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During multi-cellular development, highly reproducible gene expression patterns determine cellu-
lar fates precisely in time and space. These processes are crucial during the earliest stages when the
body plan and the future asymmetric body axes emerge at gastrulation. In some species, such as
flies and worms, these early processes achieve near-single-cell spatial precision, even for macroscopic
patterns. However, we know little about such accuracy in mammalian development, where quantita-
tive approaches are limited. Using an in vitro model for mammalian development, i.e., gastruloids,
we demonstrate that gene expression patterns are reproducible to within 20% in protein concentra-
tion variability, which translates to a positional error close to a single cell diameter at the tissue
scale. In addition, 2-3 fold system size changes lead to scaled gene expression patterns again on
the order of an individual cell diameter. Our results reveal developmental precision, reproducibility,
and size scaling for mammalian systems. All three properties spontaneously arise in self-organizing
cell aggregates and could thus be fundamental features of multicellularity.

Identical body plans across individuals of multi-cellular
organisms result from precise and reproducible gene ex-
pression patterning that is molecularly controlled by in-
trinsically noisy processes [IH3]. High reproducibility and
precision have been demonstrated in animal models rang-
ing from worms to vertebrates [3HS]. In the early fly
embryo, the precision of the macroscopic features of the
body plan could be traced back to the reproducibility
of maternal signaling gradients [9, [10], and this repro-
ducibility translates to a spatial accuracy that is propor-
tional to system size and sufficient to distinguish individ-
ual cells from their neighbors [I1]. For decades develop-
ment was viewed as a succession of error-reducing steps
coping with molecular noise |2, 12]. These steps have
been optimized over evolutionary time scales within the
specific boundaries of each organism [I3]. Here we test
these ideas in the context of mammalian development.

Developmental reproducibility and precision have
rarely been assessed in mammals where quantitative ap-
proaches are limited. Recent progress with in wvitro
models offers new opportunities to overcome these dif-
ficulties [14], 15]. Gastruloids are small aggregates de-
rived from mouse embryonic stem cells (mESCs), forming
three-dimensional pseudo-embryos that mimic key events
of mammalian gastrulation through self-organized pat-
terning (Fig. S1A). In particular, they break symmetry
and elongate along an axis that resembles the most pos-
terior part of the mouse embryo’s anterior-posterior (AP)
axis [I6]. They can be efficiently grown in large quanti-
ties, opening new avenues for quantitative approaches.
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Yet, the reproducibility of these systems has been ques-
tioned [17].

Here we ask how precisely a self-organizing multi-
cellular system is regulated. We show that gastruloids
can indeed be grown in a highly reproducible manner
and lend themselves as a quantitative model for mam-
malian development. We demonstrate the intrinsic re-
producibility of the self-organization process, both for
growth dynamics and gene expression patterns. Expres-
sion levels are tightly controlled along the AP axis, and
pattern boundaries are positioned with single-cell preci-
sion. Gastruloid growth scales with the initial number
of seed cells, and AP gene expression patterns scale pre-
cisely with the length of the gastruloids’ midline.

