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During early development of multi-cellular animals, cells self-organize to set up the body axes,
such as the primary head-to-tail axis. Several signalling pathways are known to control body axis
formation. Here, we show that also tissue mechanics play an important role. We focus on the emer-
gence of a primary axis in initially spherical aggregates of mouse embryonic stem cells, which mirrors
events in the development of the early mouse embryo. These aggregates break rotational symmetry
by establishing domains of different expression profiles, for example of the transcription factor T /Bra
and the adhesion molecule E-cadherin. Combining quantitative microscopy and physical modeling,
we identify large-scale tissue flows with a recirculating component, which contribute substantially
to the symmetry breaking. We show that the recirculating flows are — akin to Marangoni flows —
driven by a difference in tissue surface tensions, whose existence we further confirm using aggregate
fusion experiments. Our work highlights that body axis formation is not only driven by biochemical
processes, but that it can also be amplified by tissue flows. We expect that this type of amplification

may operate in many other organoid and in-vivo systems.

Deciphering the mechanisms underlying the formation
of the mammalian body plan is an important challenge
in biology. This process takes place in the early embryo
and is characterized by the establishment of a multicel-
lular spatial organization with reference to an emerging
system of orthogonal axes: the head-to-tail axis, also
called the anteroposterior (AP) axis, and an orthogonal
dorsoventral axis [1]. There is evidence that a small num-
ber of conserved morphogens, including Wnt, BMP, Ac-
tivin/Nodal, and FGF, control the emergence of the body
axes [2]. These signals participate in tissue patterning
and trigger differential behaviors, which ultimately par-
tition an isotropic group of cells into different territories.
Yet, the physical mechanisms underlying axis formation
remain largely unknown.

Here we focus on the emergence of the head-to-tail
body axis, which breaks the initial rotational symme-
try. In vertebrates, the AP axis establishes first by lo-
cating the transcription factor T/Brachyury (T/Bra) to
one end of the embryo. Yet, understanding the emer-
gence of this T/Bra pole is a daunting task because of
the experimental difficulty in accessing the embryo, in
particular in mammals [3-5]. To address this issue, an
excellent experimental system is provided by 3D aggre-
gates of mouse and human embryonic stem cells (ESCs),
called gastruloids. Gastruloids are embryonic organoids
that undergo symmetry breaking and exhibit axial orga-
nization and gene expression patterns that mirror events
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in the embryo [6-10]. Depending on the culture condi-
tions and the signaling molecules present in the medium,
gastruloids have the capacity to develop advanced struc-
tures strikingly similar to organs such as (1) somites and
neural-tube [8, 11-13] or (2) gut and heart [11, 14, 15].
Past works on gastruloids have identified the temporal
sequence of gene expression [7] and networks of genes
that regulate the main steps of their early development,
including during symmetry breaking [16].

Yet, there is growing evidence that tissue mechanics
and flows are crucial for many stages of embryonic devel-
opment [17-21]. Indeed, in avians it has recently been
pointed out that tissue mechanics and flows could also
contribute to embryonic axis formation [19, 22, 23], but
their potential role for axis formation in mammals re-
mains unclear. Recently, using a mouse gastruloid proto-
col derived from the standard protocol in the field (Fig-
ure la, Methods) [24], we have shown that symmetry
breaking in mouse gastruloids is accompanied by large-
scale tissue flows [15]. However, what role these flows
play in gastruloid polarization and how they are created
is so far unclear.

Here we quantitatively show that in our mouse gastru-
loids, large-scale tissue flows contribute substantially to
symmetry breaking. We show that the dominating com-
ponent of the tissue flows is a recirculating flow whose di-
rection correlates strongly with the T/Bra and E-cad po-
larization of the aggregate. We then present a minimal ef-
fective model for the emergence of these flows. In partic-
ular, we show that effective interfacial tensions between
low and high T/Bra or E-cad domains, as well as differ-
ential surface tensions of these domains, are sufficient to
explain the recirculating flows. Finally, we further val-
idate our hypothesis of differential tensions by measur-
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Figure 1. Experimental workflow for quantifying symmetry breaking in gastruloids. (a) Symmetry breaking in gastruloids:
mouse embryonic stem cells are seeded in low-adherence microwells. After 48 h, a 24 h Chiron pulse activates Wnt signaling,
promoting mesodermal differentiation and inducing T /Brachyury expression (green). From 72 h to 96 h, graded T/Brachyury
expression aligns with gastruloid elongation, marking the anterior (A, low T /Brachyury) and posterior (P, high T/Brachyury)
poles (see Methods). (b) Inverted two-photon microscopy is used to image sub-volumes of the gastruloids around their midplane,
with each orange plane representing a scan at a specific depth (see Methods). (c¢) On the left, time-averaged bidimensional
velocity field of tissue collective flows during symmetry breaking in the gastruloid midplane, derived from live imaging data
using optic flow. Vector orientations are color-coded, with red indicating flow towards the posterior pole and blue indicating flow
towards the anterior pole. On the right, the corresponding T/Brachyury expression pattern is shown with inverted grayscale
for clarity. (See Methods for details.) (d) E-cadherin and Snail expression patterns in an 80-hour gastruloid similar as the one
in (c), obtained via immunochemistry (see Methods and Extended Data Table 1). Grayscale levels are inverted for enhanced

visibility and the scale bar corresponds to 50 pm.

ing interface angles in fusion experiments between gas-
truloids. Taken together, our work quantitatively shows
that not only genetic and biochemical interactions, but
also tension-driven large-scale tissue flows promote sym-
metry breaking in gastruloids.

TISSUE FLOWS SUBSTANTIALLY
CONTRIBUTE TO GASTRULOID SYMMETRY
BREAKING

To precisely quantify the contribution of large-scale
tissue flows to the overall gastruloid symmetry break-
ing, we need to simultaneously measure tissue flows and
T/Bra or E-cad expression patterns. We generate the
gastruloids following our previously published protocol
(Figure 1la, Methods) [15], where we focus on the time
between 72 and 96 hAAF, when gastruloids start to elon-
gate and display polarized T/Bra and E-cad levels (Fig-
ure lc¢,d, Methods). We live imaged the gastruloids dur-

ing this stage with live reporters for T/Bra, E-cad, cell
membranes, and extra-cellular space (Methods). We re-
duced light scattering (gastruloid diameters of a few hun-
dred pum) while preventing phototoxic effects by using
two-photon microscopy and imaging 60 pm-thick subvol-
umes around their mid-planes (Figure 1b, Methods). To
quantify flow fields, we first applied a registration remov-
ing any global aggregate translation and rotation (Meth-
ods), and then applied an optical flow method [25] to
the resulting movie (Methods, Supplementary Figure 6-
7, Supplementary movie 6).

To quantify the degree of symmetry breaking of a gas-
truloid, i.e. its polarization, we use the dipole moment
P(t) of its T/Bra or E-cad distribution (Figure 2a-c,
Methods) given by the 2D vector:

P(t) = /qu(r,t) [r — c(t)] dS. (1)

Here, Q represents the 2D cross section of the aggregate,
¢ denotes the T /Bra or E-cad fluorescence intensity field,



7 is the position vector that we integrate over, and c is
the barycenter of the aggregate. The direction of the
vector P points towards the part of the gastruloid that
has the highest fluorescence intensity in T/Bra or E-cad,
and its magnitude quantifies the degree of polarization.

We found that after registration, the direction of the
dipole moment does not change much over time (Sup-
plementary Figure 8a). This indicates that very early
processes already define an axis that is kept later on.
However, we also see that the magnitude of P increases
over time, reflecting a progressive build up of gastruloid
polarization (Figure 2b,c).

We wondered how important different cellular pro-
cesses are for the progressive increase in gastruloid polar-
ization over time. There are different cell-scale processes
that might contribute, which include (i) spatially hetero-
geneous cell differentiation, (ii) individual cell motion,
(iii) collective cell motion (i.e. tissue flows), and differ-
ential (iv) cell division and/or (v) apoptosis (Figure 2d).
To differentiate the contribution of all these processes,
segmentation and tracking of the cell nuclei would be re-
quired, which is currently difficult due to light scattering
and dense nuclear packing. Thus, we base our analysis
here on coarse-grained optical flow and fluorescence data,
which still allows us to differentiate three different contri-
butions to gastruloid polarization: (1) the combined ef-
fect of cell differentiation and individual cell motion (con-
tributions i and ii), which we call for brevity ”reaction-
diffusion” (RD) contribution, (2) advection of T/Bra or
E-cad with tissue flows (contribution iii), and (3) differen-
tial volume growth, arising for instance from cell division
and apoptosis (contributions iv and v), which we call for
brevity just ”growth” contribution (Figure 2d).

