v̄y,L0 are approximately satisfied by continuity

of the velocity at the corners of the rectangle. In the equations 46 to 53, we have introduced
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the coefficients

cnm =
2n[−1 + (−1)m+n]

π(n2 −m2)
for m 6= n, cnn = 0 (58)

dnm =
2n[−e−nπ2 + (−1)me

nπ
2 ]

(n2 +m2)π
(59)

enm = 2L
[m2(2− nπ)− n2(2 + nπ)]e−

nπ
2 − (−1)m[n2(nπ − 2) +m2(2 + nπ)]e

nπ
2

[(n2 +m2)π]2
(60)

fnm =
2n[(−1)(1+m)e−

nπ
2 + e

nπ
2 ]

(m2 + n2)π
(61)

gnm = 2L
[n2(nπ − 2) +m2(2 + nπ)]e

nπ
2 + (−1)m[m2(nπ − 2) + n2(2 + nπ)]e−

nπ
2

[(n2 +m2)π]2
(62)

bn =
4L[1− (−1)n]

(nπ)2
, (63)

and the Fourier coefficients of the boundary conditions

v̄n
x,R/L =

1

L

∫ L

−L
dyv̄R/L,expx (y) cos

nπ(y − L)

2L
(64)

v̄n
y,R/L =

1

L

∫ L

−L
dyv̄R/L,expy (y) cos

nπ(y − L)

2L
(65)

v̄n
x,U/D =

1

L

∫ L

−L
dxv̄U/D,expx (x) cos

nπ(x− L)

2L
(66)

v̄n
y,U/D =

1

L

∫ L

−L
dxv̄U/D,expy (x) cos

nπ(x− L)

2L
(67)

To obtain the unknown constants An, Dn the system of linear equations 46 to 57 is solved

numerically for 0 6 n 6 N . In practice we choose N = 100.

2.3. Comparison to two-dimensional experimental flow profiles. To compare theoret-

ical flow profiles with experimentally measured velocity profiles, we assumed η/ηb = 1. We

then adjusted the normalised force exerted by ppl cells, f/ηb. We found that values of f/ηb

reported in Table 1 accounted well for 2D experimental profiles obtained in wild-type and in

slb mutants. In slb mutants, the force exerted by ppl was decreased by 20%, in accordance to

the decrease in relative velocity between ppl cells and neurectoderm (Table 1).
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As in section 1.2, we then can estimate the ratio ηb/ξ from the value of f/ηb and the value

of f/ξ. A characteristic hydrodynamic length can be defined from this ratio by:

l2 =
√
ηb/ξ. (68)

Note that although we expect l1 and l2 to have similar order of magnitude, these two lengths

are not equal in general as l2 is defined from the 2D bulk viscosity of the fluid, while l1 is defined

from an effective one-dimensional viscosity. We report in Table 1 a value of l2 ' 133µm.

To estimate a corresponding physical value of friction against the ppl cells, one would need

an estimate of the neurectoderm viscosity ηb. Since we are not aware of direct measurements,

we estimate it from ηb ∼ η3Dh with η3D the tissue 3D shear viscosity and h the width of the

neurectoderm. Using measurements of zebrafish deep-cell viscosities η3D ' 103Pa.s [1] and

h ' 20µm, we arrive at ηb ' 2 · 104Pa.s.µm and ξ ' 1Pa.s.µm−1.

3. Determination of geometrical parameters

3.1. Determination of geometrical parameters. We discuss here the determination of

geometrical parameters of the theoretical description. Geometrical parameters were measured

at 70% epiboly.

• The initial position of the leading edge of ppl cells relative the margin, along the dorsal

midline of the embryo, was measured in each experiment. In addition, ppl cells velocity

was acquired over time by cell tracking. By integrating the ppl cell AV velocity over one

hour time frame, we calculated the overall displacement of ppl cells over this period.

By using their initial position, we were able to pinpoint the location of the leading edge

at the end of the considered time frame. From this average position we then extracted

the value of yppl.

• The length LE was set according to experimental measurements of the distance from

the animal pole to the EVL boundary measured at 70% epiboly. Its value in each

experiment is given in Table 2.

• The lengths Lppl
x and Lppl

y are obtained from measurements of the size of the domain

covered by ppl cells and are reported in Table 2.
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Exp R (µm) LE (µm) Lppl
x (µm) Lppl

y (µm) yppl (µm) L (µm)

wt 350 670 50 90 320 175

slb 350 590 50 90 373 175

Table 2. Values of the geometrical parameters used for the plots in Fig.5.

Lengths are reported at 70% epiboly.

• We also report in Table 2 the size of the measurement domain L used for comparison

between theory and experiment.
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