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D E V E L O P M E N TA L  B I O L O G Y

Size-dependent temporal decoupling of 
morphogenesis and transcriptional programs 
in pseudoembryos
Isma Bennabi1†*, Pauline Hansen2†, Melody Merle1, Judith Pineau1, Lucille Lopez-Delisle3, 
Dominique Kolly3, Denis Duboule3,4, Alexandre Mayran3*, Thomas Gregor1,2,5*

Understanding the interplay between cell fate specification and morphogenetic changes remains a challenge in 
developmental biology. Gastruloids, stem cell models of postimplantation mammalian development, provide a 
platform to address this question. Here, using quantitative live imaging and transcriptomic profiling, we show 
that physical parameters, particularly system size, affect morphogenetic timing and outcomes. Larger gastruloids 
exhibit delayed symmetry breaking, increased multipolarity, and prolonged axial elongation, with morphogene-
sis driven by size. Despite these variations, transcriptional programs and cell fate composition remain stable across 
a broad size range, illustrating the scaling of gene expression domains. In particular, extreme sizes show distinct 
transcriptional modules and shifts in gene expression patterns. Size perturbation experiments rescued the mor-
phogenetic and pattern phenotypes observed in extreme sizes, demonstrating the adaptability of gastruloids to 
their effective system size. These findings position gastruloids as versatile models for dissecting spatiotemporal 
coordination in mammalian development and reveal how physical constraints can decouple gene expression pro-
grams from morphogenetic progression.

INTRODUCTION
Embryogenesis is a highly coordinated process that orchestrates mul-
tiple lineage decisions and morphogenetic changes. During gastru-
lation, vertebrates converge on a conserved body plan, known as the 
hourglass model (1, 2). This critical phase establishes the three germ 
layers—ectoderm, mesoderm, and endoderm—and lays down the 
major body axes (3). Gastrulation involves the interplay of gene ex-
pression, biochemical signaling, mechanical forces, and geometry, all 
precisely regulated across spatial and temporal scales (4). Yet, how 
these processes are integrated to ensure robust development remains 
a longstanding challenge in developmental biology.

Gastruloids, stem cell–derived models of mammalian devel-
opment, have emerged as powerful systems to study these mecha-
nisms (5–7). Formed from aggregates of mouse embryonic stem cells 
(mESCs), gastruloids self-organize in the absence of extra-embryonic 
tissues and recapitulate key events of early development, including 
germ layer specification and axial elongation (8–14). A hallmark of 
gastruloid development is their robust ability to break symmetry and 
elongate along the anterior-posterior (AP) axis, establishing a pos-
terior Brachyury (BRA)–positive pole. This conserved morphoge-
netic process has also been observed in human gastruloids (6, 15) 
and zebrafish embryo explants (16), underscoring the generality of 
axis formation through self-organization.

In addition to recapitulating developmental events, gastruloids 
are scalable, highly tractable, and reproducible, ideally suited for 
quantitative studies. Their ability to robustly polarize and elongate 

across experimental conditions provides a minimal yet faithful plat-
form to investigate morphogenesis. Moreover, their conserved de-
velopmental trajectory offers a unique system to experimentally test 
the hourglass model and probe how stereotyped morphologies emerge 
from simple, self-organizing rules (11, 13, 14, 17–19).

One key advantage of gastruloids is their amenability to environ-
mental and physical perturbations. By adjusting the initial number 
of cells seeded, gastruloids can be generated across a wide range of 
sizes, enabling systematic exploration of how physical parameters, 
such as system size, influence developmental dynamics. A previous 
work has identified optimal cell numbers for symmetry breaking, 
BRA polarization, and axial elongation (8). Others have described 
the expansion of a central SOX2-positive core that varies in size 
before elongation (20). Conversely, patterning and gene expres-
sion appear robust across intermediate sizes, with several transcrip-
tional domains maintaining proportional scaling relative to gastruloid 
length at later stages (11, 21).

These observations raise a broader question about how develop-
ing organisms maintain proportionality despite size variability—a phe-
nomenon known as scaling. First described in classical embryology 
through proportional regeneration in sea urchins (22), frog embry-
os (23), and hydra (24), scaling has since been observed across di-
verse systems (25). Recent studies have revealed scaling mechanisms 
in planarian regeneration (26), Drosophila patterning (27), and ze-
brafish morphogenesis (28, 29). Scaling not only shapes overall mor-
phology but also governs the spatial domains of gene expression that 
precede morphogenetic events (27, 30–32).

Despite this rich body of work, the connection between the 
scaling of transcriptional programs and tissue-level morpho-
genesis remains poorly understood, particularly in mammals, where 
development occurs within complex and variable environments. 
Early mouse embryos exhibit compensatory growth and fate 
plasticity following size perturbations (33, 34). However, the pres-
ence of extra-embryonic tissues and the in utero setting make it diffi-
cult to isolate the contributions of size alone. Gastruloids thus offer 
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a unique opportunity to disentangle these variables in a controlled, 
self-organizing system.

In this study, we leverage the scalability and accessibility of mouse 
gastruloids to investigate how system size influences the interplay 
between cell differentiation and morphogenesis. We uncover an 
unexpected temporal decoupling between transcriptional programs 
and morphogenetic events by systematically varying gastruloid size 
and applying quantitative live imaging and transcriptomic profiling. 
Whereas increasing size leads to pronounced changes in the timing 
and reproducibility of symmetry breaking, multipolarity, and axial 
elongation, transcriptional states and cell fate composition remain 
largely stable across a broad size range. Only at extreme sizes do 
metabolic shifts and altered gene expression patterns emerge, de-
fining the physical boundaries of developmental robustness. Last, we 
demonstrate that these effects are governed by effective system size, 
not the initial cell seeding number. Our work establishes gastruloids 
as a model to study the physical principles underlying scaling and 
reveals that system size can temporally decouple gene expression pro-
grams from morphogenesis in mammalian development.

RESULTS
Gastruloid morphogenesis timing depends on the initial 
cell number
To investigate how size variation affects gastruloid development, we 
generated gastruloids of various sizes by adjusting the initial number 
of seed cells, N0 (fig. S1A). mESCs were cultured in 2i + leukemia 
inhibitory factor (LIF) medium before seeding, ensuring a ho-
mogeneous cellular state (35) and highly reproducible gastruloid 
formation (11, 13, 20, 36). Following a pulse of Wnt pathway activa-
tion (Chiron), gastruloids seeded at the canonical size (N0 = 300) break 
symmetry, reproducibly elongate to establish an AP axis, and even-
tually collapse (8–10).

We first characterized the size range that supports typical gastru-
loid development under our culture conditions. To do so, we tested 
a large range of initial cell numbers, spanning a 1200-fold range, from 
25 to 30,000 cells (movie S1). Smaller gastruloids (N0 ≤ 100 cells) 
elongate as early as 96 hours but collapse by 144 hours (Fig. 1A and 
fig. S1B). Larger gastruloids (N0 ≥ 600) initially form multipolar 
structures and require more time to achieve uniaxial elongation, which 
rarely occurs at extreme sizes (Fig. 1A and fig. S1B).

High-throughput live imaging of gastruloids (N0 = 50 to 1800, at 
72 to 144 hours postseeding, three experimental batches) reveals that 
uniaxial elongation is most robust and reproducible for N0 = 100–
300 cells (>95%) (Fig. 1B). In contrast, larger gastruloids (N0 ≥ 600) 
initiated elongation along multiple axes, with only a small fraction 
achieving uniaxial elongation by 120 hours and a modest increase 
by 144 hours (Fig. 1B). These results show that, although morpho-
genesis can occur over a wide range of sizes, its timing and repro-
ducibility and whether elongation proceeds uniaxially or multipolarly 
all depend strongly on system size.

We developed an automated segmentation method to quantify 
the dynamics of morphogenesis by analyzing gastruloid shapes in 
live bright-field movies (fig. S1C; see Materials and Methods). Cir-
cularity and aspect ratio are shape descriptors that effectively cap-
tured gastruloid morphology (Fig. 1C). A drop in circularity reflects 
deviation from the spherical geometry, marking a signature for 
spherical symmetry breaking, whereas an increase in aspect ratio 
reflects a transition from spherical to axially elongated morphology. 