Using the optical flow and fluorescence data, we can
quantify the contributions 1-3 to the overall increase in
polarization. To this end, we decompose the time deriva-
tive of P into four parts (Figure 2e, Methods, and section
1 of the SI):

%ZR-FA-I-G-FQ:;D. (2)
The first three terms on the right-hand-side of Eq. (2)
respectively represent the contributions 1-3 (Figure 2e),
and Qs3p is a geometric contribution related to 3D mo-
tion of the aggregate (section 1 of the SI). Besides this
geometric contribution Q3p, our mathematical decom-
position also confirms that there is no other contribution
to gastruloid polarization than contributions 1-3.

For each gastruloid, we quantify each term in Eq. (2)
over time and plot their respective cumulative contri-
butions to the overall dipole moment (Figure 2e and
Supplementary Figures 8c-1). Figure 2f shows the final
overall contributions across all gastruloids. We find that
reaction-diffusion processes generally contribute most to
the overall polarization. However, our analysis also re-
veals a significant contribution of advection, which is re-
sponsible for approximately 1/3 of the total polarization.

Taken together, our analysis shows that advection with

large-scale tissue flows significantly contributes to gastru-
loid symmetry breaking. To better understand how, we
next analyzed the structure of the flow pattern across
different gastruloids.

TISSUE FLOWS EXHIBIT A DOMINANT
RECIRCULATING COMPONENT.

Qualitatively, tissue flows emerging during the po-
larization process exhibit substantial fluctuations, both
spatio-temporally and across different gastruloids (Sup-
plementary Figures 7 and 9-12). In order to capture the
dominant large-scale flow structures and compare them
across gastruloids, we decomposed the tissue flow field
into different modes (Figure 3, Figure 4, Methods, and
section 2 of the SI).

We apply our mode decomposition analysis on 14 gas-
truloids imaged between 7T8hAAF and 88hAAF. The
analysis reveals that about 50% of the tissue flow field is
provided by only 5 low-index modes, i.e. large-scale fea-
tures, which are robustly observed across different gas-
truloids (Figure 4a-c). In particular, the three modes
of highest amplitude together contribute approximately
40% to the total flow field. The superposition of these
three modes corresponds to a large-scale recirculating
pattern (Figure 4d). Further analysis using the full
roughly 16-hour observation window revealed that while
the recirculation flows corresponded to roughly 5-10% of
a full turn, individual cells moved substantially further
during the same time (Supplementary figure 15).

The next most relevant mode identified in Figure 4c,
vy o(r) with amplitude Aj , (Figure 4a right), contributes
to gastruloid elongation. It corresponds to a flow field
that extends along one axis and contracts along the per-
pendicular axis, consistent with gastruloid elongation be-
tween 72 and 96hAAF.

We find that the direction of the large-scale recircu-
lating pattern strongly correlates with the T /Bra polar-
ization, where the direction of the flow in the aggregate
center points towards high T/Bra concentrations (Fig-
ure 4e). This correlation between the directions of T/Bra
polarization and recirculating flow could be created by
the advection of T/Bra with the tissue flows. However,
could it also be possible that, conversely, aggregate po-
larization drives the recirculating flows?

THE RECIRCULATING FLOWS COULD BE
DRIVEN BY PATTERNING-INDUCED
TENSION.

To understand how the aggregate polarization — in
terms of gene expression patterns — could affect tissue
mechanics and flows, we first noted that from a coarse-
grained perspective, the expression patterns of many
genes are qualitatively similar in showing a distinct AP
gradient (Figure 1lc,d and Supplementary Figures 1-5).
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Figure 2. Quantitative analysis of the polarization process. (a) Example of T/Bra distribution and corresponding coarse-
grained field ¢. We define the dipole moment by Eq. (1), where  represents the 2D cross section of the aggregate, r is
the position vector that we integrate over and ¢ is the barycenter of the aggregate. (b) Example of the time evolution of
the T/Bra dipole moment and corresponding T/Bra distributions. We normalize the dipole moment P by a reference value
Py(t) that depends on the spatial standard deviation of ¢ and the total cross-sectional area of the aggregate (Methods and
section 1 of the SI). (c) Time evolution of T/Bra and E-cad dipole moments for different samples. Each sample is indicated
with a distinct color. (d) At the cellular level, the polarization process relies on the interplay between cell differentiation, cell
rearrangements and cell division/apoptosis, resulting in three effective mechanisms at the coarse-grained level, namely reaction-
diffusion, advection and growth. (e) Example of time evolution of the cumulative contributions to T/Bra polarization. For
instance, P(t) := fti (AP(t")/dt")dt' = P(t)— P(t:), R :== f:z R(t") dt’, etc (SI). The grey line indicates geometric contributions
to polarization related to 3D motion of the aggregate (section 1 of the SI). (f) Relative total contribution of each process at the
end of the polarization. In (f), boxes extend from the first quartile to the third one, the horizontal line indicates the median
value, and whiskers end at the most distant point whose value lies within 1.5 times the interquartile range.

We thus studied a minimal model that represents these ple continuum model that describes the gastruloid as an
AP patterning genes by a single effective expression pat- incompressible viscous fluid whose flows are driven by
tern ¢(r), which ranges from —1 (anterior-most) to +1  gradients of the field ¢(r). Formally, this is described by
(posterior-most). The field ¢(r) reflects the combined  Stokes’ equations:

effect of the AP patterning genes on tissue flows. In

particular, the AP patterning genes include differentially 0=V-v (3a)
expressed cadherins such as E-cad [15], which are known 0=-VI+7yV3v+V- (o; +0y), (3b)

to lead to tension-driven cell separation [26-30]. ) ) o
where II is the hydrodynamic pressure ensuring incom-

To understand whether the observed gastruloid pat- pressibility, 7 is the effective tissue viscosity, and o; and
terning can drive the recirculating flow, we study a sim- o5 are symmetric, traceless tensors that denote addi-
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Figure 3. Mode decomposition of the tissue flow. (a) Coarse-grained tissue flows are analyzed in a circular disk (red dashed
line), centered on the aggregate barycenter ¢. (b) Tissue velocity v is decomposed as the sum of a radial component v, and an
angular component vg. Similarly, positions within the aggregate can be expressed in polar coordinates (r, ). (c) The velocity
components v,(r) and vg(r) are decomposed into a series of angular (index n) and radial (index p) modes (Methods and section
2 of the SI). These modes are plotted for n < 4 and p < 4. (d) The first few modes v:;{g are illustrated by their spectrum, the
corresponding angular and radial functions, and the resulting radial and angular velocity fields.

tional mechanical stresses driving tissue flows. The stress
o; is internally created by the effective expression pat-
tern ¢(r), and o represents the tension at the aggregate
surface.

There are different ways in which the internal stress
o; could depend on ¢(r). However, as pointed out pre-
viously [31], the leading-order effect that drives incom-
pressible flow is given by

oi= i |(V6) o (V6) - S (VOPT| . (1)

Here, the coeflicient k; controls the magnitude of the in-
ternal mechanical stress o;, the symbol o denotes the
dyadic product, and I denotes the identity tensor. The
internal stress tensor o; is locally aligned with the gra-
dient of ¢(r), and its magnitude increases monotonically
with the magnitude of the gradient (Figure ba). At an
interface between regions of low and high ¢(r), the ten-
sor o; determines an effective interface tension ~;, which
is obtained by integrating o; across the interface width
(Figure 5a,b).

To describe aggregate surface tension o, we introduce
a second field ¥ (7), which is equal to 1 inside the ag-
gregate and 0 outside (Figure 5¢). The stress o can be
computed from gradients of ¢ (r) analogously to Eq. (4),
but with a magnitude k, that depends on local cell fate,
i.e. on the ¢(r) field. In the two limiting cases of ¢ = —1
(anterior regions) and ¢ = +1 (posterior regions), we

denote the surface stress magnitude by x; and kI, re-
spectively (Figure 5c, details in section 3 of the SI).