RESULTS

Reproducible gastruloid growth and size scaling.
The general problem of mammalian systems for quanti-
tative analysis stems in part from the difficulty of repeat-
ing experiments under the exact same conditions. This is
usually exacerbated by relatively slow and therefore long
processes and the often inaccessible nature of the speci-
men, e.g. for in vivo studies. In principle, the gastruloid
model can overcome this hurdle as it can quickly be pro-
duced to run hundreds of identical in wvitro experiments
in parallel. However, before we can address the intrinsic
precision and reproducibility of these self-organized sys-
tems, we need to assess how strictly experimental con-
ditions can be controlled to achieve the highest possi-
ble degree of experimental reproducibility in gastruloids.
Therefore, we start by examining general physical prop-
erties, such as reproducibility of growth and dependence
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FIG. 1. Reproducible gastruloid growth, scaled to system size. A: Gastruloid midline length variation as a function of time.
Curves shown for 57 gastruloids followed individually over time (blue) and mean (black). Percent variation around the mean is
reported for each time point. Spread of initial number of seeded mESCs is Ny = 305 + 28 cells (Fig. S1A). (For an equivalent
relationship for volume see Fig. S2A.) Inset shows a bright-field image of a gastruloid at 120 h, overlaid with its midline ranging
from anterior (A) to posterior (P) pole (red, top) and sliced evenly for volume reconstruction (yellow, bottom); scalebar is
100 pm; also see Fig. S1B-D. B: Gastruloid volume and total cell count (inset and Fig. S1E) as a function of time. Volumes are
normalized by the average number of initial seed cells N at time zero (color code). Each line represents the mean of on average
15 gastruloids with the same Ny. Percentages correspond to residual variations within which normalized volumes collapse for
15 different values of No. Similar collapse for normalized gastruloid cell counts for four values of N (inset). C: Scatter plot of
total cell count versus the measured volume for 492 individual gastruloids at different time points (color code) and with varying
Ny (symbol); Pearson correlation coefficient is » = 0.99. Inset shows correlation (r = 0.78) of variability for N and V for sets
of gastruloids with identical age and Ny. This is evidence that the independent methods for measuring N and V' are accurate
estimates of gastruloid growth. D: Cell count ratio N(t)/Nsoo(t) as a function of initial seed cell count ratio No/300. In both
the cell count of gastruloids seeded from No = 300 is chosen as a reference. Time is encoded by color (see legend). Black
diagonal (slope = 1) represents perfect scaling of gastruloid size at time ¢ upon changes in Ny ranging over 50 < Ny < 1100.
Dashed line estimates expected deviations from perfect scaling at 120h due to fluctuations in Ny /300 and the doubling time
tp given a simple exponential growth model (Fig. S2F). Inset shows the same relationship centered around No = 300 where
we observe close to perfect scaling at all time points.

on initial conditions. We measure growth by monitoring
for five days the length of the midline, the total volume,
and the total cell count of individual gastruloids (Fig. S1,
Methods).

The growth curves of individual gastruloids collapse
onto a tight relationship, both in terms of length and
volume measurements, indicating high reproducibility of
the growth dynamics at all time points (Fig. 1A and

S2A). The residual spread in these curves can be par-
tially traced back to the variability of the initial number
of seeded cells Ny and the fluctuations in effective dou-
bling time, which we measure to be on average 25+ 1.5h
for No = 300 (Fig. S2B). Gastruloid volumes correlate
with Ny at all time points (Fig. S2C), and when we
scan a large range of average N (up to 20-fold changes)
the correlations increase significantly (Fig. S2D). Growth



n=44 20.1% n=44 28.0%

n=48 22.1%

01 03 05 07 0901 03 05 07
x/L x/L

0901 03 05 07

x/L x/L

FIG. 2. Reproducibility of gene expression patterns in gastruloids. A: Maximum projections of four confocal image stacks of
120h old gastruloids stained by immunofluorescence for SOX2, CDX2, BRA, FOXC1. AP-axis is in a left-right orientation.
Scalebar is 100 um. B: n individual gene expression profiles (light color) for the four markers in A and the corresponding
average profile (dark bold) projected on the midline and reported relative to gastruloid length L. C: Variability (o7/1) of
the respective gene expression patterns from B. Error bars are obtained by bootstrapping. Dashed lines represent the average
variability in the region where genes are most highly expressed (values in B).

curves of gastruloid volumes normalized by N all col-
lapse (Fig. 1B), demonstrating that growth is repro-
ducible across all measured time points and can be traced
back to the initial number of seeded mESCs.

