
Article
BMP-dependent patternin
g of ectoderm tissue
material properties modulates lateral mesendoderm
cell migration during early zebrafish gastrulation
Graphical abstract
Highlights
d Ectoderm tissue properties are patterned along the animal-

vegetal axis

d In the absence of ECM, the lateral mesendoderm (LME)

migrates on the ectoderm

d Lateral ectoderm is a permissive substrate, but LME halts

when encountering animal ectoderm

d The non-permissiveness of animal ectoderm relies on BMP

signaling reducing tissue cohesion
Tavano et al., 2025, Cell Reports 44, 115387
March 25, 2025 ª 2025 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.celrep.2025.115387
Authors

Stefania Tavano, David B. Br€uckner,

Saren Tasciyan, ..., Alexandra Schauer,

Robert Hauschild,

Carl-Philipp Heisenberg

Correspondence
tavano.stefania@gmail.com (S.T.),
heisenberg@ist.ac.at (C.-P.H.)

In brief

Tavano et al. discovered a novel

mechanism controlling lateral

mesendoderm (LME) migration during

zebrafish gastrulation. LME uses the

lateral ectoderm as a permissive

substrate for its migration. At the animal

pole, LMEmigration is halted due to bone

morphogenetic protein (BMP) signaling

modulating ectoderm tissue properties,

rendering it non-permissive for LME

migration.
ll

mailto:tavano.stefania@gmail.com
mailto:heisenberg@ist.ac.at
https://doi.org/10.1016/j.celrep.2025.115387
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2025.115387&domain=pdf


Article

BMP-dependent patterning of ectoderm tissue
material properties modulates lateral mesendoderm
cell migration during early zebrafish gastrulation
Stefania Tavano,1,2,* David B. Br€uckner,1 Saren Tasciyan,1 Xin Tong,1 Roland Kardos,1 Alexandra Schauer,1

Robert Hauschild,1 and Carl-Philipp Heisenberg1,2,*
1Institute of Science and Technology Austria, Klosterneuburg, Austria
2Lead contact

*Correspondence: tavano.stefania@gmail.com (S.T.), heisenberg@ist.ac.at (C.-P.H.)
https://doi.org/10.1016/j.celrep.2025.115387

SUMMARY

Cellmigration is a fundamental process during embryonic development.Most studies in vivo have focused on
the migration of cells using the extracellular matrix (ECM) as their substrate for migration. In contrast, much
less is known about how cells migrate on other cells, as found in early embryos when the ECM has not yet
formed. Here, we show that lateral mesendoderm (LME) cells in the early zebrafish gastrula use the ectoderm
as their substrate for migration. We show that the lateral ectoderm is permissive for the animal-pole-directed
migration of LME cells, while the ectoderm at the animal pole halts it. These differences in permissiveness
depend on the lateral ectoderm being more cohesive than the animal ectoderm, a property controlled by
bone morphogenetic protein (BMP) signaling within the ectoderm. Collectively, these findings identify ecto-
derm tissue cohesion as one critical factor in regulating LME migration during zebrafish gastrulation.

INTRODUCTION

Cell migration is a fundamental process in organism develop-

ment and homeostasis, and defects in its regulation are at the

basis of various diseases. The extracellular environment plays

a pivotal role in the regulation of cell migration. Work in vitro

and in vivo has shown that exposure to pre-existing or self-

generated gradients of biochemical signals can guide cells

over long distances.1,2 Moreover, physical confinement can in-

fluence the migratory behavior of cells and direct their migra-

tion.3,4 An essential component of the extracellular environment

is the extracellular matrix (ECM), on which cells can migrate. In

line with this, the biochemical composition and mechanical

properties of the ECM have been shown to affect cell migration

both in vivo and in vitro.5,6 In contrast, much less is known about

how cells migrate without the ECM.

A prominent case of ECM-independent cell migration is lateral

mesendoderm (LME) migration in the early zebrafish gastrula. In

the developing zebrafish embryo, the onset of ECM deposition

coincides with the start of gastrulation.7,8 However, the ECM

only forms a distinct and coherent network at late gastrulation.7,8

Thus, LMEmigration in the early zebrafish gastrula occurs largely

without the ECM. LME migration is characterized by three

distinct phases (Figure 1A): upon ingression at the germ ring

margin, LME collectively migrates toward the animal pole of

the gastrula as a loosely connected population between the

yolk cell (YC) membrane and the overlying ectoderm.9,10 This an-

imal-pole-directed cell migration (animal migration) involves a

self-generated gradient of toddler11 (mesoderm) and random

walk10,12 (endoderm), with these two cell-migration modes being

coordinated by Cxcl12b/Cxcr4a signaling.13,14 After a period

of persistent motion, the LME animal movement ceases at

mid-gastrulation, when LME enters into a second phase charac-

terized by uncoordinated tumbling movements and little

displacement.15,16 This phase is followed by a third phase of

convergence movements, where LME undergoes highly persis-

tent and directed migration toward the forming body axis.9

This thirdmigration phase depends on bonemorphogenetic pro-

tein (BMP)17 and non-canonical Wnt signaling18 and is guided by

a gradient of cadherin-mediated cell-cell adhesion,19 requiring

interaction with the ECM.8

While past work has provided insight into the molecular and

cellular regulation of both animal migration and convergence,

comparably little is yet known about why LME ceasesmoving to-

ward the animal pole at mid-gastrulation and, instead, enters into

a tumbling phase. Given that the ECM at mid-gastrulation stage

does not yet show any distinct accumulation within the em-

bryo,7,8 changes in the interaction between LME cells and their

surrounding tissues, i.e., the underlying YC and overlying ecto-

derm germ layer, are likely involved in this process.

RESULTS

Ectoderm is the primary substrate for LME migration
To understand why LME stops migrating toward the animal pole

and, instead, turns dorsally, we first analyzed how the LME front

migrates during animal migration from early to mid-gastrulation

(6.2–8.8 h post fertilization [hpf]) (Figures 1B and S1A; Video
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Figure 1. Ectoderm is the primary substrate for lateral mesendoderm animal migration

(A) Schematic representation of lateral mesendoderm (LME)migration during zebrafish gastrulation. An, animal; Veg, vegetal; D, dorsal; V, ventral; hpf, hours post

fertilization.

(B) Delta displacement along the animal-vegetal (AnVeg) axis of the LME front over time. Values are shown as mean (solid black line) with standard deviation (SD,

light-gray area). Dotted line represents 0 mm on the y axis. Number of embryos, 11. See also Figure S1 and Video S1.

(C) Directionality of LME actin-positive protrusions during animal migration. Scatter dotplot shows the mean percentages of total protrusions of each cell during

migration oriented either toward the ectoderm (Ecto) or yolk cell (YC) membrane (Yolk). Red line represents the median. Protrusion length is quantified from the

cell center. Number of cells, 8; number of embryos, 2. Total number of protrusions: all, 2,778 (14.1 ± 1.6 SD protrusions per cell per frame [pcpf]); total length from

the cell center >15 mm, 1,119 (5.6 ± 1.1 SD pcpf); total length from the cell center >20 mm, 437 (2.2 ± 1.1 SD pcpf).�2 min 14 s frame rate, t0 �6.2 hpf. Statistical

test, Mann-Whitney test: ***p < 0.001, *p < 0.05. See also Video S2.

(D) Yolk-peeling assay. Left: schematic representation of the yolk-peeling assay. Right: maximum-intensity projection of a representative peeled embryo (208

optical sections; z thickness, 2 mm; z step, 1.5 mm). White dashed lines indicate the position of the cross-sections of blastoderm (middle) and yolk (right). Each

cross-section is a maximum-intensity projection of 12 optical sections (z thickness, 2 mm; z step, 1.5 mm). Filled arrowheads point at the LME adhering to the

(legend continued on next page)
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S1) in tg(sebox::eGFP) embryos, a fish line expressing cytosolic

GFP under the control of a pan-mesendodermal marker gene

promoter.20 Consistent with previous observations,11,15,16 we

found that the LME front first moves animally (Figure S1A,

0–92 min), as evidenced by an initial constant increase of its

displacement (Figure 1B, 0–69 min) and then transits into a tum-

bling phase at mid-gastrulation, recognizable by the formation of

protrusions in a non-polarizedmanner (Figure S1A and Video S1,

115–161 min) and a sharp decrease in displacement (Figure 1B,

115–161 min). This confirms the observation that the ability of

LME to move animally strongly decreases mid-gastrulation.15

To further understand the LME migratory behavior before the

tumbling phase (6.2–7.7 hpf), we analyzed its migration at the

single-cell level. Interestingly, we found that the first LME cells

reaching the animal part of the embryo at 7.7 hpf (‘‘most animal,’’

Figure S1B) displaymigratory properties inherently different from

cells following behind (more vegetally) (Figure S1B), as evi-

denced by a higher persistence and animalward directionality

of their migration and, consequently, overall higher displacement

along the animal-vegetal (AnVeg) axis (Figures S1C–S1F, LME).

To determine whether different progenitor cell types within the

LME, i.e., mesoderm and endoderm cells, share this migratory

behavior, we analyzed the migration of the endoderm subpopu-

lation within the LME using tg(sox17::eGFP) embryos, a fish line

expressing cytosolic GFP under the control of an endoderm

marker gene promoter.21 We found that, similar to all LME cells,

the first lateral endoderm cells reaching the animal part of the

embryo display a more persistent and directed migration than

the cells following behind (Figures S1B–S1F, Endo), suggesting

that both mesoderm and endoderm undergo persistent and

animally directed migration.

Previous studies have shown that differences in substrate

properties, such as stiffness, can affect cell migration.1–3,5,6,22

To determine whether changes in substrate properties along

the AnVeg axis might be responsible for the abrupt slowing

down of LME animal migration, we first investigated which sub-

strate LME uses for its migration. In zebrafish, the ECM forms a

coherent network between the forming germ layers only at the

end of gastrulation.7,8 Consistently, immunohistochemistry us-

ing antibodies against the ECM component fibronectin and

phosphorylated focal adhesion kinase (FAK), an essential intra-

cellular signaling mediator of integrin/ECM-mediated cell adhe-

sion,23 showed only very little fibronectin accumulation at the

interface between LME and ectoderm and FAK activity in LME

cells during early gastrulation (Figures S1G and S1H). Without

the ECM, LME cells can only choose between two possible sub-

strates: the overlaying ectoderm and the underlying YC (Fig-

ure S1I). To assess which of these possible substrates they

used, we first analyzed the preferred orientation of protrusions

of LME cells during their animal migration, focusing on clearly

recognizable actin-rich protrusions (Video S2). Interestingly,

most protrusions were preferentially oriented toward the ecto-

derm, suggesting that LME cells are in contact with the ecto-

derm rather than the YC (Figure 1C). To challenge these find-

ings, we sought to probe whether LME cells preferentially

adhere to the ectoderm or the YC by mechanically separating

the YC membrane from the blastoderm at 65%–70% epiboly,

followed by immediate fixation of both (Figure 1D). After separa-

tion, we observed that LME cells were found mainly on the ecto-

derm rather than the YC membrane, suggesting that they pref-

erentially adhere to the ectoderm. To further challenge this

suggestion, we tested which substrate LME cells prefer if un-

able to touch both substrates simultaneously. To this end, we

injected 350 mM mannitol (an inert sugar) between blastoderm

cells at the sphere-to-dome stage (4–4.3 hpf), which we previ-

ously showed to increase interstitial fluid accumulation at the

YC-to-ectoderm boundary.24 LME cells migrating into this

enlarged fluid-filled space had to choose between the ectoderm

and YC as their migration substrate (Figure 1E and Video S3). In

mannitol-injected embryos, LME cells displayed animal migra-

tion indistinguishable from uninjected control embryos

(Figures S2A–S2D, LME). When analyzing whether LME cells

use the YC or the ectoderm for their animal migration, we found

that they preferred the ectoderm (Figure 1F, median 76.1), sug-

gesting that the latter is their primary substrate. Lateral endo-

derm cells, in contrast, could be subdivided into two roughly

equal subpopulations (Figure S2E, median 54.3), one predomi-

nantly using the ectoderm and the other the YC membrane as

their substrate for migration (Video S4). Moreover, we found

that lateral endoderm migration persistence and displacement

along the AnVeg axis, but not their overall directionality, were

reduced in mannitol-injected embryos (Figures S2A–S2D,

Endo), indicating that lateral endoderm cells require close

spatial proximity with both ectoderm and YC for proper

migration.