To test how far our simple effective model can account
for the observed tissue flows, we solve Egs. (3) and (4) us-
ing a lattice Boltzmann approach [32, 33] (section 3 of the
SI), where we use for ¢(r) the coarse-grained experimen-
tally determined T/Bra or E-cad fields, as representative
AP expression patterns. In Figure 5d, we plot for one of
the T/Bra fields the resulting tissue flow field varying two
dimensionless stress ratios, a relative surface stress dif-
ference, Aks := (k7 — r)/K; and an interface-to-surface
stress ratio, r := 2r;/(kT + k; ). We find that the sur-
face tension difference Ak, indeed creates a recirculating
flow pattern. This is because the surface tension gradient
drives surface flows, a mechanism known as Marangoni
effect [34]. For Axs < 0 the flow on the aggregate surface
is oriented towards the anterior pole, similarly to what
we observe in our experiments, while for Axgs > 0 it is
oriented towards the posterior pole (Figure 5d). This
qualitative comparison suggests that in our gastruloids
the surface tension of anterior regions may be higher than
that of posterior regions. This conclusion is further cor-
roborated by an analysis of the residuals between exper-
imentally measured and predicted flow fields depending
on the simulation parameters (Figure 5f-h, Methods).

Our results show that at the coarse-grained level, both
the T/Bra and E-cad fields result in similar computa-
tional flow patterns (see also Figures S9, S10), as only
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the overall AP pattern is required to drive the main re-
circulation flow. Taken together, the comparison between
our model and experimental data suggests: (i) a higher
surface tension in anterior (T/Bra—, E-cad—) than in
posterior (T/Bra+, E-cad+) tissues and (ii) an interface
tension between these tissues. To further test this, we
performed fusion experiments between gastruloids.

FUSION EXPERIMENTS CONFIRM
TISSUE-TYPE-DEPENDENT TENSIONS.

To assess the existence of tissue-dependent tensions in
the gastruloids, we performed fusion experiments to force
posterior-like (T/Bra+) tissues to mechanically interact
with anterior-like (T/Bra—) tissues (Figure 6, Supple-
mentary Movie 7). To this end, we used our observations
that gastruloids at 72hAAF display high T /Bra levels al-
most everywhere, while 84hAAF gastruloids are already
polarized, exhibiting both T/Bra+ and T/Bra— regions.

We thus brought 72hAAF gastruloids in contact with
84hAAF gastruloids.

Different fusion scenarios occurred depending on the
relative position of both aggregates (Figure 6, Supple-
mentary Movie 8). We first focus on interactions between
T/Bra+ and T/Bra— tissues by selecting experiments
with only a heterotypical +— contact of the 72hAAF
gastruloid with a T/Bra— region of the 8hAAF gastru-
loid (Figure 6a). As a control experiment, we also con-
sider homotypical ++ fusion experiments between two
T2hAAF T/Bra+ aggregates (Supplementary Movie 9).
We track the fusion angles 67, 65 and 63 over time during
the fusion process (Figure 6a,c,d, Methods). In the case
of homotypical ++ fusions, the outer fusion angle 6, sat-
urates to 180° (red solid curve in Figure 6¢), while the
inner angles 05 and 63 both saturate at approximately 90°
(red and orange solid curves in Figure 6d). This behavior
is expected and quantitatively reproduced by our model
when we set k; = kI and r = 0 (Figure 6b, simulation
1; red dashed curves in Figure 6¢,d).
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Figure 5. Computational modeling of the recirculating tissue flows. (a) Gradients of a scalar field ¢ control stresses (black
crossed arrows), which results in an effective tension 7; (black double arrows) at the interface between domains of high and
low ¢. The interface stress o; is controlled by the stress coefficient k;. I denotes the identity matrix. (b) We construct
coarse-grained scalar fields from the experimentally observed T /Bra or Ecad fields and we compute the resulting active stresses
within the aggregate. (c¢) We describe the aggregate surface as a smooth interface using a second scalar field 1. The effective
tension at the aggregate surface is controlled by a ¢-dependent stress coefficient, with two limit values x5 and x7 corresponding
to surfaces of T/Bra— (or E-cad-) and T/Bra+ (or E-cad+) tissues, respectively. (d) We compute tissue flows driven by the
T/Bra- or E-cad-dependent stresses over ranges of the interface (x;) and surface (k7 and k) stress coefficients, varied through
the non-dimensional parameters r and Aks. The simulated flow fields shown here were computed from the T /Bra field plotted
in panel b. (e) Experimental velocity field corresponding to panels b and d. (f) Residual between simulated and experimentally
observed flow field, averaged over all gastruloids, as a function of the model parameters Axs and r. (left) Residual between
the full flow fields, (right) residual between the modes contributing to the recirculation flow only. (g) Dominant modes ’U:L{ !
(Figure 3, Figure 4 and Methods) contributing to the simulated flow field for two parameter sets, respectively minimizing
the total flow residual (r = 2.5, Aks = —1) and the recirculating flow residual (r = 0.9, Ak, = —0.2). (h) Reconstructed
recirculation flow in experiments and simulations. In (g), boxes extend from the first quartile to the third one, the horizontal
line indicates the median value, and whiskers end at the most distant point whose value lies within 1.5 times the interquartile
range.
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Figure 6. Quantitative analysis of aggregate fusion experiments. (a) Fusion experiments with either a homotypical ++ contact
between two 72hAAF gastruloids or a heterotypical +— contact between a 72hAAF gastruloid and the T/Bra— region of a
84hAAF gastruloid. We define the fusion angles 6;, 62 and 03 as indicated. ¢ty corresponds to the end of the fusion experiment,
which lasts 600 minutes. (b) Experiments are compared to model simulations of fusing droplets. we consider two particular
cases: simulation 1 is performed in the absence of tension between the droplets, while simulation 2 is performed in the presence
of interface tension and surface tension difference, namely r = 0.8 and Axs = —0.2. (c,d) Time evolution of the (c) outer angle
01 and (d) inner angles 62 and 63, averaged over samples and compared to the angles in the respective simulation. The shaded
areas indicate the 95% confidence interval. (e) Example of hybrid fusion, where a 72hAAF gastruloid is in contact with both
a T/Bra+ and a T/Bra— region of a 84hAAF gastruloid. (f) Time evolution of the fusion interface length, decomposed as the
sum of homotypic contact length between two T /Bra+ tissue regions (++), and heterotypic contact length between a T /Bra+
and a T/Bra— region (+—).

For heterotypical +— fusions, the outer fusion angle (67 < 180°).
saturates to a lower value of 1 = 140° (blue solid curve in
Figure 6¢). Moreover, the inner angle 65 in the T/Bra+
tissue saturates to a lower value than the inner angle
03 in the T/Bra— tissue (blue and green solid curves,
respectively, in Figure 6d). This is consistent with our
model, where simulations performed with Axs = —0.2
and r = 0.8 quantitatively reproduce the observed fusion
angles (Figure 6b, simulation 2; blue and green dashed
curves in Figure 6¢,d). Taken together, our fusion ob-
servations are consistent with our previous conclusions
that (i) T/Bra— tissues have a higher surface tension
than T/Bra+ tissues (A2 < 63), and (ii) there is a finite
interface tension between T/Bra+ and T/Bra— tissues While in the previous section the velocity amplitude

was essentially a fit parameter (section 3 of the SI),

The existence of finite interface tension between
T/Bra+ and T/Bra— tissues is further supported by hy-
brid fusions, when a 72hAAF gastruloid was in contact
with both T/Bra+ and T /Bra— regions of a 84hAAF gas-
truloid (Figure 6e, Supplementary Movie 8). In this case,
the homotypic (++) interface extends in length while the
heterotypic (+—) interface slightly shrinks (Figure 6f).
This suggests that the affinity between two T/Bra+ re-
gions is larger than that between T/Bra+ and T/Bra—
regions, i.e. there is an effective interface tension between
T/Bra+ and T/Bra— regions.



the fusion experiments allow us to independently pre-
dict the order of magnitude of the expected reciculat-
ing flow speed. The time scale on which two droplets
with viscosity 7, radius R, and surface tension -, fuse is
given by trp ~ Rn/vs [35, 36]. According to Figure Ge,
we estimate tg ~ 1h. Moreover, in a droplet whose
surface tension varies between v; and v, recirculating
Marangoni flows traverse the size of the droplet on the
time scale tyr ~ Rn/|vd —~5 | =~ tr/(r|Aks|) [37]. Using
Akrs = —0.2 and r = 0.8, we thus obtain ¢5; ~ 6 h, which
is close to the time scale of gastruloid symmetry break-
ing tgp ~ 10h. This confirms that the magnitude of the
differential tension observed in our fusion experiments is
sufficient to drive the observed recirculation flows.
Taken together, our results suggest that large-scale re-
circulating flows are created by a small, early gastruloid
polarization. In a positive feedback loop, these flows then
further amplify and thus stabilize gastruloid polarization.