A similar relationship is seen for the growth curves
of gastruloid’s total number of cells, N (obtained from
chemically dissociated gastruloids, Fig. S1E). We see
again for different initial Ny that all curves collapse
(Fig. 1B, inset) and that the effective doubling time is
conserved (Fig. S2E). The residual spread in the collaps-
ing growth curves can be related to other factors, i.e.
the variability between experiments (Fig. S2F). Overall,
these collapses seem to indicate that size control is an
emergent property, and a refinement to achieve a target
size with error reduction seems unnecessary.

The observed collapse of the growth curves indicates
that gastruloid size scales with the initial seed number.
Contrary to mouse embryos [I8H20], there seems to be no
control over the absolute size of the system. To verify this
assertion more directly, we determine how well gastruloid
volume is a predictor of the total cell count. Measure-
ments of cell count and volume on the same gastruloid
demonstrate a tight linear relationship across multiple
time points and for various N (Fig. 1C). This strong cor-
relation suggests that the underlying dispersion in single
cell size is highly conserved across gastruloids and across
external conditions (Fig. S7G). Using this relationship,
we demonstrate quasi-perfect cell count scaling with N
for all but the earliest stages (pre-Chi pulse) of gastru-
loid growth (Fig. 1D). Together, these results demon-
strate that growth proceeds with high fidelity. Under

well-controlled experimental conditions, gastruloids self-
organize with very close control over variability in growth
rate (Fig. S2E) and other noisy processes of size control.

Reproducible gene expression patterning. Coor-
dinated gastruloid growth and especially axis elonga-
tion are coupled to gene expression patterns along the
body axes. Thus we ask next how the physical prop-
erties of reproducibility and scaling are reflected in the
anterior-posterior patterning of gene expression. To this
end, we measure gene expression profiles five days after
seeding when the pseudo-AP-axis is morphologically well
established. We performed immunofluorescence stain-
ing of four germ-layer markers (SOX2, CDX2, BRA,
and FOXC1) that are part of the patterning process
(Fig. 2A). From 2D maximum projections of a confocal
image stack, we extracted 1D intensity profiles projected
isometrically on each gastruloid’s midline (Fig. 2B, S3B,
Methods).

Perhaps unexpectedly for mammalian systems, for all
four genes, individual profiles are very similar, clustering
around the average profile tightly. The overall variabil-
ity is small (Fig. 2C): it peaks in regions where gene
expression levels change significantly over short distance
intervals, such as pattern boundaries. Such a region is
observed, e.g., at 0.5 x/L in the BRA profile, showing
that even the maximally observed variation in those re-
gions rarely surpasses 40%. The variability in these gene
expression profiles from one gastruloid to the next fol-
lows a trend similar to what was observed in other or-
ganisms [9, 21H23]. Pioneering experiments in engineered
systems have shown that even when expression inducer
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FIG. 3. Single-cell pattern boundary precision in gastruloids.
A: Close-up of Fig. 2B for four SOX2 expression profiles as
a function of position along the midline (green), with pattern
boundary positions of four individual profiles marked at the
half-maximal expression value (EC50, blue crosses). Mean
profile of gastruloid midlines in dark green (n=44). B: Dis-
tribution of SOX2 pattern boundary positions from Fig. 2B.
The mean defines the pattern boundary position = ; the stan-
dard deviation of the distribution (blue bar in A) of 2.4% de-
fines the positional error for pattern boundary establishment.
C: Positional error directly calculated from the standard de-
viation of intensity values across the individual expression
profiles in A, o7(xz/L). For each position z/L, this expres-
sion error is propagated into an error in position, o,/ (see
Methods). Color code as in Fig. 2; gray areas correspond to
one and two effective cell diameters d., respectively, including
measurement errors (Fig. S6 and S7).

concentrations are high, resulting levels of gene expres-
sion fluctuate [2T], 22]. Here we see something similar
in the regions where genes are expressed at their maxi-
mal levels of expression (Fig. S5B), where the variability
hovers around 20% (dashed lines in Fig. 2C). A similar
variability near maximum expression is also seen in other
organisms [9] 23].