Finally, we asked whether and howmigrating on the ectoderm

affects LME and lateral endoderm animal migration. We found a

positive correlation between displacement along the AnVeg axis

and time spent migrating on the ectoderm for LME and lateral

endodermal cells (Figure 2A). To further challenge these findings,

we separately analyzed cells predominantly migrating on the

ectoderm or the YC (Figures 2B, S2F, and S2G). Notably, we

observed that LME and lateral endoderm had the highest

displacement and persistence when migrating on the ectoderm

(Figures 2C, 2D, S2H, and S2I). Moreover, cells using mainly the

ectoderm showed a higher animal directionality and displace-

ment along the AnVeg axis than cells using the YC as their migra-

tional substrate (Figures 2E, 2F, S2J, and S2K). Collectively, this

blastoderm in absence of the YCmembrane. Empty arrowheads point at the yolk syncytial layer (YSL) nuclei. Green, eGFP (mesendoderm,ME or LME); magenta,

mCherry (membrane); cyan, DAPI (nuclei). Scale bar, 100 mm

(E) Mannitol-induced detachment of the blastoderm from the yolk. Left: schematic representation of the experimental setup. Right: still images of LME cells

(lateral view) from a representative time-lapse video at the start (left, 6.2 hpf) and end (right, 7.7 hpf) of the migration period. White dashed lines indicate the

position of the yz (right) and xz (bottom) cross-sections. Green, eGFP (LME cells); magenta, H2A-mCherry (nuclei); cyan, Alexa Fluor 647 dextran (interstitial fluid).

�2 min frame rate. Scale bar, 100 mm. See also Video S3.

(F) Time the LME cells use the ectoderm as substrate for migration. Data are shown as percentage of the total time of migration. Number of cells, 163; number of

embryos, 3. Statistical test, one-sample Wilcoxon test: ****p < 0.0001. See also Figure S2.
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suggests that LME preferentially uses the ectoderm as its sub-

strate formigration and thatmigrating on the ectodermpromotes

LME and lateral endoderm animal migration.

Ectoderm patterning along the AnVeg axis modulates
LME animal migration
Given the critical role of the ectoderm in promoting LME animal

migration, we askedwhether local differences in ectoderm prop-

erties along the AnVeg axis might be responsible for the sharp

slowing down of LME migration at mid-gastrulation. To address

this possibility, we performed ectoderm tissue transplantation

experiments in which we displaced the endogenous lateral ecto-

derm tissue from host embryos at germ ring (5.7 hpf) by adding

either animal (AtL Ecto, heterotypic transplantation) or lateral (LtL

Ecto, homotypic transplantation) ectoderm from donor embryos

at the same developmental stage (Figures 3A and 3B; Video S5).

As expected, homotypic LtL Ecto transplantation did not affect

LMEmigratory behavior compared to non-transplanted embryos

(Figures 3C–3F, S3A, and S3B). In contrast, heterotypic AtL Ecto

transplantation substantially decreased LME persistence and

displacement along the AnVeg axis, resulting in a significant

reduction in the ability of LME cells to reach the animal part

of the gastrula before entering into the tumbling phase

(Figures 3C–3F, S3A, and S3B). Conversely, displacing animal

ectoderm by lateral ectoderm extended the range of LME animal

migration (Figures 3G and 3H), further supporting the notion that

animal ectoderm is a less-permissive substrate for LME animal

migration than lateral ectoderm.

A

D E F
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Figure 2. Lateral mesendoderm cells migrating on the ectoderm display most-pronounced animal migration
(A) Correlation between the time lateral mesendoderm (LME) and endoderm (Endo) cells migrate on the ectoderm (x axis) and their displacement along the animal-

vegetal (AnVeg) axis, expressed as final y-displacement from the origin (y axis). Green dots, LME; orange dots, Endo cells. Statistical test, Spearman r. Number of

pairs, 259 (163 LME cells from 3 embryos; 96 Endo cells from 2 embryos). See also Figure S2.

(B) Explanation of the subgrouping used for the analyses in (C)–(F) and in Figure S2. Cells using ectoderm as substrate for either more than 70% or less than 30%

of their migration time (see also graphs in Figures S2F and S2G) were defined in the analysis as cells migratingmostly on the ectoderm (Ecto) or mostly on the yolk

cell (YC) membrane (Yolk), respectively.

(C) Total displacement of LME cells using mostly the ectoderm (Ecto, dark green) or the YCmembrane (Yolk, light green) as substrate for their migration. Number

of cells: Ecto, 99; yolk, 42. Number of embryos, 3. Statistical test, Mann-Whitney test: ****p < 0.0001.

(D) Migration persistence of LME using mostly the ectoderm (Ecto, dark green) or the YCmembrane (Yolk, light green) as substrate for their migration. Number of

cells: Ecto, 99; yolk, 42. Number of embryos, 3. Statistical test, Mann-Whitney test: ****p < 0.0001.

(E) Migration directionality of LME cells usingmostly the ectoderm (Ecto, dark green) or the YCmembrane (Yolk, light green). An, animal; Veg, vegetal; D, dorsal; V,

ventral. Number of cells: Ecto, 99; yolk, 42. Number of embryos, 3.

(F) Displacement (y displacement) of LME cells along the AnVeg axis over time. Solid line represents the mean; gray ribbon displays confidence interval. LME

mostly using the ectoderm (Ecto) or the YC membrane (Yolk) as substrate for their migration are shown in dark green and light green, respectively. Number of

cells: Ecto, 99; yolk, 42. Number of embryos, 3. Statistical test on the final y displacement, Mann-Whitney test: ****p < 0.0001.
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Figure 3. Ectoderm modulates lateral mesendoderm animal migration
(A and B) Animal-to-lateral (AtL heterotypic) (A) and lateral-to-lateral (LtL homotypic) (B) ectoderm transplantation assay. Upper: schematic representation of the

experimental setup. Lower: fluorescence images of lateral mesendoderm (LME) cells and transplanted animal (AtL Ecto, yellow, A) or lateral (LtL Ecto, blue, B)

ectoderm (lateral view) from representative time lapses�70min after the start of LMEmigration (�7.35 hpf). Green, eGFP (LME cells); yellow, membrane RFP (AtL

Ecto); blue, membrane RFP (LtL Ecto). Scale bar, 100 mm. An, animal; Veg, vegetal; D, dorsal; V, ventral. See also Video S5.

(C) Migration persistence of LME cells in transplanted versus non-transplanted wild-type (WT) embryos. Number of cells: 173 from 3WT (purple), 327 from 9 AtL

Ecto (yellow), 327 form 9 LtL Ecto (blue). Statistical test, Mann-Whitney test: ns, not significant; ****p < 0.0001. See also Figure S3.

(D) Migration directionality of LME cells in transplanted embryos. Number of cells, 327 from 9 AtL Ecto (yellow); 327 from 9 LtL Ecto (blue). See also Figure S3.

Dataset for WT in (C) and (D) corresponds to data shown in Figure S1.

(E) Displacement (y displacement) of LME cells along the animal-vegetal (AnVeg) axis over time in transplanted versus WT embryos. Solid line represents the

mean; gray ribbon displays confidence interval. Number of cells, 173 from 3WT (purple), 327 from 9 AtL Ecto (yellow), 327 from 9 LtL Ecto (blue). Statistical test on

the final y displacement, Mann-Whitney test: ns, not significant; ****p < 0.0001. See also Figure S3.

(F) Percentage of most animally migrating LME cells (for definition see also Figure S3) in transplanted embryos. Red line represents the median. Number of

embryos, 9 AtL Ecto (yellow) and 9 LtL Ecto (blue). Statistical test, Mann-Whitney test: ****p < 0.0001.

(G) Animal-to-animal (homotypic, AtA Ecto) and lateral-to-animal (heterotypic, LtA Ecto) ectoderm double-transplantation assay. Upper: schematic represen-

tation of the experimental setup. Lower: maximum-intensity projection of ten lateral-to-lateral optical sections (z thickness: 4 mm; z step: 2 mm) showing the

fluorescent signal of LME cells (green) in a double-transplanted embryo. AtA Ecto on the left, LtA Ecto on the right. Green, eGFP (LME cells); magenta, membrane

RFP/H2B-mCherry (transplanted ectoderm from donor embryos); gray, DAPI (nuclei). Dashed line, extent of LME migration on the AtA Ecto side; full white

arrowhead, extent of LME migration on the LtL Ecto side. L, lateral. Scale bar, 100 mm.

(legend continued on next page)

Cell Reports 44, 115387, March 25, 2025 5

Article
ll

OPEN ACCESS



Since substrate material properties are thought to play a

pivotal role in modulating cell migration,1,3,25 we asked whether

animal and lateral ectoderm might show different tissue material

properties during gastrulation. In the transplantation experi-

ments where lateral ectoderm was transplanted into the animal

pole (Figure 3G), we noted that these transplants remained

thicker during the course of epiboly compared to control trans-

plants where animal ectoderm was transplanted into the animal

pole. This points to the possibility that lateral and animal ecto-

dermmight thin at different rates. To test this possibility, we sys-

tematically analyzed how ectoderm thickness changes when

spreading over the YC during LME animal migration (6.2–7.7

hpf, Figures 4A–4C). Interestingly, we found that the epibolizing

ectoderm thins faster at the animal pole than near its margin

(Figures 4B and 4C; Video S6). To relate these findings to LME

migration, we subdivided the ectoderm into ‘‘lateral’’ ectoderm,

being in contact with migrating LME, and ‘‘animal’’ ectoderm,

being devoid of migrating LME, and quantified their changes in

tissue thickness during the period of LME animal migration. At

the end of LME animal migration (7.7 hpf), the lateral ectoderm

showed a decrease in thickness of 27.5% (0.735 ± 0.122 SD),

while the animal ectoderm reduced its thickness by 62.7%

(0.373 ± 0.075 SD) (Figures 4A–4D). Together, these data indi-

cate that, similar to the blastoderm at doming,26 epibolizing

ectoderm undergoes differential thinning.

During epiboly, the thinning of the ectoderm occurs as an ef-

fect of the forces emanating from the underlying yolk syncytial

layer (YSL), pulling the blastoderm margin toward the vegetal

pole of the gastrula.27 Those pulling forces are, therefore, ex-

pected to be larger near their origin (the margin) than away

from it (the animal pole). Thus, the more pronounced tissue thin-

ning at the animal pole is likely due to differential ectoderm ma-

terial properties rather than pulling forces along its AnVeg axis.