DISCUSSION

Since the mid-20th century, it has been proposed that
effective tissue surface tensions can drive the separation
of cell population [26, 28, 29, 38—-41], often as a conse-
quence of differential cadherin expression between cells
[29, 30]. Indeed, in our gastruloids, cells progressively
lose E-cadherin and show spatial anti-correlation between
E-cadherin and N-cadherin/OB-cadherin [15] (Supple-
mentary Figure 16). However, past research on differ-
ential tissue tensions driving cell population separation
considered only a diffusive unmixing process, including
in stem cell aggregates [42, 43]. In contrast, our work
demonstrates that differential tissue surface tensions can
generate long-range hydrodynamic flows sustained over
extended periods (2 10 hours), which have been shown
to significantly accelerate cellular unmixing [44].

There are several possible future extensions of this
work. First, most past work on cellular unmixing has
focused on differentiated cells [45]. Yet, if cells keep their
initial differentiation states, flows driven by tissue ten-
sions may eventually stop [44]. In contrast, our gastru-
loids maintain recirculating flows over several hours, rais-
ing the question of whether these flows are sustained by
patterned cell differentiation. Indeed, in previous work,
we have shown that T/Bra-negative cells in the pos-
terior pole are pluripotent, differentiating into T/Bra-
positive cells, while T /Bra-positive and E-Cad-negative
cells evolve into T /Bra-negative and E-Cad-negative cells
[15]. Future research will explore how the existence and
maintenance of the pluripotent cell population in the pos-
terior pole may sustain the observed flows.

Second, here we studied a 2D section of the 3D flows in
the aggregates, which was due to technical limitations in
gastruloid in toto imaging, including photo-toxicity and
line scanning speed constraints. Consequently, we had to
filter out aggregates where the inferred out-of-plane po-
larization component was too high (section 1 of the SI,

Supplementary movie 10). It remains a future challenge
to overcome light scattering for in toto live imaging of the
aggregates in order to obtain the full 3D expression pat-
terns and flows [46]. Similarly, in future work, it will be
important to further differentiate the reaction-diffusion
term of the polarization into contributions by gene ex-
pression dynamics and small-scale cellular motion. Yet,
this will require tracking individual cells or nuclei, which
is still challenging in gastruloids.

Third, it will be interesting to examine the cellular
mechanisms underlying differences in effective tissue sur-
face tension [28, 41, 47], considering factors like adhe-
sion, cell contractility, and motility (Supplementary fig-
ures 16-17). These contributions are not mutually exclu-
sive, and determining their exact roles will require gener-
ating specific knock-out mutant cell lines or optogenetic
constructs, which is beyond the scope of this work. Mod-
ifying the tissue surface tension using these tools would
also provide an independent test for whether and how
gastruloids polarize with reduced large-scale recirculat-
ing flows.

Fourth, while we focused on recirculating flows in the
aggregate, we did not address the mechanisms behind
aggregate elongation, which require active forces and
aligned orientational information [48]. Research on fish
embryonic stem cell aggregates shows that cell polarity
proteins are crucial for elongation [49, 50]. Heterogeneous
mechanical properties could also play a role [51]. Identi-
fying the precise mechanisms driving gastruloid elonga-
tion will be important for future work.

We expect Marangoni-effect-driven recirculating tissue
flows to operate in various organoid systems formed from
pluripotent cells. These flows can be induced artificially
[52] or driven internally, arising from distinct cell pop-
ulations with different surface tensions, amplifying sym-
metry breaking. They may also be relevant in the gas-
trulating mouse embryo, where epithelial cells undergo
EMT and delaminate from the epiblast, migrating as
mesenchymal cells [2, 53]. Recirculating flows have also
been observed during the formation of the cardiac cres-
cent in gastrulation [3]. Thus, the feedback loop seen in
our mouse embryonic stem cell aggregates may be signif-
icant across various in vitro and in vivo systems.
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METHODS

Cell culture and gastruloid formation. In our
protocol derived from the standard protocol in the field
[24], we first seed a controlled number of pluripotent
mouse ESCs into non-adherent micro-wells (Figure la,
Methods). After a few hours, the cells form 3D aggre-
gates. 48 hours after aggregate formation (hAAF), differ-
entiation is stimulated by adding the Wnt-agonist Chi-
ron, which is washed out 24 hours later. At the end of Ch-
iron exposure (72 hAAF), gastruloids are spherical and
express T/Bra throughout. Between 72 and 96 hAAF,
gastruloids start to elongate and display AP-graded
T/Bra and E-cadherin (E-cad) expression patterns with
higher expression posteriorly (Figure la-d). These het-
erogeneities are linked to an epithelial-to-mesenchymal
transition (as evidenced by the differential expression of
Snail, Figure 1d, Supplementary Figure 1), which has
since been identified in other differentiation protocols
[54]. The main tissue types produced after symmetry
breaking in our differentiation protocol are endoderm and
mesoderm ([15], Supplementary Figures 2-5).

We used the two cell lines, E-cad-GFP/Oct4-mCherry
and T-Bra-GFP/NE-mKate2 (Histone GFP under the T-
Bra promoter). In brief, between 100 and 200 cells were
seeded in low adhesive 96 wells plates in a neural differen-
tiation medium. Note that, following the usual conven-
tion in the field, when indicating time points in hAAF,
the time of aggregate formation refers to the time when
the cells were seeded. In order to promote the formation
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of endoderm formation and to reduce symmetry breaking
variability compared to the standard gastruloids proto-
col, we enrichted the medium with Fibroblast Growth
Factor and Activin. A complete description of the cell
lines, the culture conditions and the protocol for making
gastruloids is presented in [15]. All cell lines were tested
to be free from mycoplasma contamination using qPCR.

Two-photon imaging. The gastruloids were im-
aged in a chamber maintained at 37°C, 5% CO2 with
a humidifier. We performed two-photon imaging using
a Zeiss 510 NLO (Inverse - LSM) with a femtosecond
laser (Laser Mai Tai DeepSee HP) with a 40 x/1.2 C
Apochromat objective. 72hAAF gastruloids were trans-
ferred from 96-well plates to either MatTek dishes (Mat-
Tek corporation, ref: P35G-1.5-14 C) or to microwell
plates (500 um wells, SUNBIOSCIENCE ref: Gri3D),
which enable to image in parallel up to four gastru-
loids thanks to the small distance between two neigh-
bouring wells, Supplementary Figure 18. To visualize
inter-cellular space, we added 10 uL/mL of a Sulforho-
damin B solution (1 mg/mL of Sulforhodamin B powder,
230,162 Aldrich) to the medium and excited both GFP
and Sulforhodamin B at 900 nm. To image cell nuclei, we
added 1 uL of a SPY555-DNA (spirochrome) 1000x stock
solution per mL of medium and excited both GFP and
SPY555-DNA at 880nm. Nuclei staining progressively
improved over time, likely due to a progressive decrease
in cell packing density and to nuclei accessibility (Sup-
plementary movies 2-5).

We imaged sub-volumes of gastruloids around their
midplane (z-stacks of 60 um, with 12 to 30 slices at in-
tervals between 5 pm and 2 um depending on the movie)
for a total duration between 10 h and 24 h (time inter-
val between two frames between 3 and 10 min depending
on the experiment). We imaged the GFP and the red
fluorophores (either Sulforhodamin B or SPY555-DNA)
channels using two non-descanned detectors. We ensured
that the T/Bra and E-cad polarization direction, as well
as the flow field directionality was approximately aligned
with the imaging plane.

Immunostaining. Samples were immunostained us-
ing the same protocol than in [15] apart from the fact that
primary antibodies were incubated during 3 consecutive
days. Secondary antibodies (AF488, A568, AF647) and
Hoechst 33342 were chosen to be compatible with four-
color two-photon imaging (Antibodies are in Extended
Data Table 1).
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Antibodies
Antibody Species |Reference |Provider Dilution
Brachyury Goat AF2085 |RD system |1:40
E-cadherin Rat M108 Takara 1:200
FoxA2 Goat sc-6554 Santa-Cruz [1:50
Snail Goat AF3639 |RD system |1:50
OB-cadherin [|Rabbit |71-7600 Invitrogen 1:500
Flk1 Rat 14-5821- |Ebioscience |[1:100
85
VEGFR2 Goat AF644 BioTechne 1:200
Snail Rabbit |C15D3 Cell Signal-|1:100
ing
Anti-Rat IgG|/Donkey |ab175475 |Abcam 1/500
H&L  (Alexa
Fluor® 568)
Anti-Goat Donkey |A-21447 |Invitrogen 1/500
IgG H&L
(Alexa
Fluor® 647)
Anti-Goat Donkey |ab150129 |Abcam 1/500
IgG H&L
(Alexa
Fluor® 488)
Anti-Rabbit ||Donkey |A10040 Invitrogen 1/500
IgG  H&L
(Alexa
Fluor® 546)
Anti-Rat IgG |/ Donkey |A-21247 |Invitrogen 1/500
H&L (Alexa
Fluor® 647)
Anti-Goat Donkey |ab175704 |Abcam 1/500
IgG H&L
(Alexa
Fluor® 568)