Note that much of the noise we observe could in prin-
ciple result from measurement errors. In separate exper-
iments (see Methods and Fig. S3, S4, S6, S8) we esti-
mate the component of measurement noise which arises
in the experimental process. Some sources of experimen-
tal noise are inherent to immunofluorescence staining and
imaging [10], and others are due to the arbitrary choices
made during the image analysis routines, such as axis
definition and projection method to measure the gene ex-
pression patterns (Fig. S3). Overall, we estimated that
all sources of measurement error combined correspond to
less than 10% of the total variance (Fig. S4, Methods).
The measured variability thus represents an upper bound
for the biological variability of the system and the true
value is even lower.

Single-cell precision of pattern boundaries. Dur-
ing development, cells implement different actions along

the body axis according to patterning signals executed
by, e.g., the four genes we analyzed above [24] 25]. Sys-
tem intrinsic variability from one gastruloid to the next
(Fig. 2B) limits the positional precision with which such
actions can be implemented. In the case of the four an-
alyzed genes, we estimate the positional precision by de-
termining the positions /L at which the half-maximal
expression level in the boundary regions for each pattern
is reached (Fig. 3A and S5A). In the case of SOX2, we
obtain a narrow distribution of these positions (Fig. 3B)
with a standard deviation of 2.4%, and similar values for
the other genes (Fig. S5C).

Instead of examining a singular boundary point, a
more general way to estimate the positional error is to
consider the full extent of the pattern and to propagate
the fluctuations in expression levels (Fig. 2C) into an
error in position (Fig. 3C, Methods) [26]. The gener-
alization shows that a precision of 2-3% is obtained in
domains that span between 5 to 10% of the gastruloid
length. These domains correspond to the respective in-
termediate levels of expression for each gene (Fig. S5D).
Moreover, the values obtained with both methods match
at the mean pattern boundary positions (Fig. S5E).
These results indicate that in principle, cells could use
these genes’ expression levels to determine their position
along the pattern boundary precisely.

To understand how 2-3% spatial precision along the
midline translates into a relevant length for the system
in absolute units, we measured the average size of an in-
dividual cell within gastruloids. To this end, we return
to our simultaneous measurement of cell count N and
volume V for several hundred gastruloids (Fig. 1C). The
strong linear dependence N=s*V has a slope s, which is
the inverse of the mean cell volume. We can thus extract
the effective diameter of cells in developing gastruloids.
This measurement is recapitulated within error bars by
an alternative method that is based on a high-resolution
3D reconstruction of individual gastruloids with fluores-
cently labeled cell membranes. The consensus effective
cell diameter at 120h is d. = 13.5 £ 0.8 um and rep-
resents the relevant linear size of the system (Fig. S7).
With this system-intrinsic length scale measurement, we
determine that the achieved patterning precision corre-
sponds to 1-2 cell diameters along the midline of the
gastruloid (Fig. 3C). This result shows that mammalian
gastruloids exhibit a patterning precision comparable to
patterning systems in fly embryos [9] and worms [27].

These levels of reproducibility and precision are con-
served for gastruloids grown in parallel from the same
identical population of cells. Minimizing sources of vari-
ability of the whole chain of experimental protocols, from
gastruloid seeding to imaging, we obtained profiles of
very similar average absolute concentration levels, vari-
ability, and positional error in several experiments and
for several genes (Fig. S8). Note that we are reporting
the total variance, which includes measurement errors.
Thus, the actual values for the reproducibility and pre-
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FIG. 4. Scaling of AP gene expression patterns in gastruloids. A: Confocal images of gastruloids immunofluorescently stained
for four different genes each representing a different initial seed number N (in white, also Fig. S9). AP-axis from bottom to
top. Scalebars are 100 ym. B: Normalized mean expression profiles for sets of gastruloids with the same N (color code) as a
function of the relative position x/L along the average midline of the respective set (n=15-50 gastruloids per Nyo). AP-axis is
in a left-right orientation. Inset shows normalized mean expression profiles as in B as a function of average position in absolute

units of the respective set.

cision of the system are even higher than what we re-
port here. These results provide an absolute scale for the
reproducibility of the self-organized patterning process;
cells at each point along the pattern produce the same
amount of gene product in absolute units. These units
translate along the pattern axis into a spatial precision of
the linear dimension of a single cell, arguably the physical
limit that a biological system can achieve.