At 72 hours, gastruloids of all sizes are spherical, with circularity and 
aspect ratio close to 1 (fig. S1D). Smaller gastruloids (N0 ≤ 300) 
showed a gradual decrease in circularity and an increase in aspect 
ratio, consistent with uniaxial elongation, before reversal around 
110 to 120 hours, which correlates with gastruloid collapse. However, 
larger gastruloids showed a marked drop in circularity without a pro-
portional increase in aspect ratio, indicative of multipolar elonga-
tion (Fig. 1D).

To quantify the timing of these morphological transitions, we 
extracted transition points from the shape trajectories using an op-
timal partitioning method (see Materials and Methods). These anal-
yses showed that morphological symmetry is maintained longer 
in larger gastruloids, as evidenced by delayed circularity reduction 
(Fig. 1E and fig. S1, D and E). Similarly, the transition from spheri-
cal to elongated morphology is delayed by nearly a day in larger 
gastruloids (Fig. 1F and figs. S1D and S2, A to D). We validated 
the accuracy of these transition times with alternative thresholding 
methods (fig. S2E).

These findings establish gastruloid size as a strong determinant 
of the timing of morphogenesis. Larger gastruloids undergo symmetry 
breaking and axial elongation later than smaller ones, revealing that 
physical dimensions shape the temporal unfolding of developmental 
processes. In this self-organizing system, size acts as a boundary con-
dition and an active parameter that modulates the pace and progres-
sion of morphogenetic transitions.

Size-dependent dynamics of multipolarity in gastruloids
During gastruloid development, axis elongation is coordinated with 
the differentiation of specialized cell types and the dynamic forma-
tion of gene expression patterns. We generated gastruloids from a 
Mesp2 reporter line, which expresses mCherry at the anterior pole 
(13) to explore the relationship between morphogenetic events and 
gene expression. Gastruloids from this reporter line show a similar 
size-dependent relationship in morphogenesis timing (Fig. 2A and 
fig. S3, A and B).

Using high-throughput time-lapse fluorescence imaging, we moni-
tored the spatiotemporal dynamics of Mesp2-mCherry expression. 
We developed a method to identify local peak intensities, allowing 
us to distinguish between single and multiple Mesp2 poles (fig. S3A). 
Smaller gastruloids (N0 ≤ 300) consistently exhibit a single Mesp2 
expression pole. In contrast, larger gastruloids (N0 ≥ 600) initially 
develop up to four poles (Fig. 2B), where the number of poles in-
creases with gastruloid size (Fig. 2C). Notably, 100% of the largest 
gastruloids undergo a multipolar phase. Nevertheless, by 144 hours, 
over 97% of gastruloids in the N0 = 150 to 1200 range resolve their 
initial multipolarity and achieve uniaxial elongation (Fig. 2, C and 
D, and table S2).

Size alone does not determine the emergence of multipolarity. 
Gastruloids seeded with the same initial cell number (N0 = 300 or 
600) can give rise to uniaxial or multipolar morphologies, although 
they have comparable sizes (Fig. 2, B and C). This observation sug-
gests that multipolarity is also influenced by stochastic variation or 
additional regulatory mechanisms.

We classified gastruloids for a given N0 into uniaxial versus mul-
tipolar groups to explore the relationship between morphology and 
elongation dynamics. Multipolar gastruloids exhibited a delayed in-
crease in aspect ratio, and their maximal elongation was consistently 
lower than their uniaxial counterparts (fig. S3, C and D). In contrast, 
circularity values were comparable between uniaxial and multipolar 
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gastruloids of the same size, indicating that morphological changes 
occur at similar time points but lead to different structural outcomes 
(fig. S3, C and D). However, the delay in aspect ratio increase caused 
by multipolarity is insufficient to explain the size-dependent elonga-
tion dynamics (fig. S3E).

The timing of polarization, defined as the first detection of a fluo-
rescent pole, is largely consistent across sizes, with only a mean 

difference of 3 ± 2 hours (Fig. 2, D and E, and table S3). In contrast, 
the resolution of multipolarity and establishment of a single axis are 
substantially delayed in larger gastruloids—by nearly a day (Fig. 2, 
D and E). A strong linear relationship is observed between gastru-
loid size and the timing of multipolarity resolution, suggesting a de-
coupling between morphogenetic events, which are size dependent, 
and Mesp2 expression timing, which is robust to size perturbations.
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Fig. 1. Gastruloid size governs morphogenesis timing. (A) Bright-field images showing gastruloid morphology at 72, 96, 120, and 144 hours (h) postseeding across 
various initial cell numbers (N0). Scale bars, 200 μm. (B) Fraction of uniaxial gastruloids at 120 and 144 hours for each N0. Bars represent means ± SD from three indepen-
dent replicates. (C) Relationship between circularity and aspect ratio in different gastruloid morphologies: spherical, uniaxial (single elongation axis), multipolar (multiple 
axes), or collapsed (loss of tissue integrity). Example cartoon shapes extracted from real gastruloids. (D) Scatterplots of the circularity versus aspect ratio for gastruloids 
with varying N0. Points represent individual gastruloids, colored by time (96 to 144 hours). Insets show the average morphological trajectories. Sample sizes: N0 = 100 (n = 41), 
N0 = 300 (n = 41), N0 = 600 (n = 36), and N0 = 1200 (n = 40). (E and F) Temporal dynamics of circularity and aspect ratio (means ± SEM) across N0 conditions. Vertical lines 
mark symmetry breaking and elongation transitions, determined via optimal partitioning (fig. S2, C to E; see Materials and Methods). Symmetry breaking, as evaluated 
from circularity, occurs at 102, 106, 106, and 110 hours for N0 = 100, 300, 600, and 1200, respectively. Elongation, as evaluated from aspect ratio, occurs at 97, 104, 110, and 
119 hours for N0 = 100, 300, 600, and 1200, respectively. (G) Transition times for symmetry breaking (blue) and elongation (green) as a function of gastruloid size at 
73 hours. Dashed lines indicate linear fits (R2 = 0.858 for symmetry breaking; R2 = 0.904 for elongation). See supplementary tables for sample sizes.
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In addition, the delay in resolving multipolarity in larger gastru-
loids correlates with increased physical distances between Mesp2 ex-
pression poles (Fig. 2F and fig. S3, F to H). This delay likely reflects 
the longer time needed to bridge these distances during the pole merg-
ing process. Notably, the final distance between two poles, measured 
just before resolution into a uniaxial structure, closely matches the 
smallest interpole distance observed throughout the time course. 
This suggests that Mesp2 poles gradually converge over time until a 

limiting distance is reached (Fig. 2F and fig. S3H). This minimum 
convergence distance is size invariant across all gastruloid sizes, 
potentially indicating a physical threshold below which multipo-
larity is resolved.

Previous studies have suggested an optimal size range for signal-
ing processes mediating symmetry breaking and axial elongation 
(5, 8, 20). Our findings support this idea and suggest that exceeding 
a critical size threshold allows multiple poles to emerge and delays 
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Fig. 2. Size-dependent emergence and resolution of multipolarity. (A) Representative images of Mesp2-mCherry expressing gastruloids at 72, 96, 120, and 144 hours 
across varying N0. Scale bars, 200 μm. (B) Heatmap of Mesp2-positive pole counts (0 through 4, top legend) over time for gastruloids with N0 = 150 (n = 41), 300 (n = 49), 
600 (n = 48), and 1200 (n = 51). Each vertical line represents a gastruloid (see fig. S2D). (C) Cartoon showing unpolarized, polarized, and uniaxial gastruloids; arrows indi-
cate flow of time. Left: Maximum Mesp2 poles per gastruloid. Right: Fraction of gastruloids that were multipolar at least once and uniaxial at the end (>98%). (D) Temporal 
dynamics of Mesp2 poles (means ± SEM) for different N0. (E) Top: Histograms of polarization time points (transition from 0 to ≥1 Mesp2 poles). Bottom: Histograms of 
uniaxial gastruloid formation (transition to one stable Mesp2 pole). Solid lines indicate Gaussian fits (see supplementary tables for statistics). Scatterplot (right) shows 
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D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 23, 2025



Bennabi et al., Sci. Adv. 11, eadv7790 (2025)     22 August 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 17

their resolution, impeding uniaxial elongation and necessitating lon-
ger timescales for axis formation.