Optical flow measurements. To measure coarse-
grained velocity fields, we use the signal collected in the
red channel (either inter-cellular space with the Sulforho-
damin B (SRB) or nuclear signal with the SPY555-DNA
probe). The SRB signal corresponds to (1) cell contours,
(2) dead cells, and (3) bright spots of subcellular size
moving rapidly, corresponding probably to vesicles. As
dead cells and bright spots are much brighter than cell
contours, we filter them with a thresholding operation.
The SPY555-DNA signal also accumulates more in bright
spots and dead cells which are filtered by the same thresh-
olding process. The mid-plane of the z-stack is deter-
mined (maximal area of the gastruloid) and an average
projection is made between the mid-plane and the two
planes under and above it (separated usually by 2 mi-
crons). The same averaging is performed on the GFP
channel. We then perform 2D timelapse registration us-
ing the ImageJ Plugin MultiStackReg to remove rapid
rotations and translations of the aggregate (the transfor-
mation is calculated on the red channel and applied to
both red and green channels). We then use a custom-
made Matlab optical flow code based on the Kanade Lu-

13

cas Tomasi (KLT) algorithm with a level 2 pyramid and
a window size corresponding to a square of 2 cells by 2
cells [25]. The velocity fields are averaged over 12 consec-
utive frames (1 hour) to smooth both measurement noise
and temporal fluctuations. In Supplementary Figure 7,
we compare the velocity maps obtained by applying the
optical flow method on two distinct signals (SRB versus
nuclei or raw nuclei signal versus locally equalized nuclei
signal).

Dipole moment decomposition. In our plots, we
normalize the polarization vector P(t) at each time point
by some reference value Py(t) that depends on the in-
stantancous spatial standard deviation of the T/Bra or
E-cad expression level and the total cross-sectional area
of the gastruloid (Figure 2b,c, section 1 of the SI). This
allows us to compensate for both time dependence and
sample variability of overall expression level and size
when comparing different gastruloids. Compared to a
time-independent normalization, this resulted in a better
collapse of the polarization dynamics across gastruloids
(Figure 2¢ and Supplementary Figure 8b).

We decompose the time derivative of P into four parts
(Figure 2e, Methods, section 1 of the SI):

dP

CRtA+GQu (5)
with
R(1) = /Q (g‘f +v- v¢> (r—c)dS (RD) (6)

Alt) = /Q¢(v_v) ds
G(t) = /Q (¢ —9)(V-v)(r—c)dS  (growth). (8)

(advection) (7)

Here, v is the local tissue velocity (Figure 1c) and a line
over a symbol, =, denotes averaging over the aggregate
cross section.

Mode decomposition of the tissue flow. We de-
fine a disk that encompasses most of the aggregate pro-
jection (Figure 3a), and express the coarse-grained tissue
velocity v(r) in polar form, i.e. with radial and angular
velocity components v,.(r) and vg(r) (Figure 3b). We
then decompose both spatial functions v, (r) and vg(r)
into different modes, again using polar coordinates. To
capture the variation of both functions with the angular
coordinate 0, we decompose them into angular Fourier
modes (mode index n, Figure 3c¢). Similarly, we decom-
pose the radius-dependent part of both functions into
polynomial modes (mode index p, Figure 3c). As a re-
sult, both v,.(r) and vg(r) are decomposed into a sum
of base modes v}, ,(r) and vf (r), cach weighted by a



complex amplitude, denoted A7, ,

Z An N n,p (9)
Z An P Un, p (10)

0
and A;,

We display a few of the base modes v}, ,(r) and v§ (r)
in Figure 3d. Generally, the modes with smaller indices
(n, p) correspond to larger-scale features of the flow field.

Each of the complex mode amplitudes A TP prov1des in-
formation about an angle and a magnitude. The angle
corresponds to a rotation of the respective base mode
around the barycenter, and the squared magnitude re-
flects the contribution of the respective base mode to the
spatial variance of the flow field (Figure 4a,b; section 2
of the SI). In other words, the modes with the largest
amplitudes correspond to the dominant features of the
flow field.

Residuals between measured and simulated
flows. We further quantitatively compared the flow
fields obtained from our model to the experimentally ob-
served one. We quantify the deviation between simulated
and experimentally observed flow fields using a residual,
which we define as the fraction of the spatial variance
in the experimental flow field that is not reproduced by
our simulations (section 3 of the SI). In Figure 5f left, we
plot the residual depending on the two model parameters
Arg and r. We find indeed that the residual is smallest
for negative Axs;. However, we also find that the devia-
tion becomes larger for a small interface-to-surface stress
ratio . This is because, for small r, internally created
tension are smaller than surface tension, which induces
flows that would lead to a more circular aggregate shape
(e.g. (Aks,7) = (0,0.5) in Figure 5d). However, we ob-
serve that even at negative Ak, and large r, the residual
is still very large, on the order of 85%.

To dissect the possible reasons for the relatively large
residual between measured and predicted flow field (Fig-
ure 5f left), we suspected that small-scale spatio-temporal
fluctuations contribute to the experimental flow fields.
We thus compared between simulation and experiment
only the flow contributions provided by the modes vfﬁl,

va and v , which together create the recirculating flow
pattern. The residual between just these contributions
between simulation and experiment is shown in Figure 5f
right. We find that our simulations predict the observed
recirculation flow in a wide parameter region defined by
Ak < 0 with a residual that is reduced to ~ 40—50%, in-
dependent of the precise values of Ak, and r. However,
varying Axs and r does affect the amplitude of other
large-scale flow components that do not contribute to
the recirculating flow. For example, reducing the values
of r and |Akg| results in an important flow contribution
by the mode vj, (Figure 5g), which corresponds to a
rounding up of the gastruloid (e.g. (Aks,7) = (0,0.5) in
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Figure 5d).

Fusion experiments. Two gastruloid batches were
prepared from the T/Bra GFP line with a 14 hours de-
lay from one another. Both batches were incubated dur-
ing the 24h long Chiron pulse in different CellTracker
colors (CMTMR orange CellTracker, Thermofischer) for
the older batch and blue (CMAC blue CellTracker, Ther-
mofischer) for the youngest batch. They were rinsed in
transparent medium (Neural differentiation medium en-
riched in FGF and Activin) at the time of fusion (t =
72hAAF for the youngest gastruloid and t = 86hAAF for
the oldest one) and were put in contact in pairs (either
a young/young pair or a young/old pair) in an individ-
ual well from a 96 wells plate. Pairs of fusing gastruloids
were imaged with epifluorescence and brightfield at 10x
magnification with a Zeiss microscope every 20 minutes
in the red, blue, green and brightfield channels using a
multiposition configuration.

Fusion interface/angle analysis. We used the
T/Bra and CellTracker color channels to define three
scalar fields: (i) a field ¢(r) equal to 1 inside any one of
the two gastruloids and 0 outside, (ii) a field x(r) equal
to 1 in the first aggregate (e.g. blue in Figure 6¢) and
-1 in the second aggregate (e.g. red in Figure 6¢), and
(iii) a field ¢(r) € [0, 1] representing the T/Bra signal.
We defined the fusion interface as the iso-line x = 0 with
curvilinear coordinate s,. The fusion interface length
was then defined as

L:/X_Owdsx. (11)

In addition, the length of the homotypic ++ interface
between T /Bra+ tissues was computed as

L++ :/ o QSdSX. (12)
xX=

The heterotypic +—
as L+, =L - L++.

We defined the gastruloids’ surface as the iso-line
1 = 0.5 with curvilinear coordinate s,. The triple points
where both gastruloids and the outer medium meet are
then characterized by the coordinate si,} on the aggregate
surface that satisfies X(Sfp) = 0. At a given triple point,
we computed the outer fusion angle 67 using

interface length was then computed

cos(f) = nw(sfb +ds) nw(si,, —ds), (13)
where ny = —V9/|V1| is the outward-pointing unit vec-
tor normal to the aggregate surface and Js is a length
scale parameter. We checked that the choice of d does
not affect the results in Figure 6.

Inner angles 0, and 03 were determined following a
similar approach, but using the gastruloid-gastruloid in-
terface xy = 0 with curvilinear coordinate s,. At a triple
point, the coordinate s; on the gastruloid-gastruloid in-



terface satisfies 1/1(.9;) = 0.5. The inner angles were com-
puted using

co8(02) = M (sY, + 85) - ny (55, — 0s) (14)
and

cos(03) = (st — 0s) - ny (st — ), (15)
where n,, = Vx/|Vx| is the unit vector normal to the

fusion interface on the iso-line x = 0.
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request.