Gene expression pattern scaling with size. While
gastruloid lengths vary by 7-11% five days after seed-
ing (Fig. 1A and S1F), the relative positional error is
less than 3%, indicating that the mechanisms underly-
ing pattern formation in gastruloid are able to measure
the system size and correct for it [28]. To assess this
conjecture directly, we generate gastruloids of different
sizes by varying the initial number of seeded cells in the
range with the most robust elongation results achieving
a 2.3-fold change in gastruloid lengths (Fig. 4A and S9).

For each of the four genes examined above, we gener-
ate sets of immunofluorescently labeled gastruloids with

different Ng. When plotting the average profiles for each
set of N and each gene as a function of absolute length,
they are spread out along the x-axis (Fig. 4B, inset).
However, when rescaled by the mean gastruloid length
of a given set, the average profiles of all sizes collapse
(Fig. 4B). The remaining positional error of the rescaled
profiles is within 1-2 cells (Fig. S9C), similar to the in-
trinsic precision of the pattern boundaries. These re-
sults demonstrate that the expression patterns of the four
genes have information locally on the global length of the
system. At each position along the gastruloid’s midline,
a cell produces and maintains an exact absolute amount
of protein with an accuracy of a few tens of percent of its
mean value.

DISCUSSION

Our results argue for an intrinsic potential for repro-
ducible, precise, and scalable self-organization in gastru-
loids. Hence these properties can be achieved in mam-



malian systems and are not specific to fly or worm de-
velopment. In addition, it suggests that reproducibility
and scaling, identified both in developing embryos and in
these synthetic structures, can be context-independent
properties. Our findings point to underlying principles
that govern the self-organization processes in multicellu-
lar systems, reaching across half a billion years of evo-
lutionary change. The fact that synthetic systems have
similar intrinsic reproducibility and precision to in vivo
systems expands the possibilities for advanced engineer-
ing applications in the field of organoids and more gen-
erally cell aggregates.

The perhaps surprising properties uncovered here
about mammalian cell aggregates cannot apply to all fea-
tures of these systems. For example, gastruloid shape is
clearly not reproducible (see e.g., Fig. 2A and 4A). In
fact, gastruloid length, which is a feature of shape, varies
more at 120h than a pattern boundary position. It sug-
gests that only truly self-organized processes, such as the
emergence of a gene expression pattern in these aggre-
gates, are precisely regulated, while the shape is largely
influenced by external and environmental conditions and
thus not subject to stringent control [29].