Together, these results reveal how gastruloid size affects the tim-
ing and robustness of morphogenesis. Unexpectedly, despite substan-
tial changes in the timing of key morphogenetic events, the timing 
of Mesp2-mCherry expression remained consistent, suggesting that 
transcriptional programs are temporally decoupled from morpho-
genesis dynamics.

Transcriptional programs are independent 
of morphogenesis
To test whether size variation affects gene expression, we performed 
bulk RNA sequencing (RNA-seq) on gastruloids grown from initial 
cell numbers of 50, 100, 300, 600, 1200, and 1800 across three experi-
mental batches at 120 hours. At that time, gastruloids display nota-
ble morphological differences depending on their size (fig. S4A). As 
a significance baseline for transcriptional variation, we included a 
control group of gastruloids (with N0 = 300) grown without a Wnt 
activation pulse (no-Chiron), previously described as failing to elon-
gate or specify germ layers (8) (fig. S4A). Clustering analysis shows 
a clear separation between treated and no-Chiron samples (fig. S4B). 
Principal components analysis (PCA) of the top 1000 most variable 
genes reveals distinct segregation between no-Chiron controls and 
gastruloids of varying sizes. These gastruloids are organized along a 
continuum in PC1 and PC2, which explain 74% of the variance, sug-
gesting a continuous relationship between size and transcriptional 
output (Fig. 3A).

Differential expression analysis using N0 = 300 gastruloids as the 
reference reveals minimal transcriptional variation across gastru-
loids seeded from N0 = 100 to 600, with only 30 to 35 differentially 
expressed genes (DEGs) (Fig. 3B). This represents a 30-fold reduc-
tion in DEG count compared to the no-Chiron control, highlighting 
the robust transcriptional output across the N0 = 100 to 600 range.

In contrast, extreme sizes (N0 = 50 and N0 = 1800) exhibit 
substantial transcriptional changes, although these are still less pro-
nounced than in the no-Chiron control (Fig. 3B). We observe progres-
sive transcriptional changes, with smaller gastruloids (N0 = 100) 
showing substantial overlap in misregulated genes with N0 = 50, and 
up-regulated genes in N0 = 600 largely overlap with those in N0 = 1200 
and N0 = 1800 (fig. S4C).

Focusing on DEGs associated with extreme sizes (N0 = 50 and 
N0 = 1800), we identified six transcriptional modules linked to size. 
Module A is down-regulated and module B is up-regulated in small 
gastruloids, whereas module C is up-regulated in larger gastruloids, 
notably in a size-dependent manner (Fig. 3C). Gene Ontology anal-
ysis shows that modules A and B are enriched for developmental 
transcription factors, whereas module C is associated with hypoxia 
and glycolysis (Fig. 3D and fig. S4D).

In summary, extreme sizes display morphogenetic changes accom-
panied by transcriptional differences. However, within the N0 = 100 
to 600 range, transcriptional programs remain robust and largely 
size independent, despite notable differences in morphogenesis.

Cell fate composition is robust to size variations
Our bulk transcriptomic analysis reveals that, despite the size depen-
dence of gastruloid morphogenesis, developmental transcriptional 
programs are largely conserved across sizes. Specifically, gastru-
loids within the N0 = 100 to 600 range show minimal transcriptional 
variation, suggesting that cell fate composition remains stable despite 

notable morphological differences. To investigate this at higher reso-
lution, we performed single-cell RNA sequencing (scRNA-seq) on 
gastruloids grown from N0 = 100, 300, 600, 1800, and 5400 cells in 
two experimental batches at 120 and 144 hours, analyzing a total of 
57,120 cells (Fig. 4, A and B, and fig. S5, A to C).

Expected lineages corresponding to the three germ layers (meso-
derm, ectoderm, and endoderm) are observed (Fig. 4C), consistent 
with previous studies (13, 17, 18). At 120 hours, gastruloids from 
N0 = 100 to 1800 cells exhibit similar cell compositions (Fig. 4D and 
fig. S5D), with batch-to-batch variation exceeding size-dependent 
variation (fig. S5E). However, smaller gastruloids show a higher pro-
portion of neuromesodermal progenitor cells (NMPs). NMPs have 
the potential to differentiate into neuronal and mesodermal lineages 
and are essential for embryonic axial elongation (13, 17, 18, 37, 38). 
At 144 hours, larger gastruloids (N0 = 300 to 1800) remain high-
ly similar (batch-to-batch differences are higher again), whereas 
N0 = 100 gastruloids show depleted progenitor pools, particularly 
NMPs and presomitic mesoderm (PSM). This depletion is particu-
larly prominent in batch 1, where all N0 = 100 gastruloids collapsed 
by 144 hours (fig. S5B), suggesting that the collapse could be linked 
to progenitor cell exhaustion.

Lineage marker gene expression remains consistent across size 
variations (fig. S6A), indicating that transcriptional programs are 
properly established even under severe morphological alterations. 
To dissect whether transcriptional changes observed in bulk RNA-
seq for extreme sizes (N0 = 50 and 1800) are due to alterations in cell 
populations or intrinsic gene expression, we generated pseudobulk 
measurements for each cell fate across sizes. Most transcriptional 
modules (A, B, E, and F) exhibit limited size-dependent variation 
(Fig. 4E) and instead reflect proportional changes in cell proportion 
(fig. S6B). Module A, down-regulated in small gastruloids (Fig. 3, C 
and D), is associated with mesodermal and pluripotent lineages. 
Module B, up-regulated in smaller gastruloids, corresponds to neu-
ronal lineages (figs. S5D and S6B). In contrast, module C, associated 
with hypoxia and glycolysis, showed a unique size-dependent re-
sponse, being up-regulated across all lineages in larger gastruloids, 
particularly in endodermal, endothelial, and pluripotent lineages 
(Fig. 4, E and F).

In addition to a neuronal-mesodermal bias in smaller gastruloids 
and a size-dependent increase in glycolysis and hypoxia responses, 
in general, our findings indicate that gastruloid transcriptional 
status and cell fate composition are largely decoupled from size 
and morphology.

Effective system size governs morphogenesis 
and patterning
We have shown that size variations affect the timing and outcomes 
of morphogenesis, whereas transcriptional states and cell fate com-
position remain notably robust within a broad intermediate range of 
sizes (100 ≤ N0 ≤ 600). However, outside this range, at extreme sizes 
(N0 < 100 or N0 > 1200), morphogenetic changes are accompanied 
by transcriptional changes. To investigate how system size influences 
these processes at the boundaries of this range, we conducted size 
perturbation experiments to test whether altering physical dimen-
sions mid-development could rescue gastruloid phenotypes.

Gastruloids exhibit size-dependent morphogenetic trajectories, but 
the underlying cause of these differences remains unclear. We con-
sidered two possibilities. First, morphogenetic properties may be 
established early, with gastruloids retaining memory of their initial 
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seeding size. In this scenario, early developmental events, such as 
metabolic transitions, could encode long-term morphological out-
comes. Second, morphogenesis might result as a passive conse-
quence of the effective system size at a given time, independent of 
initial conditions. To distinguish between these models, we exam-
ined whether size-dependent metabolic changes were already pres-
ent during early gastruloid development.

Our scRNA-seq analysis revealed size-correlated hypoxic respons-
es at later stages. To determine whether these responses are initiated 
earlier, we performed reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) at 72 hours on a set of hypoxia-associated 
genes (Egln1, Ak2, and Aldoa) previously found to be up-regulated 
at 120 hours in our bulk RNA-seq data. We observed consistent up-
regulation of these genes in larger gastruloids already at 72 hours 
(fig. S7, A and B), suggesting that a size-dependent hypoxic response 
is established early. However, although these correlations are intrigu-
ing, they do not demonstrate a causal role for metabolic signaling in 
morphogenetic timing.