To further conceptualize these findings, we developed a minimal

ectoderm thinning model for investigating whether this differen-

tial ectoderm thinning could result from spatial differences in tis-

sue viscosity26 (Figures 4E and S3C–S3H). We assumed that the

ectoderm is a passive fluid with a conserved volume and that

with epiboly progressing the ectodermal tissue is subjected to

an external pulling force, causing its elongation with a constant

speed of approximately 1.5 mm/min, corresponding to the speed

by which the blastoderm spreads over the YC.27 We first

assumed equal viscosity throughout the ectoderm and asked

how the tissue thickness changes over time. We found that the

tissue thickness decreases equally in animal and lateral regions

of the ectoderm (Figures S3C–S3E). Next, we imposed a pattern

of viscosity, with viscosity being highest near the margin and

lowest at the animal pole (Figures 4E and S3F). Interestingly,

we found that the animal ectoderm undergoes faster thinning

compared to the lateral ectoderm (Figures 4G, S3G, and S3H)

and that this thinning behavior matched the ectoderm tissue-

spreading behavior observed experimentally during LME migra-

tion (Figures 4D and 4F). Together, these data indicate that dif-

ferences in ectoderm tissue viscosity along its AnVeg axis can

explain its differential thinning behavior.

We have previously shown that in the early zebrafish embryo,

the cellular organization of the blastoderm at the onset of doming

(4.3 hpf) differs between its center and margin, with the margin

forming a more cohesive tissue than the center.26 We further

showed that these differences in cell connectivity lead to the

blastoderm center being less viscous than the margin.28 We

thus hypothesized that similar variations in tissue cohesiveness

might be responsible for the observed differences in ectoderm

thinning and viscosity along its AnVeg axis. To challenge this hy-

pothesis, we quantified the animal and lateral ectoderm cell frac-

tion, the fraction of cells in a tissue volume consisting of cells and

interstitial fluid, previously shown to be directly related to cell

connectivity and tissue rigidity.28 Remarkably, we observed

that the lateral ectoderm had a higher cell fraction (97% on

average) than the animal ectoderm (87% on average) during

the period of LME animal migration (Figures 5A, 5B, S4A, and

S4B; Video S7), suggesting that animal ectoderm is less

compact than the lateral ectoderm. To determine whether the

smaller cell fraction at the animal pole is due to fewer cell-cell

contacts, we analyzed the percentage of cell perimeter occupied

by cell-cell contacts in the animal and lateral ectoderm. In the an-

imal ectoderm, the percentage of cell perimeter in contact with

other ectoderm cells was considerably smaller than in the lateral

ectoderm (Figures S4C and S4D; Video S8), suggesting that the

animal ectoderm is less cohesive than lateral ectoderm.We have

previously shown that cell-cell contact size is determined by the

ratio of cortical tensions at the cell-cell to the cell-outside me-

dium interfaces.27–30 Thus, we hypothesized that the higher

cell fraction and cell-cell contact engagement in the lateral

compared to animal ectoderm is due to a lower ratio of these

interfacial tensions. To test this, we quantified the contact angle

between cells as a readout of the ratio of cortical tensions at the

cell-cell to the cell-medium interfaces,27–30 within the lateral and

animal ectoderm when LME animal migration was under way

(28 min from the onset of animal migration) (Figures 5C and

5D). In agreement with our results on cell fraction and cell-cell

contact engagement, we found that the contact angle was signif-

icantly higher and, thus, the ratio of cortical tensions at the cell-

cell to the cell-medium interfaces lower, in the lateral compared

to the animal ectoderm (Figure 5E, on average 0.78 in the lateral

ectoderm, 0.87 in the animal ectoderm). Collectively, these find-

ings suggest that animal ectoderm shows a lower cohesiveness

than lateral ectoderm and that this difference in tissue cohesion

is responsible for the observed difference in ectodermal thinning.

To establish a causative link between ectoderm tissue proper-

ties and LME animal migration, we first investigated whether the

animal and lateral ectoderm tissues kept their characteristic dif-

ferences in tissue cohesion after being transplanted into the host

embryos. Quantifying the cell fraction in LtL Ecto and AtL Ecto

(H) Difference in LME displacement along the AnVeg axis at 8 hpf in double-transplanted embryos. Left: displacement of the LME front (left y axis). Values are

shown as median (triangles). Contralateral sides of the same embryos are connected by a black line. Yellow, AtA Ecto; blue, LtA Ecto. Right: difference in LME

displacement from the margin (right y axis). Diamonds represent the difference of LME displacement between the AtA Ecto and LtA Ecto sides for each embryo.

Red line represents the median. Number of embryos, 11. Statistical test, Paired t test: *p < 0.05.

In (C) and (E), datasets for WT embryos correspond to data shown in Figure S2.
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Figure 4. Lateral ectoderm and animal ectoderm undergo differential thinning

(A–D) Ectoderm thickness as a function of developmental time at the animal pole (B) or the lateral side (C) of the gastrula. In (A), developmental time in minutes

(min) is shown as a fire colormap, and relative position of the LME along the animal-to-vegetal extent of the ectoderm is shown as a green gradient representing

the percentage of total time points. In (B) and (C), ectoderm thickness is shown at the animal pole and in 100-mm-wide bins lateral to the animal pole (x axis) (B) and

in the most marginal ectoderm (100–150 mm from the embryo equator) and 100-mm-wide bins animal to the margin (x axis) (C). Values are shown as mean (solid

line) with SD (light-gray area). Green gradient bar represents the presence of LME in a specific position (see also A). Number of embryos: animal pole view (B), 6;

lateral view (C), 6. In (D), for each embryo, bins were defined as either lateral ectoderm (Lat Ecto, blue), in cases when the ectodermwas in contact with the LME at

least for one time point during the imaging period, or animal ectoderm (An Ecto, yellow), in cases when the ectodermwas not in contact with LME during the entire

imaging period. Thickness is shown as ratio to the thickness at the onset of LME migration (t0). Values are shown as mean (solid line) with SD (light-gray area).

Number of embryos, 12. Statistical test, two-way ANOVA: ****p < 0.0001. See also Video S6.

(E–G) Model of the ectoderm thickness as a function of developmental time. Ectoderm tissue is modeled as a passive fluid with patterned viscosity from the

animal pole (lowest) to the margin (highest) and subjected to an external constant pulling force (fA), which causes an increase of tissue length with a speed

of �1.5 mm/min (corresponding to the experimentally measured blastoderm epiboly speed) (E). In (F), animal (An Ecto, yellow) and lateral (Lat Ecto, blue)

ectoderm thickness is shown as ratio to the thickness at t0. Animal ectoderm corresponds to 200 mm at the animal pole, while lateral ectoderm corresponds to

200 mmat the margin. In (G), ectoderm thickness was quantified as a function of time (90min, fire colormap) at the animal pole and 400 mm lateral to it (x axis). See

also Figure S3.
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transplants showed that the latter had a smaller cell fraction than

the LtL Ecto (Figures 5F, 5G, S4E, and S4F; Video S9), similar to

the situation in non-transplanted embryos. To test whether the

differences in tissue cohesion between animal and lateral ecto-

derm transplants are decisive for their influence on LME animal

migration, we increased cell contractility in the animal ectoderm

by overexpressing constitutively active (CA) Ras homolog family

member A (RhoA),29 previously shown to increase tissue

A

D E

F G

C

B

Figure 5. Lateral ectoderm and animal ectoderm display different cell fractions

(A) Fluorescence images of animal (left) and lateral (right) ectoderm. Images are maximum-intensity projection of stacks of three 1-mm optical sections (z-step

size, 1.5 mm). Green, eGFP (lateral mesendoderm [LME] cells); magenta, H2A-mCherry (nuclei); cyan, Alexa Fluor 647 dextran (interstitial fluid). Scale bar, 25 mm.

See also Figure S4 and Video S9.

(B) Cell fraction in the animal and lateral ectoderm. Values are shown asmean (solid line) with SD (light-gray area). Number of embryos: animal ectoderm (An Ecto,

yellow), 5; lateral ectoderm (Lat Ecto, blue), 5. Statistical test, two-way ANOVA: ***p < 0.001. See also Figure S4 and Video S7.

(C and D) Fluorescence images of animal (An Ecto, C) and lateral (Lat Ecto, D) ectoderm. Dashed area demarcates the area shown in the respective right panels

with exemplary contact angles (q) used to determine the relative cell tension (a). Images are single 1-mm-thick optical sections. Magenta, H2B-mCherry and

membrane RFP (nuclei and cell membrane); cyan, Alexa Fluor 647 dextran (interstitial fluid). Scale bar, 10 mm.

(E) Relative cell tension (a) in the animal and lateral ectoderm 28 min after the onset of LME migration (�6.2 hpf). Number of contact angles: 574 from 3 An Ecto

(yellow), 589 from 3 Lat Ecto (blue). Statistical test, Mann-Whitney test: ****p < 0.0001.

(F) Fluorescence images of animal-to-lateral (AtL Ecto, yellow, left) and lateral-to-lateral (LtL Ecto, blue, right) ectoderm transplants. Images are maximum-in-

tensity projection of stacks of three 1-mm optical sections (z-step size, 1.5 mm). Green, eGFP (LME cells); yellow, H2A-mCherry (nuclei, AtL Ecto); blue, H2A-

mCherry (nuclei, LtL Ecto); cyan, Alexa Fluor 647 dextran (interstitial fluid). Scale bar, 25 mm. See also Figure S4 and Video S9.

(G) Cell fraction in AtL and LtL ectoderm transplants. Values are shown as mean (dashed line) with SD (light-gray area). Number of embryos: 11 AtL Ecto (yellow),

12 LtL Ecto (blue). Statistical test, mixed-effect analysis: ****p < 0.0001.
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Figure 6. Modulation of cell contractility or cell-cell adhesion in the ectoderm reverses the effect of animal and lateral ectoderm on lateral

mesendoderm migration

(A and B) Constitutively active RhoA (CARhoA)-overexpressing animal-to-lateral (AtL) and constitutively active Mypt (CAMypt)-overexpressing lateral-to-lateral

(LtL) ectoderm transplant assay. On the left, schematic representation of the experimental setup. On the right, fluorescence images of lateral mesendoderm (LME)

cells and transplanted CARhoA-overexpressing animal (CARhoA AtL Ecto, red, A) or CAMypt-overexpressing lateral (CAMypt LtL Ecto, light blue, B) ectoderm

(lateral view) from representative time lapses �70 min after the start of LME migration (�7.35 hpf). Green, eGFP (LME cells); red, membrane RFP (CARhoA AtL

Ecto); light blue, membrane RFP (CAMypt LtL Ecto). Scale bar, 100 mm. An, animal; Veg, vegetal; D, dorsal; V, ventral. See also Figure S4 and Video S10.

(C) Dominant negative Cdh1 (DNCdh1)-overexpressing LtL ectoderm transplantation assay. On the left, schematic representation of the experimental setup. On

the right, fluorescence images of LME cells and DNCdh1-overexpressing lateral (DNCdh1 LtL Ecto, lilac) ectoderm (lateral view) from representative time-lapse

movies �70 min after the start of LME migration (�7.35 hpf). Green, eGFP (LME cells); lilac, 10,000 MW Alexa Fluor 647 dextran (DNCdh1 LtL Ecto). Scale bar,

100 mm. See also Figure S4 and Video S10.

(D) Migration directionality of LME cells in CARhoA AtL Ecto (red), CAMypt LtL Ecto (light blue), and DNCdh1 LtL Ecto (lilac) transplanted embryos. Number of

cells: 292 from 6 CARhoA AtL Ecto (red), 162 from 4 CAMypt LtL Ecto (light blue), 325 from 4 DNCdh1 LtL Ecto (lilac).