In mammals, these findings can currently not be ob-

tained in vivo; only in wvitro systems provide the neces-
sary experimental accessibility and workability. Not only
does the use of an in vitro system allow for the necessary
experimental accessibility, but it also enables easy con-
trol of parameters such as the system size and allows for
perturbing the system continuously and outside its nat-
ural limits. Our approach and findings suggest that the
gastruloid model, and maybe more generally also other
stem-cell-derived aggregates, have the potential to serve
as a powerful tool to study mammalian development and
other processes, quantitatively.
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Disclaimer: A full detailed account of the methods will be added in a subsequent version.
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Appendix B: Supplemental Figures
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FIG. S1. Experimental detail, protocols, and analysis. A: Gastruloid protocol as described before with a Chi pulse on day
three [30]. Initial seeding either done by manual multi-pipetting or using Fluorescence-activated Cell Sorting (FACS) [31],
implying a different variability in the initial number of seeded cells No; 10% vs. 2%, respectively. Blue arrows indicate addition
of Chiron and change of medium. B: Discarding all gastruloids grown in outer wells for increasing reproducibility. Empirical
observation determined largely from different behaviors for gastruloids grown in inner versus outer wells [32]. C: Image analysis
steps include the definition of a smooth contour (I), drawing the midline (II), and slicing along this midline using an equidistant
positioning of two sets of equal-number points on each side of the contour (III). For III, the points in left half (light blue) and
in right half (dark blue) are equidistant along the contour, respectively. Gastruloid volume is reconstructed by assuming each
slice is rotationally symmetric (i.e., a truncated cone). Scalebar is 100 um. D: Gastruloids imaged with bright-field microscopy.
Gastruloid elongation efficiency is 97% for multi-pipetting and 99% for FACS seeding. The remaining gastruloids have multiple
poles (e.g., red framed image). Scalebar is 100 um. E: Schematic of the protocol to measure the volume and cell count of
individual gastruloids. Bright-field images of gastruloids are acquired before chemical dissociation, left; fluorescent images of
all individual cells composing the gastruloid are acquired after dissociation using confocal microscopy (see Methods).
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FIG. S2. Growth reproducibility and scaling. A: Gastruloid volume as a function of time. Volumes are obtained from 2D
reconstruction in Fig. S1C. Curves shown for 23 gastruloids (subset of Fig. 1A) followed over time individually (blue) and mean
(black). Percent variation around the mean is reported for each time point. B: Exponential growth of the total number of
cells in individual gastruloids (same as in A). The total cell count N shown in log scale as a function of time ¢ is obtained
from the proportionality between V and N (Fig. 1C and S7). Exponential growth (framed formula) is assumed for each
individual growth curve (in grey) to extract the effective doubling time ¢p for each gastruloid (via linear fitting). Red line
corresponds to exponential growth with mean effective doubling time tp = 25 £+ 1.5h. Red shaded area was computed from
error propagation. C: Gastruloid volumes correlate with Np at all time points. Scatter plot of individual gastruloid volumes
from A at different time points versus Ny, measured just after seeding, overlaid by a linear regression fit. The correlation
coefficient for each fit is reported on the right y-axis. D: Scatter plot of mean gastruloid volume at different time points
versus No, measured just after seeding, overlaid by a linear regression fit. These are the same gastruloids shown in Fig. 2B.
Right y-axis shows the correlation between volume and Ny for different time points (color). When scanning a large range
of average No (50 < Ny < 1100), the correlations increase significantly. E: Effective doubling time tp as a function of N.
The effective doubling time is obtained by fitting growth curves of the number of cells by an exponential growth model (see
Methods). For round markers, ¢p is extracted from cell counts measured directly by chemical dissociation. For triangle
markers, cell counts are obtained from volume measurements using the relationship in Fig. 1C. Red markers correspond to
the individual gastruloids in Fig. 1A; purple markers correspond to averaged data in Fig. 1B; blue markers to the inset in
Fig. 1B. Average effective doubling time for gastruloids seeded with 150 < Ny < 1100 is p = 28 + 3h (mean as blue dashed