STATISTICS AND REPRODUCIBILITY

No statistical method was used to predetermine sam-
ple size. The experiments were not randomized, and the
investigators were not blinded to allocation during exper-
iments and outcome assessment. The following data were
excluded from the analyses: instances where tissue flows
had an excessively strong component out of the imaging
plane (orthogonal to the optical axis), preventing a bidi-
mensional flow analysis (see Methods and Supplementary
Information for further details).
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1 Dipole moment decomposition

Definition
We define the dipole moment of the 2D cross section €2 of the aggregate as

P(t) = /Q o(r,t)[r — e(t)] dS. (S1)

Here and below, 7 is the integration variable, ¢(r,t) is the protein fluorescence intensity (of T/Bra or
E-cad), c(t) = ( [,7dS)/S(t) is the aggregate cross section’s barycenter, and S(t) = [, dS is its area.

Normalization

As a reference dipole, we consider a Janus particle, i.e. a disk with the same area S as the aggregate
cross section, and composed of two semi-circular surfaces with homogeneous concentrations (Z) and —gi;,
respectively. The resulting reference dipole moment reads

Po= SOR°, (82)

with R = 1/.S/m the radius of the Janus particle. For the characteristic concentration amplitude &, we
choose the root-mean-square of the ¢-field within the aggregate cross section.

Since both ¢ and R vary over time, we compared two different strategies for the normalization of the
dipole moment:

1. Defining a time-independent Py according to Eq. (S2) based on g?) and R at the end of the polarization
process (Figure S8b), or

2. defining a time-dependent Py(t) according to Eq. (S2) using the instantaneous values of qg(t) and
R(t) (Figure 2¢ in main text).

In the main text, we have decided to use the second strategy throughout, because we observed that it
allows for a better collapse of the polarization curves of different aggregates (compare Figure 2¢ in main
text to Figure S8b).

Decomposition
Using the Leibniz integral theorem, the time derivative of P reads

dP 0
dtZ/Q@t(M"’—CDdSJF 8Q¢[T—C](Ub'n2D)dla (S3)
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where 0f) is the boundary of the aggregate cross section, nop is a unit vector within the cross-sectional
plane normal to the boundary 02, and w, is the apparent boundary velocity in the cross-sectional plane.
Since the aggregate can also move and deform in the direction normal to the cross-sectional plane, the
apparent velocity up is the sum of (1) the components of the actual tissue velocity that lie in the cross-
sectional plane, vop, and (2) an apparent planar velocity resulting from motion of the boundary normal
to the cross-sectional plane:

up = vVap + VZTLE’I’LQD, (84)

where v is the velocity normal to the cross-sectional plane, and n} = n./,/n2 + nZ with n = (ns, ny, n,)

being the 3D unit normal vector at the aggregate boundary.
Using the divergence theorem and denoting the gradient operator in the cross-sectional plane by V,
Eq. (S3) becomes

dItDZ/Qgt(ﬁb[rC})d5+/QV~(¢V2D[T'C]) dS + Wisp (S5)

with
Wsp = / ve.nio[r —c|di. (S6)
o0
This can be written as

dpP _ [(%

de —
5 o T VoD ng] [r—c] dS — d—?Sqﬁ +/Q¢(V2D +(V-vap)[r — C]) dS + Wjsp, (S7)

where ¢ := ([, #dS)/S. The first term on the right-hand side of Eq. (S7) represents the reacton-diffusion
contributions to dipole moment variations, the second and third correspond to advective contributions,
and the last term, W3p, represents 3D effects.

To further reduce the 3D effect contribution, we apply the Leibniz rule to de/dt in Eq. (S7):

dc_ cdS

- Ssa S/ (V-vop)rdS +vaop + = Vznzr dl, (S8)

S

where Vop := ([, vap dS)/S. Substituting Eq. (S8) into Eq. (S7), we obtain

%:R+A+G+Q3D, (S9)
with
R(t) = / [%‘f +vap - qu] r— ] dS (reaction-diffusion) (S10)
/ 6 [vap — V3] dS (advection) (S11)
G(t) = [ (0= 9V -vap)lr —clas, (growth) (312)

and where we introduced the new 3D correction:
Qsp(t) == /89 v.ni(¢p— ) [r — c]dl. (S13)

The 3D effects contribution Qsp is generally expected to be smaller than Wip defined in Eq. (S6),
because the definition of Q3p is reduced by the “mean-field 3D effects W3p” that assume a homogeneous



¢ field. Therefore, in the paper we use Eq. (S9) to quantify contributions to dipole moment variations in
the cross-sectional plane, where for notational simplicity vap is replaced by v.

Analysis procedure

We use our live imaging data to quantify each of the terms in Eq. (S9). The velocity field vop is obtained
from an optical flow analysis (Figure 1c left in the main text, Figure S6), and the scalar field ¢ corresponds
to T/Bra or Ecad fluorescence intensity (Figure 1c right in the main text, Figure S1 and Figure S4). We
study the dynamics of 10 gastruloids, including 6 for the T /Bra reporter line and 4 for the E-cad reporter
line. The cumulative polarization change during the acquisition time interval [t;, ;] is

t
P(t) := / %dt = R(t) + A(t) + G(t) + Qsp(2), (S14)
t

where R, A, and G are computed as the time integrals of Egs. (S10), (S11), and (S12), respectively. Be-
cause we cannot extract the precise values of v,n? along the boundary, we determined the 3D contribution
Qsp as ) ) ) ) 3

Qsp(t) = P(t) — R(t) — A(t) — G(t), (S15)
where P(t) is computed based on equation (S1).

We discarded samples that showed too strong 3D effects; more precisely, we discarded the samples
where |Q3p(ts)|/|P(ts)| > 0.2 at the end of the acquisition time, ;. The decomposition of the cumulative
polarization change for the 5 resulting samples is plotted in Figure S8c-e,g,i. Two of the five discarded
samples are shown in Figure S8f,h.

2 Mode decomposition of tissue flows

Flow decomposition
In a disk of radius R, we express tissue velocity in polar coordinates v(r,0) = [v,(r,0),vg(r,0)], which
we decompose into base modes vy, ,(r, 0) and v%p(r, 0) as follows:

+00 400

ve(r,0) =D An or (r,0), (S16a)
n=0 p=0
+00 400

vo(r,0) => AL b (r,0), (S16b)

n=0 p=0

where A7, , and Afw are complex amplitudes.
We construct the base modes from a radial part given by polynomials with real coefficients, Pp(r),
and an angular part given by Fourier modes with index n:

ezn@

NoTE
Thus, both radial and angular modes, vy, ,(r,¢) and vzp(r, 6), are formally defined in the same way. We
still use a different notation only to differentiate whether they are used to construct the radial or the

angular part of the velocity field v(r).
For convenience, we want these base modes to fulfill the following orthonormality condition:

Uy (T 0) = Ufb’p(r, 0) = Pp(r) (S17)

R 2w
/0 /O v (1, 0) [V (r,0)] 7 ABAr = b1 S, (S18)

3



where the asterisk * denotes complex conjugation. This implies that

R
/ T Pp(r) Py (1) dr = 0y (519)
0

We thus constructed the polynomials P,(r) following a standard modified Gram—Schmidt (MGS) proce-
dure with the following inner product

R
(f.g) = /0 rf(r)g(r) dr, (520)

with f and g two continuous functions on [0, R]. This procedure leads to a variant of the so-called Jacobi
polynomials and ensures validity of Egs. (S18) and (S19). In our construction, we ensured that each
polynomial P,(r) is of degree p, respectively (compare Figure 3¢ in the main text).

As a consequence of having a complete orthonormal basis, we can extract the mode amplitudes A7, ,
and A%p as follows:

R 21
T A A R R (S21)

R 27
Ay = /0 /0 vo(r,0) [v) ,(r,0)] ' dOdr. (S21b)

Moreover, the overall variance of the flow field can be expressed as follows (Parseval’s identity):

—+00 +00

V= /CVZ(T) A =305 14y, 2 + 149, ). ($22)

n=0 p=0

Here, C' denotes the circular disk of radius R. Thus, the spatial variance of the velocity field (up to the
area factor) corresponds to the sum of the absolute squares of the complex mode amplitudes. This allows
us to quantify the contribution of a given mode, e.g. vy, ,, to the overall spatial flow field fluctuations,
which is given by \AQPP /V. Correspondingly, in Figures 3f,g and 4g in the main text, we normalized the

squared amplitudes |A7T"W|2 and |Az7pl2 by V.