(E) Displacement (y displacement) along the animal-vegetal (AnVeg) axis of LME cells over time in transplanted embryos. Solid line represents the mean; gray

ribbon displays confidence interval. Number of cells: 292 from 6 CARhoA AtL Ecto (red), 162 from 4 CAMypt LtL Ecto (light blue), 325 from 4 DNCdh1 LtL Ecto

(lilac), 327 from 9 AtL Ecto (yellow), 327 from 9 LtL Ecto (blue). Statistical test on the final y displacement, Mann-Whitney test: ns, not significant; *p < 0.05,

**p < 0.01, ****p < 0.0001. See also Figure S4.

(legend continued on next page)
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cohesion and viscosity,26 and we decreased cell contractility in

lateral ectoderm by overexpressing CA myosin phosphatase

target subunit 1 (Mypt)30 prior to performing our transplantation

experiments (Figures 6A and 6B; Video S10). Remarkably, the

animal ectoderm overexpressing CARhoA transplanted into the

lateral ectoderm lost its ability to block animal LME migration.

Conversely, LME cells encountering a less-contractile lateral

ectoderm overexpressing CAMypt were hindered in their ani-

mal-pole-directed migration (Figures 6D–6F, S4G, and S4H).

Finally, to directly assess the role of lateral ectoderm cell cohe-

sion for LME migration, we lowered ectodermal cell-cell contact

strength by interfering with the function of the cell-cell adhesion

receptor cadherin 1 (Cdh1), previously shown to be essential for

ectodermal cell-cell contact formation.31 To this end, we ex-

pressed a dominant negative (DN) version of Cdh1 (DNCdh1)32

in donor embryos and then transplanted DNCdh1-expressing

lateral ectoderm into the lateral ectoderm of host embryos (Fig-

ure 6C and Video S10). We found that LME migration was

strongly inhibited by the less-cohesive DNCdh1-expressing

lateral ectoderm (Figures 6D–6F, S4G, and S4H), further sup-

porting the notion that the differences in ectoderm cohesion

along the AnVeg axis are responsible for the different activities

of animal and lateral ectoderm in modulating LME animal

migration.

Depleting BMP affects the non-permissiveness of the
animal ectoderm to LME migration
To uncover the molecular pathway patterning tissue cohesion

and viscosity within the ectoderm, we analyzed how gene

expression differs between lateral and animal ectoderm during

LME migration. To this end, we obtained pure populations of

either animal or lateral ectoderm cells by expressing a photoac-

tivatable version of the fluorescent protein mCherry1 in wild-type

(WT) tg(sebox::eGFP) embryos and then selectively activating it

in either the animal or the lateral ectoderm between 6 hpf and

7.5 hpf using a confocal microscope. After photoactivation, we

isolated mCherry1-positive cells using fluorescence-activated

cell sorting (FACS) and analyzed them by bulk RNA sequencing

(RNA-seq) (Figures S5A and S5B). Comparing the expression

profiles between animal and lateral ectoderm showed that 54

and 81 genes were differentially expressed in the animal and

lateral ectoderm, respectively (adjusted p value < 0.05) (Fig-

ure S5B and Table S1). When assigning biological function to

those genes, we found that lateral ectoderm preferentially ex-

pressed 24 genes encoding for components of six major

signaling pathways (29.6% of the total differentially expressed

genes [DEGs]). In comparison, the animal ectoderm preferen-

tially expressed five genes encoding for components of only

two major signaling pathways (9.25% of the DEGs) (Figure S5B

and Table S1). This is consistent with previous observations

that the signaling landscapes in the early gastrula differ between

the blastoderm margin and animal pole.33,34 One of the signaling

pathways, components of which are differentially expressed be-

tween the animal and lateral ectoderm, is BMP signaling, known

to be active in both animal and lateral ectoderm.33–37 Previous

studies have shown that BMP signaling is required for LME

convergence movements.17,19 Thus, we asked whether BMP

signaling is also important for the onset of the tumbling phase

(Figure 1A). To this end, we determined how depletion of BMP

signaling affects LME migration. Interestingly, we observed

that in bmp2b morphant embryos, mesendoderm in both lateral

and ventral regions of the gastrula failed to transit into their tum-

bling phase and, instead, continued migrating toward the animal

pole until they collided with the prechordal plate (Figure S5C and

Video S11; note that mesendoderm in lateral and ventral regions

of bmp2b morphants still migrated as loosely associated cells

characteristic of their migration in WT embryos, despite these

embryos being strongly dorsalized). To assess how BMP

signaling specifically within the animal pole affects LME migra-

tion, we also performed ectoderm tissue transplantation experi-

ments, replacing the lateral ectoderm of WT embryos with the

animal ectoderm of bmp2b morphant (bmp2b MO) embryos or

embryos overexpressing the BMP antagonist Chordin (Chrd)38

(Figures 7A and 7B; Video S12). We found that the transplanted

BMP-depleted animal ectoderm failed to slow down LME animal

migration to a similar extent as transplanted control animal ecto-

derm (Figures 7C–7I, S5D, and S5E), indicating that BMP

signaling is required for the activity of animal ectoderm in slowing

down LME animal migration.

Next, we asked whether BMP signaling functions in this pro-

cess by lowering animal ectoderm tissue cohesion. To this

end, we quantified the cell fraction in bmp2bMO AtL Ecto trans-

plants and found that it was increased to a level typically found

for LtL Ecto transplants (Figure 7F). To test for the specificity of

these bmp2b knockdown experiments, we injected bmp2b MO

embryos with mRNA encoding a CA version of the BMP receptor

Alk8 (CAAlk8).39 We found that co-injection of bmp2b MO with

CAAlk8 mRNA rescued the bmp2b MO ectoderm cell cohesion

phenotype (Figure 7F), supporting the specificity of themorphant

phenotype.

Finally, to test whether differences in the endogenous activity

of BMPs along the dorsal-ventral embryo axis would be suffi-

cient for modulating LME animal migration, we transplanted

ventral ectoderm (VtL Ecto), expressing high levels of

BMP,33–35 or dorsal ectoderm (DtL Ecto), expressing lower levels

of BMP,33–35 to the lateral side of host embryos and analyzed the

cohesion of the transplanted tissues and their effect on LME an-

imal migration (Figures S6A and S6B; Video S13). We found that

the DtL Ecto transplants showed similarly high cohesive (cell

fraction) properties as LtL Ecto transplants (Figure S6D), consis-

tent with the notion of low BMP-signaling levels promoting ecto-

derm cell cohesion. At the same time, however, DtL Ecto trans-

plants turned out to be less permissive to LMEmigration than LtL

Ecto (Figures S6A, S6C, and S6E–S6H), pointing to the

(F) Percentage of most animally migrating LME cells (for definition see Figure S3) in transplanted embryos. Red line represents the median. Number of embryos: 6

CARhoA AtL Ecto (red), 4 CAMypt LtL Ecto (light blue), 4 DNCdh1 LtL Ecto (lilac), 9 AtL Ecto (yellow), 9 LtL Ecto (blue). Statistical test, Mann-Whitney test: ns, not

significant; *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S4.

In (E) and (F), datasets for AtL Ecto and LtL Ecto correspond to data shown in Figure 3.
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Figure 7. BMP signaling is needed for animal ectoderm blocking animal-pole-directed lateral mesendoderm migration

(A) bmp2b morphant (MO) animal-to-lateral (AtL) ectoderm transplant assay. On the left, schematic representation of the experimental setup. On the right,

fluorescence images of lateral mesendoderm (LME) cells and transplanted bmp2b MO animal ectoderm (bmp2b MO AtL Ecto, orange, lateral view) from a

representative time-lapse video �70 min after the start of LME migration (�7.35 hpf). Green, eGFP (LME cells); orange, membrane RFP (bmp2b MO AtL Ecto).

2 min 14 s frame rate, t0 �6.2 hpf. Scale bar, 100 mm. An, animal; Veg, vegetal; D, dorsal; V, ventral. See also Figure S5 and Video S12.

(B) Chordin-overexpressing (Chrd OE) AtL ectoderm transplantation assay. On the left, schematic representation of the experimental setup. On the right,

fluorescence images of LME cells and Chrd OE animal ectoderm (Chrd OE AtL Ecto, cardinal red, lateral view) from representative time-lapse movies �70 min

after the start of LMEmigration (�7.35 hpf). Green, eGFP (LME cells); cardinal red, 10,000MWAlexa Fluor 647 dextran (ChrdOEAtL Ecto).�2min 12 s frame rate,

t0 �6.2 hpf. Scale bar, 100 mm. See also Figure S5 and Video S12.

(C) Migration directionality of LME cells in bmp2bMOAtL Ecto (orange) and Chrd OE AtL Ecto (cardinal red) embryos. Number of cells, 199 from 5 bmp2bMOAtL

Ecto (orange), 240 from 4 Chrd OE AtL Ecto (cardinal red).

(D) Displacement (y displacement) along the animal-vegetal (AnVeg) axis of LME cells over time in transplanted embryos. Solid line represents the mean; gray

ribbon displays confidence interval. Number of cells: 199 from 5 bmp2bMOAtL Ecto (orange), 240 from 4 Chrd OE AtL Ecto (cardinal red), 327 from 9 animal-to-

lateral ectoderm transplants (AtL Ecto, yellow), 327 from 9 AtL Ecto (yellow), 327 from 9 LtL Ecto (blue). Dataset for AtL Ecto and LtL Ecto corresponds to data

shown in Figure 3. Statistical test on the final y displacement, Mann-Whitney test: ns, not significant; **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S5.

(legend continued on next page)
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possibility that factors, other than BMP-controlled cell cohesion,

specific for dorsal ectoderm limit its permissiveness for LME

migration. VtL Ecto transplants, in contrast, turned out to be

more similar to AtL Ecto transplants in respect of both its cell

cohesion and permissiveness for LME migration (Figures S6B–

S6H), further supporting a critical role of high BMP signaling

lowering ectoderm cell cohesion and thus its permissiveness

for LME migration. Collectively, these data indicate that BMP

signaling reduces cell cohesion and, thus, tissue viscosity in

the animal ectoderm and suggest that the effect of BMP on tis-

sue cohesion is a critical factor rendering this tissue non-permis-

sive for LME animal migration.

The requirement of BMP signaling within the animal ectoderm

for halting animal LME migration might be due to BMP-signaling

levels differing between the animal and lateral ectoderm or the

effect of BMP signaling being differentially modulated by other

signaling pathways active in these regions. To distinguish be-

tween these possibilities, we analyzed BMP-signaling activity

in animal versus lateral ectoderm and found indistinguishable

levels of BMP signaling between these regions, as evidenced

by an equal nuclear accumulation of phosphorylated Smad1/5,

a downstream transcriptional effector for BMP signaling19

(Figures S6I and S6J). This is consistent with previously pub-

lished transcriptome datasets37 showing that both animal and

lateral ectoderm express genes (Table S1), the transcription of

which has been shown to be directly regulated by BMP

signaling.37 Collectively, these findings suggest that differential

modulation of the effect of BMP signaling in the animal versus

lateral ectoderm is responsible for the differential capacities of

these tissues in facilitating animal LME migration.

DISCUSSION

Our work shows that in the early zebrafish gastrula, the ectoderm

plays a decisive role in LME migration by functioning as a sub-

strate controlling LME cell migration. In gastrulation, mesendo-

derm cells, upon internalization, typically become more mesen-

chymal and migratory to move away from their site of

internalization and migrate to their final destination.40 We now

show that in zebrafish, internalized mesendoderm cells in lateral

regions of the gastrula use the overlying ectoderm as their prime

substrate for migration (Figure 7G). This choice of a cellular sub-

strate instead of the ECM is likely due to zebrafish embryos

showing distinct ECM accumulations only toward the end of

gastrulation,7,8 reminiscent of the situation in Drosophila, where

the ECM is not yet present during mesoderm migration, and

mesoderm cells move dorsolaterally using the ectoderm as their

substrate.41 How LME cells migrate independently of ECM in ze-

brafish is not yet entirely clear. Previous in vitro and in vivo

studies have suggested that cells undergo ECM-independent

migration using cell-cell adhesion or unspecific friction with sur-

rounding structures.4,42,43 Cell-cell adhesion has been, for

instance, proposed inDrosophila to be used by both border cells

during oogenesis—as amechanism for cells to generate traction

force for migration44,45—and mesoderm cells during gastrula-

tion.41 It is thus conceivable that LME cells use cell-cell adhesion

for migrating on the ectoderm, although the precise role of cell-

cell adhesion for traction-force generation by LME cells remains

to be explored. Alternatively, LME cells might undergo migration

by generating friction with their surrounding environment. Such a

migrationmode has been proposed to be particularly relevant for

cells placed in spatial confinement.4,42,43 However, our finding

that reducing spatial confinement by increasing the space be-

tween YC and ectoderm in mannitol-injected embryos had no

major effect on LME migration argues against LME cells under-

going friction-mediated migration.