line; light blue area standard deviation). F: Evolution of mean midline length per experiment over three years (2020-2023)
for gastruloids with Ny = 300 at 120h. Upward triangles are experiments seeded by multi-pipetting; downward triangles
are experiments seeded using FACS. Each experiment had between 30—40 samples. Error bars are standard deviations across
individual samples. The blue line represents the overall average across all experiments with blue shaded area as the standard
deviation: L = 590+ 102 um (17%, n = 30). Inset shows the corresponding evolution of the variability of the mean gastruloid
midline length per experiment. Intra-experiment variability in length is on average (or/L) = 9.4 +2.7% (n = 30). Over three
years, both the gastruloid midline length and its variability are highly consistent.
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FIG. S3. Immunofluorescence image analysis. [Caption see next page.]
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FIG. S3. Immunofluorescence image analysis. A: Fixed gastruloids are imaged by confocal microscopy in z-stacks of 150
pm (30 slices, dz = 5um). B: Analysis pipeline of Fig. S1C is applied to the DAPI channel for each gastruloid to extract
midline, contour, and equidistant slices. Fluorescence intensities of the other channels are max projected (here illustrated with
SOX2 (green) and CDX2 (red)) and intensities of individual slices are integrated to obtain a single value per slice and to
construct one-dimensional expression profiles as a function of slice position along the midline. Scalebar is 100 um. C: One-
dimensional profiles of SOX2 (green) and CDX2 (red) along the midline obtained for the gastruloid in B. D: Visual comparison
of maximum (top) versus mean (bottom) projection of a gastruloid stained for SOX2 (green) and CDX2 (red). Scalebar is
100 pm. E: Quantitative comparison of maximum (top) versus mean (bottom) projection of intensities for the four examined
genes in individual gastruloids from Fig. 2 (n={44, 44, 48, 46} respectively for SOX2, CDX2, BRA and FOXC1). Color code
corresponds to the position of each slice along the midline (yellow towards the anterior pole, gray-blue towards the posterior
pole). F: Mean profiles of expression of the four genes as a function of relative position /L using either maximum (black) or
mean (gray) projection. G: Variability as a function of the relative position /L along the midline of each set of gastruloids
for the four genes. Gray and black lines correspond to the variability computed respectively from either mean or maximum
projections. Measured variability is lower when using maximum projection. H: Visual comparison of gastruloid slicing methods,
straight lines (top, yellow) versus curved lines (bottom, pink); immunostained gastruloid stained for SOX2 (green) and CDX
(red). Straight lines are line segments calculated between the equidistant points along both sides of the contour as in Fig. S1C.
Curved lines are obtained using both equidistant points along the contour and along the midline. From this combination of
points, a parabolic equation is calculated using a polynomial equation of degree 2. This procedure is meant to recapitulate
the overall curvature of the gastruloid. I: Quantitative comparison of maximum (top) versus mean (bottom) projection of
intensities for the four examined genes in individual gastruloids from Fig. 2 (n={44, 44, 48, 46} for SOX2, CDX2, BRA and
FOXCI1, respectively). Color code corresponds to the position of each slice along the midline (yellow towards the anterior pole,
gray-blue towards the posterior pole). J :Comparison of mean profiles of the four stained sets of gastruloids from Fig. 2 as
a function of relative position x/L using either straight (yellow) or curved (pink) line slicing. J: Variability as a function of
the relative position x/L along the midline of each set of gastruloids for the four genes. Yellow and purple lines correspond
to straight and curved line slicing, respectively. Using the curved lines method diminishes border effects on profiles of the
four genes (mean and variability). No significant change is observed for the most part of the gastruloid midline, making both
methods essentially equivalent. For computational simplicity, we employ the straight lines method. All profiles are represented
between 0.1 and 0.9 z/L in the rest of the paper.
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FIG. S4. Immunofluorescence measurement error estimation: specimen rotation. A: 11 images of a single gastruloid immunoflu-
orescently stained for SOX2 and CDX2. Images are taken from different view angles (gastruloid is mounted in PBS medium
and rotated manually via flushing for each exposure). Images are categorized for three different orientations of the gastruloid
view angle: a ”side view” (n=6, left column), a "top view” (n=2, top of the right column), and a ”backside view” (n=3,