To directly test whether morphogenesis depends on initial size or 
on effective physical size at a given time point, we developed a pro-
tocol to microsurgically perturb gastruloid size mid-development. 
This involved fusing multiple smaller gastruloids or dissecting larg-
er ones to match a reference size, e.g., N0 = 300 (Fig. 5A). To mini-
mize potential artifacts from manipulating already polarized tissues, 
we performed these size changes at 72 hours, immediately after the 
Wnt activation pulse, when gastruloids remain spherical and unpo-
larized. Postmanipulation size measurements confirmed that both 
fused gastruloids (50x6) and dissected gastruloids (1200/4) reached 
sizes comparable to N0 = 300 controls by 120 and 144 hours (Fig. 5, 
B to D, and fig. S7, C to E).

Smaller gastruloids (N0 = 50) typically elongate by 96 hours and 
collapse by 144 hours (Fig. 5, B to E, and fig. S7F). However, when 
fused to generate 50x6 gastruloids, the collapsed phenotype was 
no longer observed, suggesting that collapse is driven by progenitor 
depletion and depends on effective size. Conversely, dissected gas-
truloids from N0 = 1200 rescued the multipolarity phenotype: Most 
gastruloid fragments achieved uniaxial elongation by 120 hours 
(Fig. 5, E and F, and fig. S7, F and G). Although dissection introduces 
some variability in fragment sizes, with smaller fragments occasion-
ally collapsing, the general trend supports effective size as the domi-
nant regulator. In contrast, fusing four N0 = 300 gastruloids into 
larger aggregates (4x300) increased multipolarity and reduced elon-
gation (Fig. 5, B to F, and fig. S7, F and G), further confirming that 
morphogenesis is governed by effective system size rather than ini-
tial cell number.

Whereas transcription determines cell identity, size-dependent 
morphogenetic processes organize cells into spatial domains. To in-
vestigate how these processes interact, we examined axis-specific 
gene expression using immunofluorescence and tracked how pat-
terning varies across gastruloids of different sizes. We focused on 
proteins patterned along the gastruloid AP axis (Fig. 6, A and B, and 
figs. S8A and S9A): BRA and SOX2 [defining the posterior pole, 
with their coexpression identifying NMPs (39)] and CER1, FOXC1, 
and MEOX1 [markers of forming and differentiating somites (40–
42)]. In line with earlier observations, smaller gastruloids (N0 ≤ 300) 
consistently exhibited a single posterior BRA-positive pole, whereas 
larger ones developed multiple poles (Fig. 6, A and B).

Similar to our previous study (11), we extracted one-dimensional 
(1D) intensity profiles for single-axis gastruloids from confocal midline 

projections (see Materials and Methods). These profiles allowed us 
to quantify the boundary positions (xb) of gene expression domains 
along the AP axis. We found a strong size proportionality for the five 
examined gene expression domains, where more than 90% of the 
variance in the pattern boundary positions xb and 84% for the CER1 
pattern boundary position xb−min is directly explained by the length 
variation of the gastruloid medial axis (fig. S8B, R2 values). When we 
examine normalized gene expression boundary positions (xb/L), sec-
ondary trends emerge, which indicate a diverging size dependence 
for different protein markers (Fig. 6, C and D, and fig. S8, A to C): 
Whereas BRA and SOX2 expression profiles showed greater batch-
to-batch variation than size-dependent variation (figs. S8B and S9, B 
to D), FOXC1, MEOX1, and CER1 exhibited a clear size-dependent 
expansion at 120 hours, particularly in gastruloids exceeding the tran-
scriptionally stable range (N0 > 600) (Fig. 6, C and D, and fig. S8, B 
to D). By 144 hours, FOXC1 expression patterns became more uni-
form across sizes but showed increased variability (fig. S9B). These 
findings suggest that distinct developmental markers exhibit dif-
ferent size sensitivities: Posterior domains (BRA and SOX2) appear 
robust, whereas more anterior domains (FOXC1, MEOX1, and 
CER1) expand with size, as indicated by the positive correlation val-
ues (R > 0.4) (fig. S8D).

To assess whether size-perturbed gastruloids reset their gene ex-
pression patterns according to the new size, we compared manipu-
lated samples to N0 = 300 controls. FOXC1 expression boundaries 
consistently aligned with the new size rather than the original seed-
ing size (Fig. 6, E to G, and fig. S8, F and G). Although no correlation 
was found between the size-normalized pattern boundary positions 
xb/L and initial seeding size (N0) (fig. S8H), xb/L correlates positive-
ly with the final gastruloid size (L) (Fig. 6, G and H, and fig. S8, D, 
G, and I).

These results demonstrate that gastruloid morphology and gene 
expression patterns are governed by effective system size rather than 
initial cell seeding numbers, highlighting the system’s developmen-
tal plasticity. As gastruloids reach critical size thresholds, they ex-
hibit emergent behaviors, such as multipolarity and expanded gene 
expression domains, which deviate from simple scaling. These find-
ings underscore the modularity of self-organizing systems, in which 
physical constraints guide robust developmental outcomes.

DISCUSSION
Our findings reveal an unexpected temporal decoupling of transcrip-
tional programs from morphogenetic events, illuminating aspects of 
developmental complexity. This decoupling is size dependent, with 
physical parameters such as system size and cell number governing 
morphogenetic dynamics. Whereas reaction-diffusion mechanisms 
have been proposed to explain symmetry breaking, previous studies 
highlight the critical role of cell adhesion in organizing gastruloid 
morphogenesis and patterning. For instance, differential adhesion 
was proposed to drive endoderm organization (43), gastruloid sym-
metry breaking (44), and arrange Wnt activity domains into a single 
pole defining the AP axis (14). Gastruloid elongation is similarly 
consistent with convergent extension, driven by active cell crawling 
and differential adhesion (13, 45).

Our observations suggest that adjusting system size may influ-
ence cell sorting dynamics and tissue rearrangements. Larger gas-
truloids exhibit delayed symmetry breaking, increased multipolarity, 
and prolonged elongation, suggesting that system size controls the 
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timing and merging of morphological poles. Conversely, smaller 
gastruloids display accelerated morphogenesis but often collapse, 
linking size constraints to progenitor pool exhaustion at earlier times.

Cell fate composition remains remarkably stable despite the nota-
ble morphological phenotypes observed across a broad size range. 
However, extreme sizes additionally trigger metabolic shifts. Our 
experiments did not test whether inducing hypoxia in smaller gastru-
loids could recapitulate the delayed elongation or altered morphol-
ogies observed in larger ones. Yet, hypoxia and glucose metabolism 
are known to regulate differentiation in gastruloids and embryos 
(46–48). Hypoxia enhances spontaneous elongation and lineage 
representation (49, 50), whereas glucose metabolism biases differen-
tiation toward neuronal or mesodermal lineages (19).

In larger gastruloids, pluripotent cells localize to an inner 
core (20), restricting oxygen availability and intensifying hypoxic 
responses. Conversely, the absence of hypoxia in smaller gastru-
loids could accelerate differentiation, leading to faster depletion 
of progenitor pools. In addition, the smaller absolute number of 
progenitors in small gastruloids may explain their collapse as 
progenitor states may be depleted earlier due to simple numeri-
cal constraints.

Our resizing experiments demonstrate that morphogenesis does 
not depend solely on transcriptional states or initial cell fates but rather 
arises from emergent physical properties. By manipulating gastruloid 
size mid-development, we reveal that morphogenetic trajectories act 
according to their effective size rather than retaining memory of initial 

A
re
a 
(×
 1
0

72 h  96 h 120 h 144 ht

N0 = 1200 

N0 = 300 

N0 = 50 

300 x 4 

50 x 6

1200 / 4

0 48 h

N2B27 N2B27+CHI

72 h 144 h

2i + LIF

Seeding
N0 cells

Polarization 
Elongation

Fusing 6x N

Fusing 4x N

Cutting 1x N

1.0

1.5

2.0

2.5

A
R
 a
t 1
20
 h

*** ****** *** * *

1.0

1.5

2.0

2.5

3.0

AR
  a
t 1
44
 h

50 50x6 300 300x4 1200 1200/4
0.0

0.5

1.0
Fr
ac
tio
n 
of
 g
as
tru

lo
id
s

120 h

50 50x6 300 300x4 1200 1200/4
0.0

1.0 144 h

300 1200/4 1200
1

2

3

4

Vo
lu
m
e 
(×
 1
0

72 h 

fc ~ 4.0

72 h

50 50x6 300 300x4 1200 1200/4 50 50x6 300 300x4 1200 1200/4

50 50x6 300 300x4 1200 1200/4

1

2

3

4
144 h

A

B C D

E

F

0 = 50 gastruloids

0 = 300 gastruloids

0 = 1200 gastruloids

7  µ
m

3 )

5  µ
m

2 )

Uniax
Multip
Coll.