We also show that while themajority of LME cells preferentially

use the ectoderm as their substrate for migration, the lateral

endoderm cells appear to be equally subdivided between those

preferring either the ectoderm or the YC. Interestingly, lateral

endoderm cells migrating on the ectoderm exhibit more directed

and persistent movements than those using the YC as their sub-

strate for migration. It has previously been shown that Nodal

signaling promotes the random motion of endoderm cells

through Prex1-dependent activation of Rac1.46 Given that the

YSL is an important source of Nodal ligands before gastrula-

tion,47–49 it is an intriguing possibility that Nodal signals

emanating from the YSL trigger random motion of endoderm

cells moving on the YC. Yet it still needs to be investigated

how lateral mesoderm and endoderm cells choose their sub-

strate for migration and how such a choice of substrate influ-

ences their migration directionality and persistence.

One major function of the ectoderm in zebrafish appears to

determine how far LME cells can migrate toward the animal

pole before switching to their tumbling phase (Figure 7G). In

the absence of confinement, there are three main means by

which the substrate can affect cell migration1: migrating cells

can respond to differences in substrate topology, as demon-

strated, e.g., in the zebrafish developing optic cup,50 to gradi-

ents of ECM- or cell-bound components, as found, e.g., for im-

mune-cell haptotaxis,51,52 or to differences in substrate

stiffness, as demonstrated, e.g., for neural crest cell migration

in Xenopus.53 Our observations suggest that differences in ecto-

derm viscosity/stiffness are key for LME cells switching to their

tumbling phase when getting closer to the animal pole, where

ectoderm viscosity is lower. This suggests that LME cells

respond to differences in substrate stiffness. However, they do

not seem to follow a stiffness gradient, as they can migrate

(E) Percentage of most animally migrating LME cells (for definition see Figure S3) in transplanted embryos. Red line represents the median. Number of embryos: 5

for bmp2bMOAtL Ecto (orange), 4 for Chrd OE AtL Ecto (cardinal red), 9 for AtL Ecto (yellow), 9 for LtL Ecto (blue). Datasets for AtL Ecto and LtL Ecto correspond

to data shown in Figure 3. Statistical test, Mann-Whitney test: ns, not significant; *p < 0.05, ***p < 0.001. See also Figure S5.

(F) Cell fraction in bmp2bMOAtL Ecto or bmp2bMO co-injected with constitutively active Alk8 AtL ectoderm transplants (CAAlk8 + bmp2bMOAtL Ecto). Values

are shown asmean (dashed line) with SD (light-gray area). Number of embryos: 6 for bmp2bMOAtL Ecto (orange), 12 for CAAlk8 + bmp2bMOAtL Ecto (gold), 11

for AtL Ecto (yellow), 12 LtL Ecto (blue). Datasets for AtL Ecto and LtL Ecto correspond to data shown in Figure 5. Statistical test, Mixed-effect analysis: ns, not

significant; ****p < 0.0001.

(G) Schematic of ectoderm-dependent modulation on animal-pole-directed migration of LME cells.
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animally on ectoderm tissue with uniformly high tissue viscosity

upon overexpression of CARhoA. Rather, they seem to respond

to a stiffness threshold, determining whether LME cells can un-

dergo directed migration or tumble. This is similar to neural crest

cells in Xenopus, which start migrating when the head meso-

derm reaches a specific stiffness.54 How tissue viscosity/stiff-

ness affects the migration mode of LME is still unclear, but me-

chanosensation is likely to be involved.13,14,55 The nature of this

mechanism is still unknown, but given that LME cells are likely

to use cadherin-mediated cell-cell adhesion to migrate along

the ectoderm, mechanosensation of the Cdh1 adhesion com-

plex56,55 might be involved.

While the central role of tissue material properties in various

key developmental processes, such as migration of chick hind-

gut endoderm,57 Drosophila germband extension,58 Tribolium

serosa expansion,59 zebrafish doming,26 and body axis elonga-

tion,60 becomes increasingly clear, questions remain as to the

molecular and cellular mechanisms regulating these properties.

We have previously shown that between sphere and dome stage

(4–4.3 hpf), the blastoderm undergoes a transient fluidization at

its center but not the margin.26 We further showed that this

lack of tissue fluidization at the margin was due to Wnt/planar

cell polarity signaling at the blastoderm margin increasing cell

cohesion.26 Our study points to yet another signaling pathway,

BMP signaling, being involved in modulating tissue viscosity

(Figure 7G). BMP signaling has previously been shown to control

the directionality of LME convergence movements by lowering

cadherin-mediated cell-cell adhesion in a concentration-depen-

dent manner.19 This, together with our finding that cell cohesion

is lower in animal compared to lateral ectoderm, suggests that

one possible pathway through which BMP reduces tissue vis-

cosity in the animal ectoderm is by lowering cadherin-mediated

cell-cell adhesion. Interestingly, whereas BMP forms a gradient

along the dorsoventral axis of the gastrula,33–37 with peak levels

at the ventral side,33–37 ectoderm tissue viscosity differs along

the AnVeg axis of the ectoderm (Figure 7G). Why BMP lowers

ectoderm tissue cohesion only in the animal but not lateral ecto-

derm is not yet clear, but it is conceivable that other signaling

pathways specifically active within the lateral ectoderm might

counteract the activity of BMP signaling in lowering tissue vis-

cosity there. In line with this are recent reports showing that

BMP target gene expression can bemodulated by the co-activa-

tion of other signaling pathways, such as the Nodal and FGF

pathways.61

Limitations of the study
Our study reveals that BMP signaling in the animal ectoderm ren-

ders this tissue non-permissive for animal LME migration by

reducing tissue cohesion. Interestingly, BMP signaling is also

active in the lateral ectoderm but, unlike in the animal ectoderm,

it does not diminish tissue cohesion there. This suggests that

additional signaling pathways with distinct activities in the animal

versus lateral ectoderm might influence the impact of BMP

signaling on ectoderm tissue cohesion and its permissiveness

for LMEmigration, a possibility that needs to be further explored.

Furthermore, while our findings identify ectoderm tissue cohe-

sion as a critical determinant of LME migration, other factors,

such as variations in surface proteins, may also play a role in

regulating LME migration. A comprehensive analysis of the mo-

lecular mechanisms driving LME migration on the ectoderm will

be necessary to uncover these additional contributing factors.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP Aves Lab Cat# GFP-1020, RRID: AB_10000240

Rat anti-RFP (it recognizes also mCherry) Chromotek Cat# 5f8-100, RRID: AB_2336064

Rabbit anti-fibronectin Sigma-Aldrich Cat# F3648, RRID: AB_476976

Rabbit anti-Phospho-FAK (Tyr397) Thermo Fisher Scientific Cat# 44-624G, RRID: AB_2533701

Rabbit anti-Phospho-Smad1/5 (Ser463/465) (41D10) Cell Signaling Technology Cat# 9516, RRID: AB_491015

Mouse anti-Pan-Cadherin antibody clone CH-19 Sigma-Aldrich Cat# SAB4200731, RRID: AB_2904558

Goat anti-Chicken IgY (H + L) Secondary

Antibody, Alexa FluorTM 488

Thermo Fisher Scientific Cat# A-11039, RRID: AB_2534096

Goat anti-Rat IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 555

Thermo Fisher Scientific Cat# A-21434, RRID: AB_2535855

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 647

Thermo Fisher Scientific Cat# A-21244, RRID: AB_2535812

CyTM3 AffiniPureTM F(ab’)2 Fragment

Donkey Anti-Mouse IgG (H + L)

Jackson ImmunoResearch Labs Cat# 715-166-151, RRID: AB_2340817

Bacterial and virus strains

One Shot TOP10 Chemically Competent E. coli Thermo Fisher Scientific Cat# C404010

NEB� 5-alpha Competent E. coli New England Biolabs Cat# C2987

Chemicals, peptides, and recombinant proteins

Dextran, Alexa FluorTM 647 10.000 MW Thermo Fisher Scientific Cat# D22914

Dextran Cascade BlueTM 10.000 MW Thermo Fisher Scientific Cat# D1976

D-Mannitol Sigma-Aldrich Cat# M4125

Paraformaldehyde 16% Solution (methanol-free) Agar Scientific Cat# AGR1026

Tissue-Tek� O.C.T. Compound Sakura Finetek Cat# 4583

Sucrose Sigma-Aldrich Cat# S9378

DAPI (40,6-diamidino-2-phenylindole,

dihydrochloride)

Invitrogen Cat# D1306

Critical commercial assays

RNeasy Plus Micro Kit QIAGEN Cat# 74034

Deposited data

Animal vs. lateral ectoderm

differentially-expressed genes

This paper GSE251904

CHX-treated bmp7 mutants

vs. CHX-treated bmp7

mutants injected with BMP2/7 protein

differentially-expressed genes

Greenfeld et al.37 GSE163047

Experimental models: Organisms/strains

Zebrafish: AB wild-type MPI-CBG Dresden N/A

Zebrafish: ABxTL wild-type MPI-CBG Dresden N/A

Zebrafish: tg(sebox::eGFP) Ruprecht et al.20 ZDB-FISH-150901-6184

Zebrafish: tg(sebox::eGFP);

tg(actb2::H2A-mCherry)

This paper N/A

Zebrafish: tg(actb2::H2A-mCherry) Krens et al.62 ZDB-FISH-150901-29861

Zebrafish: tg(sox17::eGFP) Chung et al.21 ZDB-FISH-150901-15761

Zebrafish: tg(actb2::mKate2-tpm3) This paper N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fish
Zebrafish (Danio rerio) were housed in 28�C water (pH 7.5 and conductivity 400mS) with a 14 h on/10 h off light cycle. All zebrafish

husbandry and breeding were performed in the zebrafish facility at ISTA under standard conditions according to local regulations,

and all procedures were approved by the Ethics Committee of ISTA regulating animal care and usage. Embryos were raised in E3

medium and kept at 25�C–31�C until the start of the experimental procedures (4 hpf - 5.7 hpf). After dechorionation and for all exper-

imental procedures preceding live imaging, embryos were kept in Danieau buffer. Staging of the embryos was done according to

Kimmel et al.74

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Zebrafish: tg(actb2::H2B-mCherry) This paper N/A

Zebrafish: tg(actb2::mCherry-CAAX) This paper N/A

Oligonucleotides

Ctrl morpholino: 50-CCTCTTACCT
CAGTTACAATTTATA–30

Schauer et al.63 N/A

Bmp2b morpholino: 50-CGCGGAC

CACGGCGACCATGATC-30
Lele et al.64 ZDB-MRPHLNO-041217-6

Recombinant DNA

pCS2-H2A-mCherry Arboleda-Estudillo et al.65 N/A

pCS2-LifeAct-RFP Behrndt et al.66 N/A

pCS2-H2B-mKOk This paper N/A

pCS2-membraneRFP Iioka et al.67 N/A

pCS2-CARhoA Keller et al.29 N/A

pCS2-CAMypt Jayashankar et al.30 N/A

pCS2-DNCdh1 This paper as described

by Grimaldi et al.32
N/A

pCS2-Chrd This paper N/A

pCS2-CAAlk8 Bauer et al.39 N/A

pDestTol2pA2 (attR4-R2) This paper NA

pCS2-PAmCherry1 This paper N/A

pCS2-H2B-eGFP Keller et al.68 N/A

mKOkappa-2A-mTurquoise2 Addgene CAT# 98837

pENTR-D-TOPO-PAmCherry1-MCS Addgene CAT# 60608

pCS2-zfCdh1-eGFP Kardash et al.69 N/A

pCS2-Chordin-Dendra2 Pomreinke et al.36 N/A

Software and algorithms

Content-aware image restoration (CARE) CSBDeep70 N/A

MATLAB MATLAB Software N/A

Fiji (Is Just ImageJ) FiJi71 N/A

Imaris Bitplane N/A

Prism GraphPad Software N/A

R The R Foundation N/A

Ilastik The ilastik developers72,73 N/A

ZEN Carl Zeiss N/A

TraXpert by Saren Tasciyan Sixt Lab https://zenodo.org/

record/5721237

N/A

Minimal physical model of the differential

thinning of the ectoderm layer

This paper https://github.com/

dbrueckner/EctodermDeformation

N/A

Protrusion directionality analysis and

directness analysis

This paper https://seafile.ist.ac.at/

d/f4cfda195434493191d9/

N/A

Illustrator Adobe N/A
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METHOD DETAILS

Plasmids
All DNA plasmids were extracted and purified usingMonarch PlasmidMiniprep Kit (QIAGEN) or EndoFree PlasmidMaxi kit (QIAGEN)

following the manufacturer instructions.