Recirculation mode
We define the recirculation mode as

VR(r,0) = A vl ge, + A 1of s + Aol | s, (523)

where the complex amplitudes A7, A?l and A(f,o are determined from the measured flow field v(r)
through Egs. (S21). In order to determine a statistical representation of the recirculation mode over

samples, we compute these complex amplitudes for all samples and then define median amplitudes Aqf,o’

A%l and A?’O, obtained by taking the median of the norms and the median of the phases. In Figure 3i

in the main text, we use the phase of A7 ; to define the orientation of the recirculation mode.

3 Computational model

Phase field model
We model gastruloids as incompressible viscous fluids using Egs. (5) and (6) in the main text. The



internally generated stress o; is computed based on ¢ as in Eq. (6) in the main text with coefficient x;,
and the surface stress o is computed analogously, replacing ¢ by ¥ and k; by xs. However, the aggregate
surface stress also depends on the field ¢(r) representing T /Bra or E-cad concentration. To account for
this ¢-dependence of the surface stress, we use a single free-energy functional defining the thermodynamics
of the ternary mixture composed of T/Bra+ tissues, T/Bra— tissues and external medium, from which
the driving force can be derived as discussed in [2, 3]. The effective stresses only depend on 3 parameters
controlling the respective interface tensions between T /Bra+ and T /Bra— tissues (k;), the surface tension
between T /Bra+ tissues and the medium (x}) and the surface tension between T/Bra— tissues and the
medium (k).

Computational approach

We use experimental T/Bra fields to compute the stresses o; and 5. The tissue velocity v and pressure
IT are then computed using a lattice-Boltzmann method [3, 4] accelerated by a multigrid method [5]. The
computational procedure can be summarized as follows:

e We mapped the T/Bra fluorescence signal in the cross-sectional plane to the phase field ¢ by
rescaling its magnitude by a global factor and adding a global offset, such that the maximum
intensity is at ¢ = 1 and the minimum at ¢ = —1. We further defined the phase field ¥ equal to 1
inside the aggregate and 0 outside, which we also did using the T/Bra channel.

e We smoothed both ¢ and % using convolutions with a Gaussian with a standard deviation of
~ 20 pm.

e We projected the ¢ and ¢ fields onto a 256 x 256 grid that is suitable for computational simulations.
In both the x and y directions, the grid extends over approximately twice the gastruloid size, allowing
a suitable resolution of the interface between the gastruloid and the outer medium.

e Based on the stress coefficients r;, k1 and k; , we compute the force driving tissue flows using the
approach from [2, 3].

e We perform lattice-Boltzmann iterations until a steady flow solution is obtained.

An overview of the computational results for all samples is provided in Figure S9 and Figure S10.

Computational residual
We perform simulations over ranges of the stress coefficients s
depend on two non-dimensional ratios,

+

T, kg and k;. In particular, tissue flows

2,‘{1‘
r=— S24
Ke + K5 (524)
and N B
Akg = Fis —HRs (S25)
Ri

A third parameter x;/n sets the tissue velocity magnitude, but does not affect the flow pattern. We thus
define the computational residual as

((w—cv)?)
R(c) = —5—" 526
© = (26)
where () corresponds to an average over the whole aggregate cross-section, u and v are the experimental
and computational residuals, respectively, and ¢ is a free coefficient scaling the computational velocity



magnitude. We can show analytically that the residual is minimal for ¢ = (u-v)/(v?). The minimal

residual thus reads

(u-v)?

(u)(v?)’

In the paper, we used Eq. (S27) to compute the computational residual (Figure 4f in the main text).

R=1- (S27)

4 Contact angles between T/Bra+ and T/Bra— tissues

Our mechanical model assumes the existence of an interface tension between T /Bra+ and T /Bra— tissues
and a surface tension between these tissues and the outer medium. In this framework, T/Bra+ and
T/Bra- tissues thus behave as two immiscible fluid droplets and we can thus use classical theory for
wetting mechanics to predict contact angles between both tissues at mechanical equilibrium.

We consider the ternary fluid configuration represented in Figure S13. Interfaces between fluids 1, 2
and 3 are governed by surface tensions 013, 013 and o923. At mechanical equilibrium, the balance between
tension forces at one triple point results in the Neumann triangle relation,

012 023 013

sin(63) - sin(6q) - sin(fs) " (528)

As a result, the equilibrium angles 61, 65 and 63 are entirely determined by the surface tensions o192, 013
and J923.

The full geometry of the equilibrium configuration can be computed considering the conserved area
of droplets 2 and 3. At equilibrium, fluid 2 forms a lens characterized by one arc of radius Ry and angle
a1 and one arc of radius Re3 and angle aoz. Similarly, fluid 3 forms a lens characterized by two arcs of
radii R3 and Rs3 and angles ag; and aoz. Angles 61, 02, 03 and «ao1, 31, aes are related through

1

5 = 5(0431 - 0423): (829)
1
02 = 5(0&21 — (271' — 0131)) (S?)O)
and (91 =21 — 32 — (93.
The area Ao of fluid 2 can be expressed as
5 [ L. ] 5 [ L. ]
As = R5 |agp — ™ — 5 sin(aer) | + R33 |3 — 5 sin(ags3) | - (S31)
Similarly, the area of fluid 3 is
[ 1 [ 1
A3 = R% Q31 — T — 5 sin(agl) - R%5 Q923 — 5 sin(a23) . (832)

Together with the extra condition required to ensure the connectivity of the three arc lengths, equations
(S31) and (S32) allow to determine the unknown radii Ry, Rs and Ra3 from the conserved fluid area Ao
and As.

5 Supplementary movies

Supplementary movie 1
One hour long timelapse of 3 gastruloids used to compute recirculation velocity fields presented in Sup-
plementary Figure 5 (top 78 hAAF, middle 80 hAAF and bottom 86 hAAF). On the left, T/Bra signal



and on the right Sulforhodamin B signal. Both signals are inverted for better visibility.
Supplementary movie 2

z-stack of a 86 hAAF T/Bra GFP gastruloid. On the left in green, T/Bra signal and on the right in
purple, SPY555-DNA signal.

Supplementary movie 3

Timelapse of a T/Bra GFP gastruloid between 76 hAAF and 91 hAAF. On the left in green, T/Bra
signal and on the right in purple, SPY555-DNA signal.

Supplementary movie 4

z-stack of a 76 hAAF E-cadherin GFP gastruloid. On the left in green, E-cadherin signal and on the
right in purple, SPY555-DNA signal.

Supplementary movie 5

Timelapse of a E-cadherin GFP gastruloid between 76 hAAF and 97 hAAF. On the left in green, E-
cadherin signal and on the right in purple, SPY555-DNA signal.

Supplementary movie 6

Timelapse of a recirculation velocity field (moving average during one hour) corresponding to the Sup-
plementary movie 3.

Supplementary movie 7

3 hours long epifluorescence timelapse of fusions between 72 hAAF gastruloids (in blue Cell Tracker) with
84 hAAF gastruloids (in orange Cell Tracker).

Supplementary movie 8

Zoom on few representative cases of different fusion scenarios that depend on the relative position of both
aggregates extracted from Supplementary movie 8.

Supplementary movie 9

16 hours long epifluorescence timelapses of homogeneous fusions between 72 hAAF gastruloids (in blue
Cell Tracker) and 72 hAAF gastruloids (in orange Cell Tracker).