Fig. 5. Resizing gastruloids rescues morphogenesis. (A) Gastruloid size perturbation protocol. At 72 hours, gastruloids were manipulated by fusion (6x N0 = 50 and 
4x N0 = 300, “fused”) or dissection (N0 = 1200 into 4 pieces, “cut”). Perturbed gastruloids were grown under standard protocol conditions until 144 hours. (B) Bright-
field images of gastruloids at 72, 96, 120, and 144 hours postseeding, showing morphology across varying N0 for control, fused, or cut conditions. Scale bars, 200 μm. 
(C) Mean gastruloid area after perturbation at 72 hours for N0 = 300, N0 = 1200, and cut N0 = 1200 (1200/4). Box plots show the group mean, with whiskers extending 
to the farthest data point within 1.5x the interquartile range. Fold change (fc) for N0 = 1200:1200/4 is indicated. (D) Mean gastruloid area at 144 hours across control, 
cut, and fused gastruloids. Box plot characteristics as in (C). (E) Proportions of gastruloids categorized as uniaxial, multipolar, or collapsed for control and perturbed 
conditions at 120 hours (left) and 144 hours (right), based on manual annotation. (F) Gastruloid aspect ratio (AR) at 120 hours (left) and 144 hours (right), used as a 
proxy for uniaxial elongation. Box plot characteristics as in (D). P values for control versus perturbed conditions were calculated using a two-sided independent t test: 
*P < 0.05 and ***P < 0.001.

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 23, 2025



Bennabi et al., Sci. Adv. 11, eadv7790 (2025)     22 August 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 17

seeding conditions. This finding highlights a fundamental plasticity in 
this multicellular system. Physical parameters such as size and cell num-
ber, rather than early developmental memory, govern morphogenetic 
transitions. This underscores the emergent nature of tissue organization 
and reveals the gastruloid system’s capacity to reorganize morphogenet-
ic outcomes dynamically.

Transcriptional programs and cell fate composition remain ro-
bust across a wide size range, even when morphogenesis is substan-
tially altered. This stability highlights a decoupling between physical 

constraints and gene regulatory networks, allowing consistent cell 
fate decisions despite size-induced variability. However, at extreme 
sizes, distinct transcriptional modules emerge, particularly those 
associated with hypoxia and glycolysis. The size-dependent acti-
vation of these metabolic pathways suggests that they respond 
to physical constraints—such as reduced oxygen availability in 
larger aggregates—and may help buffer developmental programs 
against size-induced stress. This way, metabolic states could act as 
transducers of physical information into gene regulatory outcomes, 
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maintaining developmental progression even under suboptimal 
physical conditions.

The observation that gastruloid morphology can be altered with 
minimal consequences on transcription highlights how these pro-
cesses can be decoupled. This decoupling offers a compelling per-
spective on the evolution of developmental systems: By allowing 
different forms and structures to emerge without disrupting core 
gene regulatory programs, it provides an additional degree of free-
dom in morphogenesis. Such flexibility could facilitate evolutionary 
change, enabling the development of novel morphologies while pre-
serving stable developmental trajectories.

Although global transcriptional programs remain unexpectedly 
robust across a wide range of gastruloid sizes (100 ≤ N0 < 600), we 
observed size-dependent changes in specific gene expression pat-
terns outside of this typical growth range for gastruloids. Posterior 
markers such as BRA and SOX2 appear size invariant, whereas more 
anterior markers—including MEOX1, FOXC1, and CER1—exhibit 
variation with gastruloid size. This suggests that different regions 
along the AP axis respond differently to size perturbations, likely 
reflecting the influence of distinct developmental signaling pathways 
that govern anterior versus posterior fate specification.

Similar to the early developing mouse embryo, cell differentia-
tion in gastruloids progresses from the posterior to the anterior 
(17). The expression of key morphogens—such as Wnt, Fibroblast 
Growth Factor (FGF), and retinoic acid—varies along the AP axis 
(14, 51, 52), likely contributing to regional differences in response to 
changes in overall system size. In addition, physical factors such 
as cell shedding at the anterior pole or non-isotropic morphological 
changes may further influence the AP scaling behavior. These find-
ings highlight the utility of gastruloids as a model for studying scal-
ing and size control in mammalian development.

Both invertebrate and vertebrate embryos are capable of scaling 
gene expression domains and morphogenesis relative to overall size 
(29, 31, 32). In contrast, early mouse embryos have been shown to 
adjust their size. Doubling in size or losing up to 80% of their cellu-
lar mass around gastrulation (E5.5 to E6.5) still produces normally 
sized organisms (33, 34, 53). Gastruloids—despite being derived 
from mESCs—lack these mechanisms for intrinsic size regulation. 
This lack of size regulation may stem from the absence of extra-
embryonic tissues. Supporting this idea, the combination of a highly 
precise number of embryonic and trophoblast stem cells is critical 
to form blastocyst-like structures (54). As a consequence, gastru-
loids exhibit scaling of gene expression patterns within a broad 
range of sizes (N0 = 100 to 800) (11). However, when gastruloids 
exceed certain size thresholds, we observe emergent behaviors—
such as multipolarity or expanded gene expression domains—that 
deviate from simple scaling relationships. These phenomena re-
veal how self-organizing systems can explore a broader range of 
morphological states, generating variability that remains develop-
mentally accommodated.

Together, our results position gastruloids and other embryo mod-
els as powerful systems to investigate the fundamental principles 
of size control, scaling, and their integration with patterning and 
morphogenesis. A recent complementary study also demonstrates 
that gastruloid size can influence both transcriptional profiles and 
the timing of morphogenetic events (55), reinforcing the value 
of gastruloids as a robust and reproducible platform. Moreover, the 
robustness of transcriptional states and cell fate composition to size 
variations makes gastruloids amenable to diverse experimental 

approaches: Smaller gastruloids are optimal for high-resolution 
live imaging, whereas larger aggregates provide sufficient material 
for biochemical and molecular assays. These insights underscore 
the power of combining quantitative perturbations, live imaging, 
and transcriptional profiling to dissect how size-dependent cues 
influence developmental patterning.

Last, the observed temporal decoupling of transcriptional states 
from morphogenetic events opens avenues to investigate how bio-
chemical cues, mechanical forces, and geometric constraints are in-
tegrated across space and time. Understanding how these factors are 
coordinated will shed light on the emergence of robust morpholo-
gies during development and inform the design of self-organizing 
tissues in regenerative medicine and bioengineering. By uncovering 
how physical constraints and developmental plasticity interact, em-
bryo models offer a unique experimental window into the core prin-
ciples of mammalian embryogenesis.

MATERIALS AND METHODS
mESC culture
129/SvEv (EmbryoMax) mESCs were cultured on gelatin-coated six-
well plates in a humidified incubator (5% CO2, 37°C). Cells were main-
tained in LIF + 2i Dulbecco’s modified Eagle’s medium (DMEM) 
composed of DMEM 1X + GlutaMAX (Fisher, 11584516) supple-
mented with 10% decomplemented fetal bovine serum (FBS) (Gibco, 
11573397, decomplemented for 30 min at 56°C), 1X nonessential ami-
no acids (Gibco, 11140-035), 1 mM sodium pyruvate (Gibco,11360-
039), 1% penicillin-streptomycin (Gibco, 15140-122), 100 μM 
2-mercaptoethanol (Gibco, 31350-010), LIF (10 ng/ml; Miltenyi 
Biotec, 130-099-895), 3 μM GSK3 inhibitor CHIR 99021 (Chiron; 
Sigma-Aldrich, SML1046), and 1 μM MEK inhibitor PDO35901 
(Sigma-Aldrich, PZ0162). Experiments were performed using cells 
between passages 20 and 30. Cells were passaged every other day 
as follows: Cells were washed with phosphate-buffered saline 
(PBS) (Gibco, 10010023) and dissociated using trypsin (Sigma-
Aldrich, T3924) or Accutase (StemPro, ref: A11105-01). Detached 
cells were resuspended in DMEM, counted using an automatic cell 
counter (Logos Biosystems, LUNA-II), and reseeded at a density 
of 200,000 to 400,000 cells per well. When cells were not passaged, 
half of the culture medium was replaced. Cells were tested regularly 
for mycoplasma contamination using the Eurofins Mycoplasma
Check service.