The Gateway technology75,76 was used to generate pCS2-H2B-mKOk as follows: the coding sequences for H2B and mKOk were

amplified from pCS2-H2B-eGFP and frommKOkappa-2A-mTurquoise2, respectively. The PCR products were then recombined with

pDONR221 (Lawson#208) for H2B and with pDONR P2r-P3 (Lawson#211) for mKOk, and subsequently with pCSDest2

(Lawson#444).

The pCS2-PAmCherry1 plasmid was generated starting from linearized pCSDest2 (Lawson#444). The coding sequence for

PAmCherry1 was PCR-amplified from pENTR-D-TOPO-PAmCherry1-MCS. The fragments were subsequently ligated using NEBu-

ilder HiFi DNA Assembly Cloning Kit (New England Biolabs) following the manufacturer instructions.

The pCS2-Chrd plasmid was generated starting from linearized pCSDest2 (Lawson#444). The coding sequences for Chrd was

PCR-amplified as two separate fragments from pCS2-Chordin-Dendra using the following primers to remove the Dendra coding

sequence.

Chrd fragment 1

(1) pCS2 to Chrd Fwd 50-CTTTTTGCAGGATCCCATGCCACCATGATGGAGGG-3’

(2) Chrd to Chrd Rev 50-CATCATCTCCTCGTCCTCCAGAGGGG-30

Chrd fragment 2

(1) Chrd to Chrd Fwd 50-AGGACGAGGAGATGATGCAGGCGGA-3’

(2) Chrd to pCS2 Rev 50-ACTCACTATAGTTCTAGAGGCGTCAGTGTCTCCAGCTTT-30

The fragments were subsequently ligated using NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs) following the

manufacturer instructions.

The pCS2-DNCdh1 plasmid was generated starting from pCS2-zfCdh1-GFP and introducing the point mutationW2A as described

by Grimaldi et al.32 In brief, the coding sequence for cdh1 was PCR-amplified using the following primers (the point mutation is

in bold).

(1) pCS2 zfCdh1 Fwd 50-TTCTTTTTGCAGGATCCCATGCCACCATGGCCTGCGTGACC-3’

(2) zfCdh1 W2A Rev 50-GAGGGATGATAGCTCCTCTCTTCACGCGCTTGTTCTTG-3’

(3) zfCdh1 W2A Fwd 50-TGAAGAGAGGAGCTATCATCCCTCCTATCAGCGTGTC

(4) pCS2 zfCdh1 Rev 50-CTCACTATAGTTCTAGAGGCTAGTCCTCTCCGCCACCGTACATATC-30

The two fragments were then combined together with overlap extension PCR. The resulting fragment was then assembled with

pCS+ plasmid using Gibson Assembly Cloning Kit (New England Biolabs) following the manufacturer instructions.

The pDestTol2pA2 (attR4-R2) destination vector was generated starting from pDestTol2pA2 (Chien#394). The attR4-R3 recombi-

nation sites of pDestTol2pA2were excised using the restriction enzymes XhoI and ClaI. The sequence of the attR4-R2 recombination

sites was amplified from an existing vector using the following primers.

(1) attR4-R2 Fwd 50-AACACAGGCCAGATGGGCCCTCAACTTTGTATAGAAAAGTTGAACG-3’

(2) attR4-R2 Rev 50-TGTCTGGATCATCATCGATGTAATACGACTCACTATAGTTCTAGAGG-30,

The fragments were subsequently ligated using Gibson Assembly Cloning Kit (New England Biolabs) following the manufacturer

instructions.

Transgenic zebrafish line generation
tg(actb2::mKate2-tpm3), tg(actb2::H2B-mCherry), and tg(actb2::mCherry-CAAX) transgenic lines ubiquitously expressing mKate2-

tagged tpm3, mCherry-tagged H2B and membrane-tagged mCherry, respectively, were generated using the Tol2/Gateway

technology.75,76

For tg(actb2::mKate2-tpm3), the coding sequence of tpm3 (NCBI reference sequence: NM_201492.2) was amplified using

gene specific primers with additional Gateway recombination arms (50- GGGGACAGCTTTCTTGTACAAAGTGGCTATGGCC

GGATCAAACAGC -30 and 50- GGGGACAACTTTGTATAATAAAGTTGCTTAGAAACTATTGAGCTCGCTCAG -30) from cDNA library

of sphere stagewild-type T€ubingen embryos. The PCRproduct was recombinedwith pDONRP2r-P3 (Lawson#211) and the resulting

entry clone was recombined with pDestTol2pA2 (Chien#394), p5E b-actin promoter (Chien#229), and pME mKate2 to create pTol2-

b-actin:mKate2-tpm3. The pTol2 vector was co-injected withmRNA encoding the transposase (Invitrogen) into 1 cell-stage wild-type

TL embryos. Individual positive carriers were selected and out-crossed with wild-type TL fish for stable single-copy genetic

integration.
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For tg(actb2::H2B-mCherry), the coding sequence of H2B was amplified from pCS2-H2B-eGFP. The PCR product was recom-

bined with pDONR P2r-P3 (Lawson#211) and the resulting entry clone was recombined with pDestTol2pA2 (Chien#394), p5E b-actin

promoter (Chien#229), and p3E mCherry+pA (Chien#388) to create pTol2:actb2-H2B-mCherry_polA. The pTol2 vector was co-in-

jected with mRNA encoding the transposase (Invitrogen) into 1 cell-stage wild-type AB embryos. Individual positive carriers were

selected and out-crossed with wild-type AB fish for stable single-copy genetic integration.

For tg(actb2::mCherry-CAAX), the coding sequence of mCherry and of the CAAXmotif from the zebrafish kras gene were amplified

from p3E mCherry+pA (Chien#388) and from a cDNA library of larvae stage wild-type AB embryos, respectively, using the following

primers

(1) mCherry Fwd 50-ggggacaagtttgtacaaaaaagcaggcttaATGGTGAGCAAGGGCGAGGAG-3’

(2) mCherry Rev 50-CTTCTCCTTGTGTTTCTTGTACAGCTCGTCCATGCCG-3’

(3) CAAX Fwd 50-GCTGTACAAGAAACACAAGGAGAAGATGAGC-3’

(4) CAAX Rev 50-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGAGCAAGGGCGAGGAG-30

The two fragments were then combined together with overlap extension PCR. The PCR product was recombined with pDONR 221

(Lawson#208) and the resulting entry clone was recombined with pDestTol2pA2 (attR4-R2) and p5E b-actin promoter (Chien#229) to

create pTol2-actb2::mCherry-CAAX. The pTol2 vector was co-injected with mRNA encoding the transposase (Invitrogen) into 1 cell-

stage wild-type AB embryos. Individual positive carriers were selected and out-crossed with wild-type AB fish for stable single-copy

genetic integration.

tg(sebox::eGFP); tg(actb2::H2A-mCherry) transgenic line was generate by crossing the pre-existing tg(sebox::eGFP) and

tg(actb2::H2A-mCherry) transgenic lines.

mRNA, morpholino, Mannitol and dextran injections
mRNA transcription was performed using the SP6 mMessage mMachine Kit (Thermo Scientific). Glass capillaries (30-0020, Harvard

Apparatus) were pulled using a needle puller (P-97, Sutter Instruments) and mounted on a microinjection system (PV820, World Pre-

cision Instruments). Injections at 1-cell and 64-128-cell stages were performed as described.77 The following mRNAs were injected:

35–50 pg H2A-mCherry, 10–15 pg H2B-mKOk, 100 pg membrane-RFP, 1–2 pg CARhoA, 75 pg CAMypt, 75 pg DNCdh1, 30–40 pg

Chrd, 30 pg CAAlk8 and 125 pg PAmCherry. For labeling F-actin, 7.5 pg LifeactRFP was injected into a single blastomere at 64-128-

cell stage. For gene knock-down experiments, the following morpholinos were used in this study: 1.5 ng bmp2bMO (50-CGCGGAC

CACGGCGACCATGATC-30), 1.5 ng Ctrl MO (human b-globinMO 50-CCTCTTACCTCAGTTACAATTTATA–30). For Mannitol injection,

1 nL of 350 mM Mannitol with 1.25 mg/mL 10.000 MW Alexa Fluor 647 dextran was injected in the interstitial space of sphere/dome

stage (4–4.3 hpf) embryos. For labeling the cytoplasm, 1 nL of either 1 mg/mL 10.000MWAlexa Fluor 647 dextranwas injected at 1-cell

stage. For labeling the interstitial fluid of embryos, 1 nL of either 1 mg/mL 10.000 MWAlexa Fluor 647 dextran or 1.5 mg/mL 10.000 MW

Cascade Blue dextran was injected in the interstitial space of sphere/dome stage (4–4.3 hpf) embryos. To mark the interstitial fluid of

embryos after tissue transplantation, 1 nL of 0.5 mg/mL 10.000MWAlexa Fluor 647 dextran was injected in the interstitial space of late

germ ring stage (5.8-5.9 hpf) embryos.

Sample fixation and sectioning
Samples were fixed in 4% paraformaldehyde (PFA) in 1xPBS either for 2 h at room temperature or overnight at 4�C on a shaker. For

cryosections, fixed tg(sebox::eGFP) embryos were incubated overnight in 30% sucrose in 1xPBS at 4�C and then embedded in

increasing concentrations of OCT medium (0%–15%–30%–50%–75%–90% diluted in 30% sucrose/PBS) at 4�C. Embedded sam-

ples were then sectioned to obtain 16 mm cryosections.

Yolk peeling assay
The yolk cell membrane was manually peeled from the blastoderm of tg(sebox::eGFP) or tg(sebox::eGFP); tg(actb2::mCherry-CAAX)

embryos at 65–70% epiboly (7–7.5 hpf) using forceps, and both embryo and yolk cell membrane were immediately fixed in 4% para-

formaldehyde (PFA). Both blastoderm and yolk cell membrane were then stained with DAPI (nuclei) before imaging.