Supplementary movie 10

Example of timelapse that has been discared because the inferred out-of-plane flow component was too
high.
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Figure S1: Epithelial-mesenchymal transition (EMT). (a-e) Immunostaining of E-cadherin and Snail for
5 different 80hAAF gastruloids (see Methods, Immunostainings). Each image corresponds to an average
projection of a 20 pm-thick stack (20 slices), centered around the gastruloid mid-plane. Images are
inverted (high-intensity pixels appear in black) for better visibility.
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VEGFR2

Figure S2: Epithelial-mesenchymal transition evolution before and during symmetry breaking. Immunos-
tainings of gastruloids between 48 hAAF and 80 hAAF with E-Cadherin, Snail, VEGFR2 and Dapi labeled
(see Methods, Immunostainings). At 48 hAAF (just before the Chiron pulse), cells are all E-Cadherin
positive and both Snail and Vegfr2 negative. At the middle of the 24h-long Chiron pulse (60 hAAF),
Snail is expressed by a large proportion of cells and cells at the periphery of the gastruloid start to lose
their E-Cadherin expression. At the end of the Chiron pulse (72 hAAF), a higher proportion of cells
express Snail near the gastruloid surface and are both E-Cadherin negative and VEGFR2 positive. The
center of the gastruloid is composed of a globally E-cadherin positive population with sparse cells which
are Snail positive and E-cadherin negative. At 80 hAAF, the E-Cadherin negative and VEGFR2 positive
cell population appears both at the anterior part of the gastruloid and at the surface of its posterior part.
The letter A denotes for the anterior pole and P for the posterior one.
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Figure S3:  Schematics illustrating (a) the different cell populations within our gastruloids and (b)
differential cadherin expression within these populations. (a) At 80hAAF, the gastruloids exhibit a
stereotypical spatial separation between different cell populations. One pole expresses T/Bra, which
indicates nascent mesoderm, mixed in a salt-and-pepper manner with cells expressing FoxA2, which
indicates endoderm. The complementary pole is characterized by the absence of T/Bra and FoxA2
positive cells and the expression of Flk-1, which indicates more differentiated mesoderm, since Flk-1 is a
hemato-cardiovascular cell lineages marker [1]. (b) At the coarse-grained level, the pole with many T /Bra-
positive cells expresses high levels of E-cadherin and low levels of OB-cadherin, while the complementary
population (Flk1 positive) expresses high levels of OB-cadherin and low levels of E-cadherin.
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(a) (b) () (d)
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Figure S4: The E-cadherin positive population is a mix of endoderm (FoxA2+ cells) and nascent meso-
derm (T/Bra+ cells). (a~-d) Immunostaining of T/Bra, FoxA2 and E-cadherin for 4 different 80hAAF
gastruloids (see Methods, Immunostainings). Each image corresponds to an average projection of a 20 pm-
thick stack (20 slices) centered around the gastruloid mid-plane. Images are inverted (high-intensity pixels
appear in black) for better visibility.
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Figure S5: (a) Immunostaining of T/Bra and Flk-1 for 4 different 8OhAAF gastruloids (see Methods,
Immunostainings).
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Figure S6: Quantified velocity fields associated to the symmetry breaking superimposed on the T/Bra
field (inverted for better visibility). (a-f) Velocity fields are obtained by averaging over one hour (12
consecutive frames) the velocity fields were obtained by optical flow, performed on an average projection
of a 10 pm-thick stack (5 slices, Sulforhodamin B) centered around the gastruloid mid-plane (see Methods,
Optic Flow).

13



Velocity (pixel/frame)
N o

Velocity (pixel/frame)

Figure S7: Variations in velocity fields depending on the nature of the signal used in the optical flow
pipeline. (a-b) Raw velocity fields obtained between two consecutive time points separated by 5 minutes
during symmetry breaking: (a) on the T/Bra GFP signal (with enhanced constrast to improve visibility
of even low-T/Bra cells), and (b) on the Sulforhodamin B signal. (c¢) Comparison between the velocity
components obtained in (a) and (b) with the x component of the velocity in red and the y component
of the velocity in brown. The black line corresponds to equality between results from a and b. (d-
e) Raw velocity fields obtained between two consecutive time points separated by 5 minutes at early
symmetry breaking: (d) on the raw nuclei signal (SPY555-DNA), and (e) on the signal with a locally
equalized contrast in order to improve visibility of the inner nuclei. (f) Comparison between the velocity
components obtained in (d) and (e) with the x component of the velocity in red and the y component of
the velocity in brown. The black line corresponds to equality between results from d and e.
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Figure S8: Dipole moment analysis. (a) Trajectories of the x and y components of the dipole moment

P p—
at the last time point.

(Py, Py), for different samples. The y axis is defined as the main axis of elongation of the aggregate
b) P, component of the dipole moment over time, for different samples.
y

(c1)

Cumulative contributions to the polarization for 10 gastruloids. These include the 6 samples considered
in Figure 2 of the main text, while 4 gastruloids were discarded (red frames) because of a too large 3D
contribution (see SI section Analysis procedure).
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Figure S9: Simulations of tissue flows during symmetry breaking of 9 gastruloids.

the computational residual as a function of the surface stress

)

difference Ak and the interface-to-surface stress ratio r, (b) the residual comparing the recirculation flow,
Eq. (S23), of simulated and experimentally observed velocity fields (columns f and g), (c) the experimental

we show (a

flow fields. For each sample,

—1, (f) the reconstructed experimental recirculation flow and (g) the reconstructed computational

recirculation flow for » = 2.5 and Ak,

T/Bra field, (d) the experimental tissue velocity field, (e) the computational velocity field for r = 2.5 and

YAV

—1.
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Figure S10: Simulations of tissue flows during symmetry breaking of 7 gastruloids.

flow fields. For each sample, we show (a) the computational residual as a function of the surface stress

surface stress ratio r, (b) the residual comparing the recirculation flow,

Eq. (S23), of simulated and experimentally observed velocity fields (columns f and g), (c) the experimental

to-

difference Ak and the interface

T/Bra or Ecad field, (d) the experimental tissue velocity field, (e) the computational velocity field for

—1.

—1, (f) the reconstructed experimental recirculation flow and (g) the reconstructed

computational recirculation flow for r = 2.5 and Ak

r = 2.5 and Axg
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Figure S11: Tissue flows during symmetry breaking for one gastruloid with Ecad cell line, at different

(a) Dipole moment decomposition.
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Figure S12: Tissue flows during symmetry breaking for one gastruloid with T/Bra cell line, at different

(b) Relative contribution of the recirculation flow in the

(a) Dipole moment decomposition.

times.

Computational

(¢) T/Bra field, experimental and computational flow fields.

flows are computed for r = 2.5 and Axs = —1.

experimental flow fields.
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Figure S13: Schematic representation of the equilibrium between two immiscible droplets.

Figure S14: Simulation of fusing droplets with different diameter ratios D1/Ds, for r = 0.8 and Akg =
—0.2. (a) D1/Dy =1. (b) D1/Dy =1/2.
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Figure S15: Quantification of the overall cell motion during symmetry breaking. (a) We use the coarse-
grained tissue velocity u to determine the average tissue rotation rate N (t) on both sides of the aggregate
as well as the cumulative tissue rotation R(t). (b) Over 6 samples, the average cumulative rotation is
between 1/16 and 1/8 complete rotation by the end of the symmetry breaking process. The symbols
and colors are the same as in Figure 2(c) in the main manuscript. (¢) Even when the computed average
rotation is small, in some regions cells can move over approximately half of the aggregate length during
polarization, as shown by selected trajectories computed using the coarse-grained tissue flow. This sample
corresponds to the white circle symbols in (b). On trajectories, blue and red indicate initial and final
position, respectively.
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Figure S16: Spatial anti-correlation of E-cadherin and OB-cadherin (Cadherin 11). (a) Immunostaining
of E-cadherin and OB-cadherin were performed for 3 different 76hAAF gastruloids (see Methods, Im-
munostainings, and Supp Movie OB-Ecad). Each image corresponds to a coarse-grained intensity (CGI)
map of cadherins (each pixel in the map is spaced by 7 um and its intensity corresponds to the raw image
intensity averaged in a disk of radius 14 pm). Each raw image is obtained by averaging 10 pm-thick stacks
(10 slices) at different z locations in the gastruloid. CGI values of OB-cadherin are ploted as a function
of CGI values of E-cadherin in the same place and fitted linearly. (b) Slopes of the linear fits in panel (a)
as a function of their respective R? values. 22
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Figure S17: At a coarse-grained level, T /Bra expression is positively correlated with tissue packing
density and negatively correlated with cell-scale motion. (a) For a gastruloid mid-plane at 80hAAF, the
T /Bra signal (inverted) is used to manually divide the cross-section into a T /Bra positive region (red) and
a T /Bra negative region (green). (b,c) Regions as defined in panel a superimposed on the Sulforhodamin
B signal, which indicates inter-cellular space. (b) Average (“SRB”) over one hour (12 frames), which we
use as a proxy for cell packing density. (c¢) Variance (“F1”) over one hour (12 frames), which we use as a
proxy for cell-scale motion. (d) Ratios of both SRB and F1 as defined in panels (b) and (c) between the
T /Bra negative region (green) and the T/Bra positive region (red). Both SRB and F1I are higher in the
T /Bra negative region indicating a lower cell packing density and a higher cell motility.
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Figure S18: Gastruloids random seeding in the microwells system (SUNBIOSCIENCE ref: Gri3D). 72
hAAF gastruloids are seeded in the system. Each well has zero, one or multiple gastruloids after the
random seeding. A serie of 3 or 4 neighbouring gastruloids is chosen (as the ones numbered from 1 to 4
in the schema) for parallel imaging, in order to minimize the distance covered with the water objective
to avoid bubbles emergence over time.
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