Gastruloid culture
Gastruloids were generated as previously described in (10). N2B27 
medium was prepared in-house every 3 weeks using the follow-
ing components: 250 ml of DMEM/F12  +  GlutaMAX (Gibco, 
10565018), 250 ml of Neurobasal (Gibco, 21103049), 2.5 ml of N2 
(Gibco, 17502-048), 5 ml of B27 (Gibco, 17504-044), 1X nonessen-
tial amino acids (Gibco, 11140-035), 1 mM sodium pyruvate (Gibco, 
11360-039), 100 μM 2-mercaptoethanol (Gibco, 31350-010), 1% 
penicillin-streptomycin (Gibco, 15140-122), and 2.5 ml of Gluta-
MAX (Gibco, 35050061). Initial cell seeding was performed manu-
ally using a multipipette, and the cell counts were determined with 
an automatic cell counter (Logos Biosystems LUNA-II). Gastruloid 
experiments were performed in three laboratories using two slightly 
different protocols. For cell dissociation, cells treated with Accutase 
were immediately resuspended in N2B27 medium. When trypsin 
was used for dissociation, cells were rinsed twice with PBS before 
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resuspension in N2B27. The dissociated cells were seeded into 
Costar Low Binding 96-well plates (Costar, Corning, 7007) at a vol-
ume of 40 μl per well. After 48 hours of aggregation, the spheroids 
were subjected to a 24-hour pulse of Wnt agonist by adding 150 μl of 
3 μM CHIR 99021 (Chiron) in N2B27 to each well, unless otherwise 
specified. Subsequently, 150 μl of the medium was replaced every 
24 hours until gastruloid collection.

Generation of mutant ES cells by CRISPR-Cas9
Wild-type mESCs (EmbryoMax, 129/SVEV) were used to generate 
a cell line heterozygote for the Mesp locus using the CRISPR-Cas9 
genome editing protocol described in (56). Then, we integrated 
reporter constructs consisting of p2a-EGFP-NLS-PEST and p2a-
mCherry-NLS-PEST in frame with the Mesp1 and Mesp2 coding 
sequence, respectively. We used a template repair knock-in strategy 
using a mini pUc57 plasmid containing the reporter constructs sur-
rounded by homology arms targeting either the Mesp1 or the Mesp2 
coding sequence. These template repair plasmids were cotransfected 
with a single guide RNA (sgRNA) Cas9 plasmid. ES cells were trans-
fected with 5 μg of sgRNA-Cas9 plasmid (and 1.5 μg of “reporter 
plasmid” when applicable) using the Promega FuGENE 6 transfec-
tion kit and dissociated 48 hours later for puromycin selection (1.5 μg/
ml). Clone picking was done 5 to 6 days later, and positive ES cell 
clones were assessed by PCR screen using the MyTaq PCR mix kit 
(Meridian Bioscience) and specific primers surrounding the target-
ed region (table S4). Mutations were verified by Sanger sequencing. 
The region to be deleted were targeted by two flanking sgRNA for 
deletions, and one sgRNA for the integration of reporter constructs. 
All guides are listed in table S6. sgRNAs were designed using the 
CRISPR Guide RNA Design Tool from Benchling. sgRNA sequences 
were inserted in a Cas9T2APuromycin expressing plasmid con-
taining the U6 gRNA scaffold (“sgRNACas9 plasmid”, gift from 
A. Németh; Addgene plasmid, 101039).

Size perturbation: Cutting and fusing gastruloids
Gastruloid size perturbation was performed at 72 hours postseeding, 
right after the Chiron pulse to maximize the time a gastruloid 
spends in the initial size while minimizing biasing effects from 
perturbation of already polarized systems. These effects may in-
clude changes in cell type composition that can arise from cutting 
at later time points (96 hours or later), when gastruloids are al-
ready polarized (13). Fusing gastruloids after polarization can 
also introduce variability as the random relative placement of the 
polarized regions has been shown to affect subsequent morpho-
genesis (21, 57).

To fuse multiple smaller gastruloids (6x N0 = 50 and 4x N0 = 300), 
gastruloids were collected and pooled in a 60-mm petri dish with 
prewarmed N2B27 medium. The respective number of gastru-
loids was collected using a cut and coated P200 pipette tip and 
transferred into a well of a new ultralow-binding 96-well U-
bottom dish. For resizing larger gastruloids to multiple smaller 
ones (N0 = 1200/4), a gastruloid was transferred to a petri dish with 
prewarmed N2B27 medium and first cut in half and then each half 
was cut into a quarter using a tungsten needle. Each quarter gas-
truloid was subsequently transferred into a separate well of a new 
ultralow-binding 96-well U-bottom dish as described above. 
Gastruloid dissection was designed to minimize tissue loss and 
maintain equal proportions of each tissue part; however, total cell 
recovery and optimal tissue quarters were imperfect, as reflected 

in the volume measurements comparing the conditions N0 = 300, 
N0 = 1200, and N0 = 1200/4 (Fig. 5C and fig. S6D). Fusion and cut-
ting procedures each took a few minutes up to an hour, depending 
on the sample number.

Immunofluorescence staining
Gastruloids at 120 and 144 hours were collected from the well 
plates, pooled in a 15-ml Falcon tube, and washed once with PBS 
with Mg2+ and Ca2+ (PBS++; Gibco, 14040133). Gastruloids were 
subsequently fixed in 10 ml of 4% paraformaldehyde solution (Ther-
mo Scientific Chemicals, 30525-89-4) for 2 hours, afterward washed 
twice with 10 ml of PBSF (10% FBS in PBS++), resuspended in 1 ml 
of PBS++ and stored at 4°C (for several weeks). For the immuno-
fluorescence staining, gastruloids were first permeabilized in 10 ml 
of PBSFT (10% FBS and 0.03% Triton in PBS++) and incubated 
for 1 hour at room temperature (RT). Gastruloids were then incu-
bated in 0.5 ml of PBSFT containing 4′,6-diamidino-2-phenylindole 
(DAPI) and primary antibody overnight at 4°C (see table S7 for de-
tails on antibodies and concentrations). On the next day, gastruloids 
were washed three times with 10 ml of PBSFT at RT for 30 min each 
and subsequently incubated in 0.5 ml of PBSFT containing DAPI 
and secondary antibody overnight at 4°C (table S7). Gastruloids 
were washed twice in 10 ml of PBSFT and once in PBS++ at RT for 
30 min each. All washes and incubations were performed under 
nutation. For the mounting procedure, all access PBS++ was re-
moved from the tube and replaced by 200 μl of mounting medium 
composed of 50:50 Aqua-Poly/Mount (Polysciences, 18606-20) and 
PBS++. Gastruloids in mounting medium were then transferred to 
a round glass-bottom dish, covered with a cover glass and nail pol-
ish sealed.

Bright-field imaging Olympus CKX41
To record the morphological development of gastruloids following 
size perturbation, bright-field images of each gastruloid in the U-
bottom well were taken using an Olympus CKX41 inverted phase-
contrast microscope. Images were collected every 24 hours from 
72 to 144 hours postseeding at a 10x magnification.

Confocal imaging
Confocal fluorescence imaging of fixed and stained gastruloids was 
performed on a Zeiss LSM880 and a Zeiss LSM980 confocal micro-
scope. Gastruloids were imaged individually using a Zeiss 10X, 0.3–
numerical aperture (NA) air objective, and a 150-μm-thick z-stack 
of 30 slices with a voxel size of 1.186 μm by 1.186 μm by 5.000 μm. 
Laser lines of 405, 488, 561, and 633 nm were used to image DAPI, 
AF-488, AF-546, and AF-647, respectively. Confocal images of gas-
truloids were used to extract morphological parameters and 1D gene 
expression profiles.