Deep-cell transplantations
At germ ring stage (5.7 hpf), both host and donor embryos were transferred to Danieau buffer and prepared for transplantation. Using

a spike fire-polished transplantation needle with a 20 mm inner diameter (Biomedical Instruments) attached to a syringe system via

silicone tubing, ectoderm cells were taken from the donor embryos and placed into the lateral ectoderm of the host embryo (injected

with 10–15 pg H2B-mKO2k mRNA).

(1) For animal-to-lateral and lateral-to-lateral transplantations, 100–250 cells were transplanted from wild-type tg(sebox::eGFP)

donor embryo injected with 10–15 pgH2B-mKO2k and 100 pgmembrane RFPmRNAs tomark nuclei and plasmamembrane.

(2) For all others transplantation 200–350 cells were transplanted were transplanted fromwildtype tg(sebox::eGFP) donor embryo

injected with 10–15 pg H2B-mKO2k and 100 pg membrane RFP mRNAs to mark nuclei and plasma membrane or 10–15 pg

20 Cell Reports 44, 115387, March 25, 2025

Article
ll

OPEN ACCESS



H2B-mKO2k and 1 ng 10.000 MW Alexa Fluor 647 dextran to mark nuclei and cytoplasm in DNCdh1 LtL transpants, together

with either 1–2 pgCARhoAmRNA, 75 pgCAMyptmRNA, 75 pgDNCdh1mRNA, 1.5 ng bmp2bMO, 1.5 ng bmp2bMO+30 pg

CAAlk8, or 40 pg Chrd mRNA.

For live imaging, transplanted host embryos were then mounted for upright and inverted imaging, depending on the experimental

assay.

For animal-to-animal and lateral-to-animal transplantations, 500–600 cells were transplanted from wild-type tg(sebox::eGFP)

donor embryo injected with either 30 pg H2B-mCherry and 100 pg membrane RFP mRNAs (animal-to-animal ectoderm transplant)

or 100 pg membrane RFP mRNAs (lateral-to-animal ectoderm transplant) to mark nuclei and plasma membrane, respectively. For

fixed imaging, transplanted host embryos were kept in Danieau buffer at 28�C–31�C until fixation.

Sample preparation for live imaging
Embryos were dechorionated and mounted either in 0.65% low melting point (LMP) agarose and put into prepared agarose molds

(2%) for up-right imaging or in 0.5% LMP agarose (Invitrogen) on glassbottom dishes (MatTek) for inverted imaging. For all live im-

aging, the temperature during image acquisition was set to 28.5�C.

Immunofluorescence
Whole mount immunofluorescence, fixed tg(sebox::eGFP); tg(actb2::mCherry-CAAX) embryos were washed in 1xPBS several times

before being dechorionated with forceps. Dechorionated embryos were permeabilized in PBSTT (0.1%Triton X-100, 0.1% Tween 20

in PBS) for 30–40 min and then incubated in blocking solution (10% goat serum, 1% DMSO, 0.1% Triton X-100, 0.1% Tween 20 in

PBS) for up to 2 h. Embryos were afterward incubated with the primary antibodies diluted in blocking solution for a minimum of one

night to a maximum of three days at 4�C. The incubation with fluorophore-conjugated secondary antibodies (diluted 1:500) and DAPI

was carried out for 1–2 h at room temperature (RT). Immunofluorescence of cryosections was performed as above with minor

changes. Frozen sections were brought to RT and washed three times with 1xPBS, followed by 30 min – 1 h of permineralization

with PBSTT, quenched with 0.1 M glycine in PBS for 30 min and incubated with blocking solution for 30 min at room temperature.

Embryos were afterward incubated with the primary antibodies diluted in blocking solution overnight at 4�C. The incubation with flu-

orophore-conjugated secondary antibodies (diluted 1:500) and DAPI was carried out for an 1 h at room temperature. Primary anti-

body diluition: chicken anti-GFP, 1:1000; rat anti-RFP, 1:500; rabbit anti-fibronectin, 1:200; rabbit anti-Phospho-FAK (Tyr397), 1:200;

rabbit anti-Phospho-Smad1/5 (Ser463/465) (41D10), 1:100; mouse anti-Pan-Cadherin antibody clone CH-19, 1:250.

Imaging setups for live and fixed imaging
Upright imagingwas performed using either a Zeiss 800 confocal microscope equippedwith a Plan-Apochromat 20X/1.0Wobjective

or a Leica SP8 confocal microscope equipped with an HC FUOTAR L 25x/0.95 W objective. For live imaging, Z-stacks of 58–255 mm

with a Z step-size of 1.5 mm and a Z-thickness of 2 mmwere acquired every 2–9 min. Inverted imaging was performed using either a

Zeiss 800 confocal microscope equipped with a Plan-Apochromat 40X/1.2 W objective or a Leica SP8 confocal microscope equip-

ped with an HC PL APO 40x/1.10 W objective. For live imaging, Z-stacks of 40–75 mmwith a Z step-size of 1.5 mm and a Z-thickness

of 1 mmwere acquired every 2–6 min. Lightsheet imaging was performed using a Zeiss Lightsheet Z with dual acquisition and equip-

pedwith 10x/0.2foc illumination objectives and either a 20x/1.0:W Plan-Apochromat Corr DIC; nd = 1.33 (WD = 2.4mm) or a 20x/1.0:

Clr Plan-Neofluar Corr nd = 1.45 (WD = 5.6m) detection objective. For upright imaging of fixed samples, Z-stacks were acquired with

a Z step-size of 1.5 mmand a Z-thickness of 2 mm. For lightsheet imaging of fixed samples, Z-stacks were acquired with a Z step-size

of 2–3 mm and a lightsheet thickness of 4.16–4.2 mm.

Photoactivation of PAmCherry1 and FACS
To specifically mark animal or lateral ectoderm, tg(sebox::eGFP) embryos injectedwithPAmCherry1mRNAweremounted for upright

imaging and a 4443 2203 58.5 mm volume was photoactivated using a 405 nm laser either at the animal pole or on the lateral side.

The photoactivation process was composed of 10 cycles of 28 s per embryo in a time window of approximately 90 min from 6 to

7.5 hpf. After photoactivation, embryos were transferred in Ca2+-free Ringer solution and dissociated by gently pipetting using a

P-1000 pipette to obtain a single-cell suspension. Per replicate, 5000 PAmCherry1+/eGFP- cells were sorted in 150 mL of RTL

plus lysis buffer (RNeasy Plus Micro Kit, QIAGEN) with 1% of 2-mercaptoethanol, briefly vortexed, centrifuged in a small tabletop

centrifuge and stored at �80�C until RNA extraction.

RNAseq
Cells were subjected to RNA extraction using RNeasy Plus Micro Kit (QIAGEN) according to themanufacturer instructions. Complete

cDNA synthesis and library preparation were performed using SMART-Seq v3 protocol78 with Nextera UDI adapters. Libraries were

then quantified by qPCR (KAPA Biosysytems) and subjected to NovaSeq S4 XP 150-bp pair end sequencing on the NovaSeq 6000

platform, providing on average reads per sample of 92963813.5.
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QUANTIFICATION AND STATISTICAL ANALYSIS

LME displacement, delta displacement and difference in LME displacement
Time lapse movies of the embryo lateral side were acquired with a time resolution of approximately 6.2 min. Subsequently, a cross-

section view of the embryo was created from a 20 mm-wide volume (Video S1, dashed lines) from the middle of the lateral view using

‘‘Reslice/’’ and ‘‘Average Z Projection’’ plugins in Fiji (Is Just ImageJ) (FiJi). The cross-section view was then used to track the dis-

tance covered along the embryo curvature by the front edge of the LME every 23min, starting from the origin of migration (6.2 hpf) for

at least 115 min. The delta displacement was computed as difference of each time point from the previous one. To quantify the dif-

ference in LME displacement in the double transplanted embryos, the displacement of the LME front from the margin toward the

animal pole (Y axis) was quantified at 8 hpf as average of 4 not overlapping 4 mm-thick optical sections displaying both AtA Ecto

and LtA Ecto. Statistical analyses and plots were done using Prisms (GraphPad). Details on the statistical test, sample size and

data representation can be found in each figure legends.

Protrusion directionality
Mosaic labelling of LME cells was achieved by injection of 7.5 pg LifeAct-RFPmRNA into a single blastomere at the 64/128 cells stage

(2–2.25 hpf). Protrusion directionality was quantified as being oriented either toward the ectoderm or yolk cell membrane for an

average of 50 min of migration (�2 min 14 s frame rate, t0 �6.2 hpf). To compute protrusion directionality, the center and radius

of the embryo were determined by approximating the surface shape of the embryo as a sphere and then fitting the embryo surface

coordinates obtained by using Spots feature in Imaris (Bitplane). For each cell, the coordinates of the tip of each visible actin pro-

trusions and the cell center were then obtained using Spots feature in Imaris (Bitplane). Using these coordinates, the radial distance

was computed as the difference between the protrusion tip position relative to the embryo center and the cell center positions. Value

above 0 were defined as ectoderm-directed protrusion, while value below 0 as yolk-directed protrusions. Protrusion length was

quantified as distance of the protrusion tip from the cell center. The codes for the protrusion directionality analysis are available

here: https://seafile.ist.ac.at/d/f4cfda195434493191d9/. Statistical analyses and plots were done using Prisms (GraphPad). Details

on the statistical test, sample size and data representation can be found in the figure legends.

Single cell tracking
For tracking of single cells, time lapse movies were acquired with a temporal resolution of approximately 2 min. If necessary, the

spatial resolution of the acquired timelapse images was restored to 1024x1024 pixel after acquisition using Content-aware image

restoration (CARE). The nuclear signal (H2B-mCherry or H2B-mKok) was segmented using Surfaces and tracks were computed us-

ing the Autoregressive Motion algorithms in Imaris 9 (Bitplane). Each track was subsequentially manually checked and corrected if

necessary. In case of cell division, the track of one daughter cell was deleted.

For determining the directedness of migration over time for LME and lateral endoderm cells, the mean alignment of the cell move-

ment with respect to a reference axis was computed as the cosine of the angle between the direction of cell motion at a particular time

point and the established reference axis (where 1 equals to no deviation). The codes for the directness analysis are available here:

https://seafile.ist.ac.at/d/f4cfda195434493191d9/.

For analyzing the time LME cells spent on the ectoderm, the nuclei of each cell ware used as reference. At each time point, LME or

lateral endoderm cells were scored as being placed on the ectoderm when the nucleus was in close proximity with the ectoderm

layer. Close proximity was defined as being placed at a distance as equal or less than half nuclear diameter with no or little interstitial

fluid (10.000MWAlexa Fluor 647 dextran) detectable between ectoderm and LME or lateral endoderm nuclei. LME cells were scored

as either on the ectoderm or on the yolk cell membrane at each timepoint for �92 min from the onset of animal migration (6.2 hpf).

For determining the correlation between animal displacement and the time LME cells spent on the ectoderm, the total displace-

ment along the Y axis (Y displacement, corresponding to the AnVeg axis) from the origin and the total time spent of the ectodermwere

extracted from the tracking data of each cell.

‘‘First rows after ingression’’ and ‘‘First ingressing cells’’ refer to LME cells or lateral endoderm cells located in the first 2–3 cell rows

at the start of the tracking (6.2 hpf). In the case of transplantation experiments, LME cells were selected only if they were located in an

area vegetal to the transplanted ectoderm, in an area that was 1–2 cell diameters smaller in width on the X axis (DV axis) on both sides

in comparison to the transplant itself (see Figure S4). ‘‘All’’ refers to LME cells or lateral endoderm cells located in a 300 3 200 mm

rectangular area with the front end of this area given by the most animally-located cells at the end of the tracking (7.7 hpf). ‘‘Most

animal’’ refers to LME cells or lateral endoderm cells located in a 3003 100 mm rectangular area with the front end of this area given

by the most animally-located cells at the end of the tracking (7.7 hpf).

In transplanted embryos, tracked LME cells were scored as ‘‘Most-animally migrating cells’’ if they were within a 100 mm-wide bin

on the Y axis (AnVeg axis) set following the final position of the most-animal LME cells that have not encountered the transplanted

ectoderm (See Figure S4).

All but directedness analyses were performed by importing cell migration data in TraXpert or Prisms (GraphPad) for subsequent

statistical analyses and plots creation. The analyses and plot creation for directedness of migration over time was done using

MATLAB. Details on the statistical test, sample size and data representation can be found in the figure legends.
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Supplemental explanation regarding cell migration plots.

(1) For the graphs showing the Time LME or endoderm cells spent on the ectoderm, data were plotted as percentage of total

migration time or as relative frequency.

(2) The Migration directionality is shown as rose diagram where each concentric circle represents a different frequency range,

with 0 at the center and increasing by 10 for each subsequent circle.

(3) The Displacement along the animal-vegetal axis is quantified as cumulative Y-displacement from the origin of migration

(Y axis) and displayed as smooth plot.

(4) Smooth plots for Square displacement and Displacement along the animal-vegetal axis were generated with ggplot’s geo-

m_smooth function, which uses local polynomial regression fitting.

Ectoderm thickness
Ectoderm thickness as a function of developmental time was determined in tg(sebox::eGFP); tg(actb2:: mKate2-tpm3) embryos in-

jected with 1 nL of 1 mg/mL 10.000 MW Alexa Fluor 647 dextran to mark interstitial fluid and imaged from either the animal pole or the

lateral side of the gastrula with a time resolution of approximately 6.2 min. The fluorescent signals of the LME (eGFP), actin cytoskel-

eton (mKate2-tpm3) and interstitial fluid (Alexa Fluor 647 dextran) were used to create binary mask of the embryo, the LME, and the

interstitial fluid. Subsequently, a cross-section view of the embryo was created from a 20 mm-wide volume from the middle of either

the lateral view or the animal pole view, the latter spanning from the lateral to lateral, using the ‘‘Reslice/’’ and ‘‘Average Z Projection’’

plugins in Fiji (Is Just ImageJ) (FiJi). The cross-section views were then used to create a binary mask of the embryo, the LME and the

interstitial fluid using Ilastik. To quantify the ectoderm thickness from the binary masks, kymographs were created oriented along the

inside-out axis of the tissue at 100 mm intervals, starting either from the animal pole or 100–150 mmanimal of the embryo equator. For

animal and lateral ectoderm thickness, bins were defined as either lateral ectoderm, in case the ectoderm was in contact with the

LME at least for one timepoint during the imaging period, or animal ectoderm in case the ectoderm was not in contact with LME dur-

ing the entire imaging period. Statistical analyses and plots were done using Prisms (GraphPad). Details on the statistical test, sample

size and data representation can be found in each figure legends.

Cell fraction
Time lapse movies were acquired from either the embryo animal pole or the lateral side. In the case of non-transplanted embryos, for

each time point 2 non-overlapping z-planes were chosen in themiddle of the cell layer closest to the yolk cell membrane. For Figure 5

A and B, wild-type tg(sebox::eGFP) embryos injected with 35 pg H2A-mCherry mRNA (nuclei) at the 1-cell stage. At sphere/dome

stage (4–4.3 hpf), embryos were injected with 1 nL of 1 mg/mL 10.000 MW Alexa Fluor 647 dextran to mark interstitial fluid. In case

transplanted embryos (Figures 5F, 5G, and 7F), cells from a donor tg(sebox::eGFP) embryo injected with 35 pg H2A-

mCherry mRNA to mark nuclei were transplanted at germ ring stage (5.7 hpf) into the lateral ectoderm of a stage-matched

wildtype tg(sebox::eGFP) host embryo. Host embryos were injected with 1 nl of 0.5 mg/ml 10.000 MW Alexa FluorTM 647 dextran

to mark interstitial fluid after transplantation. For the bmp2b morphant animal to lateral transplants (bmp2b MO AtL Ecto)

and bmp2b morphant co-injected with constitutive active Alk8 animal to lateral transplants (CAAlk8 + bmp2b MO AtL Ecto), donor

embryoswere also injectedwith either 1.5 ng bmp2bMOorwith 1.5 ng bmp2bMOand 30 pgCAAlk8mRNA. For the quantification, 1

to 4 not overlapping z-planes were chosen in the middle of the transplant. For each z-plane, the fluorescent signal of 10.000 MW

Alexa Fluor 647 dextran was used to create binary masks of the interstitial fluid using Ilastik. The binary masks were then used to

quantify the percentage of cell fraction over area using Fiji (Is Just ImageJ) (FiJi). Statistical analyses and plots were done using

Prisms (GraphPad). Details on the statistical test, sample size and data representation can be found in the figure legends.

Cell-cell contacts
Time lapse movies were acquired from either the embryo animal pole or the lateral side. Wild-type tg(sebox::eGFP); tg(actb2::H2B-

mCherry) embryos injected 100 pg membrane RFP (cell membrane) mRNA at the 1-cell stage. At sphere/dome stage (4–4.3 hpf),

embryos were injected with 1 nL of 1 mg/mL 10.000 MW Alexa Fluor 647 dextran to mark interstitial fluid. The z-stacks containing

the layer of ectoderm cells closest to the yolk were then used for the analysis. From each z-plane of the z-stacks, the fluorescent

signal of 10.000 MW Alexa Fluor 647 dextran was used to create binary masks of the interstitial fluid using Ilastik. The binary masks

were then used to quantify the percentage of cell perimeter not in contact with interstitial fluid using Fiji (Is Just ImageJ) (FiJi). The cell

perimeter was defined as the cell membrane (labeled with membrane RFP) in the z-plane having the widest XY cross-section area of

the cell nucleus (labeled with H2A-mCherry). Statistical analyses and plots were done using Prisms (GraphPad). Details on the sta-

tistical test, sample size and data representation can be found in the figure legends.

Relative cell tension
Time lapsemovies were acquired from either the embryo animal pole or the lateral side. The z-stacks containing the layer of ectoderm

cells closest to the yolk were then used for the analysis. From each z-plane of the z-stacks, the fluorescent signal of 10.000MWAlexa
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Fluor 647 dextran was used to create binary masks of the interstitial fluid using Ilastik. The binary masks were then used to determine

the presence or absence of interstitial fluid. Contact angles qwere quantified between two ectoderm cells at the interphase with inter-

stitial fluid using the angle tool in Fiji (Is Just ImageJ) (FiJi), with at least one of the two cells being in the z-plane with the widest XY

cross-section area of the cell nucleus (labeledwith H2A-mCherry). The contact angleswere then converted in radiant. The relative cell

tension a was then computed as

a = cos

�
q

2

�

Statistical analyses and plots were done using Prisms (GraphPad). Details on the statistical test, sample size and data represen-

tation can be found in the figure legends.

Phosphorylated Smad1/5 quantification
For the quantification of the immunofluorescence signal of phosphorylated Smad1/5 (pSmad1/5), 1 single 2.5 mm thick optical sec-

tions was used for each cryosection. The nuclei of each cell were segmented using the plugin Stardist79 in Fiji (Is Just ImageJ) (FiJi).

Lateral mesendoderm (LME), enveloping layer (EVL) and yolk syncytial layer (YSL) nuclei were excluded according to their position,

shape (EVL and YSL) and GFP fluorescence (LME). Lateral ectodermwas defined as 15–25 nuclei per side above the LME, separated

from the animal ectoderm by 10–15 nuclei (see also Figure S5C). Animal and lateral ectoderm pSmad1/5 intensities were then quan-

tified as ratio to the DAPI intensity. Statistical analyses and plots were done using Prisms (GraphPad). Details on the statistical test,

sample size and data representation can be found in the figure legends.

Transcriptome data processing and analysis
Reads of the same sample on different sequencing lanes were subject to quality checks with fastqc (0.11.7), before and after adapter

and quality trimming with trimmomatic (version: 0.38; parameters: 2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MIN-

LEN:19). The processed reads were aligned and quantified using Salmon (1.1.0)80 in mapping based mode, with the –seqBias

and –gcBias flags set in order to decrease the hexamer priming and GC content biases. For this quantification, an index created

from the zebrafish reference genome (GRCz11) was used. The differential expression analysis was performed using the following

libraries: DESeq2 (v. 1.30.1), apeglm (v. 1.12.0), tximport (v. 1.18.0), genefilter (v. 1.72.1) and GenomicRanges (v. 1.42.0). The expres-

sion of each gene was expressed as a transcript per million (TPM) value. Differential expression was determined without distinguish-

ing between splice variants of the gene under study and using all protein-coding genes as transcriptome reference. Differentially ex-

pressed genes were defined using a cut-off of adjusted P-value <0.05. The statistical analysis and the calculation of the numbers of

differentially expressed genes in the various sectors of the Volcano plot were calculated in R using the Enhancedvolcano (1.8.0) and

biomaRt (2.46.3) libraries.

Identification of direct transcriptional targets of BMP signaling in the animal and lateral ectoderm
The analysis was performed using a pre-existing RNA-seq dataset.37 Genes differentially expressed in the either animal or lateral

ectoderm were defined as putative direct targets of BMP signaling if they were also differentially expressed in the cycloheximide-

treated bmp7 mutants injected with BMP2/7 protein compared to the uninjected control samples (FDR <0.05, as defined by the

authors).37

Supplementary theory note
As a minimal physical model of the differential thinning of the ectoderm layer, we used a fluid model with patterned viscosity. In pre-

vious work, a simple model for tissue fluidization at the onset of doming predicted the relative thickness change of the blastoderm as

two tissues with different viscosities.26 Here, we generalized this approach to the case of a continuously varying patterned viscosity

and applied it to ectoderm morphodynamics in the early gastrula, i.e., a different tissue at a different time of development.

Wemodeled the ectoderm as an incompressible passive fluid that is extended by an active force fA at the lateral sides, enforcing a

constant expansion speed v. We defined a one-dimensional coordinate system in which the initial tissue is spread from x = �L to

x = L, where x = 0 corresponds to the animal pole, and x = ±L to the lateral sides. Our aim was to predict the thickness profile h(x)

based on assuming a spatially patterned viscosity profile h(x).

To this end, we divided the fluid intoN elements along the x-axis. Based on incompressibility, we assumed that each fluid element i

with thickness hi and length [i has a conserved area, and thus

1

hi

dhi

dt
= � 1

li

dli
dt

(Equation 1)

Assuming the constitutive equation for stress

sxx = 2h
vvx
vx

� P (Equation 2)
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where h is the viscosity and P the pressure, we get
sxx;i = 2hi

1

li

dli
dt

� Pi (Equation 3)

szz;i = � 2hi

1

li

dli
dt

� Pi (Equation 4)

Applying force balance,

vxsxx;i = � F/hisxx;i = fA (Equation 5)

szz;i = 0 (Equation 6)

where F = fA/(hi[i) is the force density. We then considered an active force that adjusts itself such that the extension speed is constant:

X
i

dli
dt

= 2v (Equation 7)

Putting everything together, we found

dli
dt

=
li

4hihi

fA (Equation 8)

dhi

dt
= � 1

4hi

fA (Equation 9)

and

fA = 8v

"X
i

li
hihi

#� 1

(Equation 10)

To compare model predictions to experiment, we used parameters corresponding to the experiment, v z 1.5 mm/min,66 L z
500 mm. Finally, as a single free fit parameter, we estimated the ratio of maximal (lateral) viscosity hLat = h(x = ±L) to minimal (animal)

viscosity hAn = h(x = 0) to be hLat/hAn z 5.
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