Live movie image analysis
Live movies were acquired using an Olympus video microscope with 
the Olympus CellSens dimension 3.1 software, equipped with a 
Hamamatsu C11440-36U CCD (charge-coupled device) camera 
with a pixel size of 5.86 μm by 5.86 μm and a 4X 0.13-NA objec-
tive or an IncuCyte S3 (Sartorius) microscope with a 10X objec-
tive and 400-ms exposition for the red channel. Bright-field and 
fluorescence images of individual gastruloids in the 96-well 
U-bottom plates were taken every hour for several days of gastru-
loid development.
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Morphological analysis
Segmentation was performed on bright-field time-lapse images, 
each containing a single gastruloid. For datasets acquired as a z-
stack, we first selected the slice with the highest contrast (deter-
mined by maximum variance) and then generated a time-lapse 
using the optimal slice for each time point. Segmentation was then 
carried out on each individual frame in Python. An initial, prelimi-
nary mask is generated by smoothing the image, applying Otsu 
thresholding, removing small objects, and then filling holes. Be-
cause threshold-based segmentation often poorly estimates bound-
aries in bright-field images, this initial mask was eroded using a 
kernel sized proportionally to its original area, ensuring that the re-
sulting region lies well within the true gastruloid boundary. Three 
random seed points were selected within this eroded region and 
used as input to the Segment Anything Model (SAM), specifically 
the sam_vit_h_4b8939 from Meta AI (58). The masks and corre-
sponding scores generated by SAM were saved. The final segmenta-
tion for each time point was chosen by selecting the SAM-generated 
mask with the highest score that did not exceed 2.5 times the area of 
the initial preliminary mask. Gastruloid masks were then used to 
calculate the gastruloid contour from which the perimeter P and 
area A were derived. The aspect ratio of a gastruloid was determined 
by fitting an ellipse to the extracted whole gastruloid mask (skimage.
measure.regionprops function) and taking the ratio of the major-to-
minor axis length, therefore increasing with gastruloid AP axis elon-
gation (fig. S1E). The circularity of a gastruloid was calculated from 
the extracted perimeter P and 2D projected area A

and is thus defined as a measure between 1 (perfect circle) and 0, 
which decreases as gastruloids lose their spherical morphology 
(fig. S1E). For time points where the gastruloid morphology was ap-
proximately spherical, the gastruloid volumes V were reconstructed 
using the area measurement A (fig. S1F)

The measured gastruloid volumes (fig. S1F) strongly corrobo-
rate previous observations showing that the number of cells scales 
with the seeding number (11), and this validates our image analy-
sis method.
Optimal partitioning
To determine time points of morphological transition within time 
series data, optimal partitioning was used to classify the data into 
two statistically distinct segments s1 and s2 by minimizing the cost 
function C

where σ2
1
 and σ2

2
 are the intersegment variances of s1 and s2 , respec-

tively, if the data are partitioned at time point tboundary . Sweeping 
through all feasible tboundary values lets us identify the time point that 
minimizes C

which defines the point in time where the morphological measure-
ments transition from one relatively homogeneous regime to another 
and therefore effectively capturing a change in the underlying dynamic 

morphogenetic processes (e.g., symmetry breaking or morpho-
logical elongation).

To validate the robustness of these transition time points, we also 
applied a half-max threshold method with spline fitting and found 
that it yielded comparable results (fig. S2, D and E). Whereas the 
half-max threshold method consistently showed slightly delayed tran-
sitions, all approaches captured the same size-dependent trends.
Mesp2 pole quantification
The quantification of anterior pole dynamics was performed on 
fluorescence 1-hour interval live movies of Mesp2 gastruloids. First, 
each fluorescence image was filtered using a median rank filter with 
kernel size k = 7 to reduce salt and pepper noise. The filtered fluo-
rescence image was then masked using the gastruloid contour ex-
tracted from the bright-field image, and a binary mask was computed 
using a threshold optimized across all size conditions and time 
points and to reduce autofluorescence detection. Because the Mesp2 
fluorescence signal is often nonuniform within a single anterior 
pole, especially for time points > 120 hours, an additional smooth-
ening of the fluorescence image was performed using a Gaussian 
filter (σ = 20) to avoid counting multiple poles resulting from this 
artifact. The smoothed image was subsequently masked with the bi-
narized fluorescence image, and the peak local maxima were deter-
mined. Each maximum defines an anterior Mesp2 pole. For every 
gastruloid, it was thus possible to extract a count of anterior Mesp2 
poles at each imaged time point.
Distance between Mesp2 poles
Mesp2 pole distances were obtained by calculating the Euclidian 
distance D between the point coordinates (x,y) of any two peak local 
maxima detected in the fluorescence image

Confocal image analysis
For each confocal imaging stack, i.e., a single gastruloid, 2D maxi-
mum projections were computed of all channels and used to extract 
morphological parameters and 1D gene expression profiles largely 
following the analysis outlined in (11) (https://github.com/gregor-
lab/SizeProject2024).
Morphological analysis
In brief, the DAPI channel was used to mask and determine the gas-
truloid contour and, to define the major body axis, by computing 
the medial axis and extrapolating at each end to a point on the gas-
truloid contour. The intersection between the medial axis ends and 
the gastruloid contour define the anterior and posterior poles of a 
gastruloid and the total length of the extrapolated medial axis de-
fines gastruloid length L. Reconstruction of gastruloid volumes was 
achieved by calculating nb = 200 nonoverlapping segments of the 
extrapolated medial axis, equidistantly spaced along each side of the 
gastruloid contour. Assuming radial symmetry of a gastruloid along 
its major body axis, the volume of each segment can be approxi-
mated and the sum across all segments defines gastruloid volume V.
1D gene expression profile analysis
Only gastruloids for which an unbranched medial axis could be de-
fined were considered for gene expression profile analysis. Morpho-
logical segmentation along the medial axis into nb bins was used to 
compute an average maximum projection fluorescence intensity I 
over each bin, for every channel. To facilitate profile comparison 
across different experimental batches and conditions, each gastru-
loid intensity profile was normalized by their condition mean

C = 4 ∗ π ∗ A∕P2 (1)

V = 4∕3 ∗ A
3

2 ∕
√

π (2)

C
(

tboundary
)

= σ2
1
+ σ2

2 (3)

ttransition = arg min
tboundary

C
(

tboundary
)

(4)

D =

√

(

x2−x1
)2

+
(

y2−y1
)2 (5)
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Normalized intensity profiles were plotted as a function of the 
position along the gastruloid’s major body axis with length L for 
0.1 ≤ L ≤ 0.9 or of the fractional position x/L for 0.1 ≤ x/L ≤ 0.9. 
Gene expression profile boundary positions xb/L are defined 
as the fractional positions along the gastruloid midline where 
the half-maximal expression level within the boundary regions 
is reached.

Bulk RNA barcoding and sequencing
Gastruloids seeded from different cell numbers (50, 100, 300, 600, 
1200, and 1800 cells with the regular Chiron treatment and 300 
cells without the addition of Chiron) were grown until 120 hours as 
described above. For each replicate (three in total), 60 gastruloids 
from each condition were collected in a 1.7-ml Eppendorf tube and 
washed once with PBS, pelleted, and kept at −80°C until all sam-
ples were collected. Each sample were then thawed and extracted 
using the RNeasy mini kit (Qiagen) according to the manufac-
turer’s recommendation with on-column DNase digestion. RNAs 
were quantified using Qubit Fluorometric Quantification, and 
RNA quality was assessed using a TapeStation TS4200. All samples 
had an RNA integrity number (RIN) above 9. Libraries were per-
formed using Alithea Genomics Mercurius protocol v.0.2.2 and 
sequenced on Novaseq 6000 in a paired-end run with 28, 8i, and 
90 configuration.

Bulk RNA-seq analysis
Reads were assigned to genes and to samples using STAR Solo (59) 
version 2.7.10b (--soloStrand Forward --soloType CB_UMI_Simple 
--soloCellFilter None --soloFeatures Gene). The GTF file used for 
gene annotation is available in Zenodo (60).

All counts were aggregated into a single matrix, and a second 
matrix was generated where the counts were normalized to the 
million reads. The normalized counts were used to compute PCA 
and clustering. Only the 1000 genes with the highest variance were 
kept. Only protein-coding genes were considered for the differen-
tial gene expression analysis computed with DESeq2 (61) using the 
Wald test. A gene was considered differentially expressed if the ad-
justed P value was below 0.05 and the fold change was above 1.5 (or 
below 0.67).

The Euler diagrams were generated with the eulerr R package 
(62). The modules were identified using genes differentially ex-
pressed between the control condition and 50 cells or between the 
control condition and 1800 cells. The normalized expression of each 
of these genes across all samples with Chiron was scaled to achieve 
an SD of 1 and a mean of 0 in the samples with 300 cells.

The genes in this scaled matrix were clustered using Pearson’s 
correlation between genes and the ward.D2 algorithm. Six groups 
were obtained by cutting the clustering tree. Gene Ontology analysis 
was performed using the genes of each module with the goseq R 
package (63).

Single-cell RNA sequencing
scRNA-seq was performed as previously described (13). Briefly, gas-
truloids seeded from different cell numbers (100, 300, 600, 1800, 
and 5400 cells) were grown until 120 and 144 hours across two 

independent replicates. For each condition, the number of gastru-
loids used was chosen to ensure that a minimum of 200,000 cells 
were obtained for each sample and a minimum of 24 gastruloids 
were collected for each sample to limit the impact of gastruloid-
to-gastruloid variation. Gastruloids were collected and washed in 
1 ml of PBS in a 1.7-ml Eppendorf tube and dissociated using 100 μl 
of Accutase (StemPro) for 5 min at 37°C. Full dissociation was 
verified to ensure the absence of doublets, and if necessary, it was 
completed using mechanical dissociation by pipetting. All centrif-
ugation was done at 400g for 5 min. Conditions were multiplex 
using the CellPlex procedure according to the manufacturer’s rec-
ommendations. Cells were incubated in 50 μl of cell multiplexing 
oligos (3′ CellPlex Kit Set A, PN-1000261) for 5 min at RT. They 
were then thoroughly washed three times with 1 ml of PBS with 1% 
bovine serum albumin, ensuring that, as much as possible, the 
supernatant is removed each time to prevent sample-to-sample 
contamination. Each sample was then counted, and viability was 
assessed using a Countess 3 automated cell counter (Invitrogen); 
viability was above 90% in all cases. Samples were then pooled in 
a desired proportion to ensure proper representation of each ex-
perimental condition, and the pooled cell suspension was filtered 
using a 40-μm cell strainer (Flowmi, BAH136800040). The final 
count was performed, and 24,000 cells were targeted for recovery 
using the 10x Genomics approach following their recommenda-
tions because multiplexing allows for the resolution of more dou-
blet cells, yielding, on average, 15,000 singlet cells that can be used 
for analysis. cDNA preparations were performed according to 10x 
Genomics recommendations and were amplified for 10 to 12 cycles 
and cDNA libraries were assessed on fragment analyzer. Both cell 
multiplexing oligo and gene expression libraries were generated 
according to 10x Genomics recommendations and were sequenced 
on a Novaseq (Illumina protocol no. 1000000106351 v03) with the 
cbot2 chemistry.

scRNA-seq analysis
Single-cell analysis was performed as previously described (13). Fastq 
files containing the sample information (cell multiplexing oligo) 
were processed with CITE-seq-Count version 1.4.4 (64) using the 
following arguments:

--cell_barcode_first_base 1
--cell_barcode_last_base 16
--umi_first_base 17 --umi_last_base 28
--expected_cells 24000 --whitelist
‘cellranger_barcodes_3M-february-2018.txt’
The barcodes were then translated (eighth and ninth base were 

changed to their complementary bases) to match the barcode cells 
of the Gene Expression part. The reads containing the expression 
part were processed with STARSolo version 2.7.10b (59) using the 
following:

--sjdbOverhang 100
--sjdbGTFfile ‘input.gtf ’
--soloType CB_UMI_Simple --soloCBwhitelist
‘cellranger_barcodes_3M-february-2018.txt’
--soloUMIlen 12 --soloUMIdedup 1MM_CR
--soloUMIfiltering -
--soloCellFilter None
--outSAMmapqUnique 60
The same GTF file (60) used for bulk RNA barcoding and se-

quencing (BRB-seq) was applied. Barcodes associated with empty 

Inorm(x) =
Iraw(x) − Imin

Imax − Imin
(6)
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droplets were filtered with DropletUtils (65) using the EmptyDrops 
method with a lower-bound threshold of 100 and a false discovery 
rate (FDR) threshold of 0.01.

Matrices were then processed with Seurat (66) version 4.3.0 in 
R version 4.3.0, following the methods described in (13). Barcodes 
with fewer than 200 identified genes and genes detected in fewer 
than three cells were filtered out. For Cell Multiplexing Oligos 
(CMO) libraries, demultiplexing was performed in R using counts 
from CITE-seq-Counts. Cell barcodes with fewer than five CMO 
unique molecular identifiers (UMIs) or absent in the Seurat object 
were discarded.

Sample attribution was performed using demuxmix (67) with 
the total number of UMIs per cell. Cells classified as nonsinglets 
(negative, unsure, or doublets) were excluded. Low-quality cells and 
potential doublets were removed on the basis of the mean UMI con-
tent and mitochondrial percentage. Barcodes with fewer than 0.4 
times or more than 2.5 times the mean UMI, and those outside of 
0.05 to 8% mitochondrial UMIs, were excluded.

The matrices were normalized, and the cell cycle score (using the 
2019 updated gene list from Seurat) was computed. Samples were 
merged using the merge command in Seurat. The combined object 
was normalized, 2000 variable features were identified, and the data 
were scaled and regressed by cell cycle score and mitochondrial per-
centage. Principal components were computed using variable genes 
within the 5th and 80th percentiles of expression to limit batch ef-
fects. Uniform Manifold Approximation and Projection (UMAP) 
and k-nearest neighbors were computed with 25 principal compo-
nents, and the clustering resolution (0.6) was optimized to avoid 
duplicate or missing clusters.

Cluster annotation was performed manually using marker genes. 
Genes from the module analysis of the BRB-seq experiment were 
scaled across the dataset and split to display each seeding number 
in Fig. 4E. The list of genes within each module was scored using the 
addModuleScore command in Seurat, and a custom featurePlot vi-
sualization was used as described in (13).

Reverse transcription quantitative polymerase 
chain reaction
Two biological replicates of gastruloids seeded from different cell 
numbers (50, 300, 1200, and 1800 cells) were grown until 72 hours 
as described above. For each technical replicate (three in total), 300, 
60, 30, and 30 gastruloids from each condition, respectively, were 
collected in a 1.5-ml Eppendorf tube, washed once with PBS, pel-
leted, and kept at −80°C until all samples were collected. Each sam-
ple was then thawed and extracted using the RNeasy mini kit 
(Qiagen) according to the manufacturer’s recommendation with 
on-column DNase digestion. RNA content was quantified, and RNA 
purity was assessed (R260/280 and R230/260) using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific). For each sam-
ple, 1 μg of RNA was used for first-strand cDNA synthesis using the 
SuperScript VILO kit (Invitrogen, 11754050), following the manu-
facturer’s instructions. To measure mRNA expression in real time, 
the ViiA7 Real-Time PCR system (Applied Biosystems) was used 
with 0.1 ml of MicroAmp Fast 96-Well Reaction Plates (Applied 
Biosystems, 4346907) and the PowerTrack SYBR Green Master Mix 
for qPCR (Applied Biosystems, A46109). qPCR primers are listed in 
table S5. The ΔΔCt method was used for relative expression analysis 
(68) and can be recapitulated from the files provided in the Zenodo 
dataset repository (69).

Use of artificial intelligence
We used ChatGPT models 3.5 and 4o for language editing, specifi-
cally to improve grammar, sentence structure, and clarity. The models 
were used only to refine human-written text, and no scientific content 
was generated or interpreted by the models. The following prompts 
were used:

1) “Please recommend textual improvements for the following 
paragraph intended for a general audience scientific publication.”

2) “Please check grammar and sentence structure in the follow-
ing sentence (or paragraph) and recommend improvements.”

3) “Please check the following text for redundancies and make 
suggestions for improvements.”

All artificial intelligence–generated suggestions were systemati-
cally verified and revised by the authors.

Supplementary Materials
The PDF file includes:
Figs. S1 to S9
Tables S1 to S7
Legends for movies S1 to S4

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S4
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