bottom of the right column). The preferential orientation is determined by the gastruloid shape and is different from gastruloid
to gastruloid. Scalebar is 100 um. B: Mean profiles of SOX2 (green) and CDX2 (red) expression for each of the orientation
categories observed in A: side view (full line), top view (dotted line), and backside view (dashed line). Panels in each row
correspond to four experiments with a different individual gastruloid (n={11, 11, 8, 9} images, respectively). Shaded areas are
standard errors in all graphs. C: Variance of mean profile in the four gastruloids due to specimen rotation for SOX2 (black,
top) and CDX2 (black, bottom) calculated by bootstrapping data in B. This variance is compared to the total variance (SOX2:
green, top; CDX2: red, bottom) of n=88 gastruloids from which the four gastruloids in B were extracted. The rotation-induced
variance represents less than 10% of the total variance. D: Mean profiles of expression (top) and variability (bottom) for SOX2
(green) and CDX2 (red) of the n=88 gastruloids from C classified according to their orientation (line style as in B). Black lines
are the mean profile and standard deviation of gene expression in the total population. This classification based on specimen
rotation has no effect on the values of mean expression or on the variability.
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FIG. S5. Reproducibility and precision of gene expression profiles. A: EC50 determination: Imax and Imin for individual one-
dimensional gene expression profiles are defined as the average value of the 10% largest and lowest expressing bins, respectively.
The raw profile (green, plain curve) is spline fitted (green, dotted curve), and the position where the fit is equal to (Imax+ Imin)/2
defines x/Lrcso. B: Variability (o7 /7) as a function of normalized intensity I. Imax and Imin are determined as in A. Error
bars are from bootstrapping. The average value in the gray region (defined by the gene being expressed at more than 90% of
its max level) is used as a measure of gene expression reproducibility for the fully induced gene. C: Distribution of x/Lgcso
for each of the four markers. The average value is the gene boundary position zg/L and the standard deviation around
this value is a measure of the positional error of the boundary position. D: Generalized positional error as a function of the
normalized intensity for each marker (color code as in B). The zones of highest precision (i.e., 0,/ < 5%) correspond to the
transition regions between low- and high-expression domains. E: Positional error o,/ calculated for four genes as in Fig. 3C.
The positional errors at the boundaries are shown here at the mean boundary position zp/L extracted in C (big crosses,
bootstrapped errors are within marker size). The values from both methods are consistent and for all genes, the positional
errors at the boundaries correspond to a linear dimension of 1-2 cell diameter (gray bands).
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FIG. S6. Shrinkage due to fixation and sample mounting. A: Distribution of gastruloid volumes Vpr (gastruloids seeded
with No = 300 cells) at 120h; 2D volume reconstruction from either bright-field images or maximum projection of confocal
images on the DAPI channel. Gastruloid volumes after fixation and mounting (red, n=47) are ~ 3 times smaller than the
same set of gastruloids imaged live before fixation (yellow, n=52). The number of gastruloids after fixation and mounting is
always smaller than during live imaging as gastruloids are lost during the protocol. B: A one-dimensional shrinkage factor is
defined by the ratio of the average values in A: SFy =1 — (VIF/VBF)1/3. This factor quantifies by how much gastruloid size
is reduced during the staining protocol. It is applied to all measured lengths of midlines from stained gastruloids. Gastruloids
are mounted in 50% PBS and 50% aqueous mounting medium (Aqua-Poly/Mount, Polysciences). I-XI are 11 independent
experiments where SFy was calculated on gastruloids initially seeded with No = 300 cells and imaged at 120h after seeding.
Error bars are from bootstrapping with on average n=>51 for live images and n=42 gastruloids after fixation and mounting
(experiments I-VIII,) or n=20 for live images and n=10 after fixation and mounting (IX-XI). The shrinkage factor in these
experimental conditions is of SFy = 0.35 + 0.03. C: Same as B for a glycerol-based SlowFade™ Glass Antifade mounting
medium (Invitrogen) used in the phalloidin-staining protocol. Each data point corresponds to an average gastruloid pool of
n=49 for live and n=27 after fixation and mounting. Error bars from bootstrapping. Experiment I corresponds to No = 100
cells at at 120 h, experiments II-IV correspond to No = 300 at 72h, 96h and 120 h, respectively. The shrinkage factor in this
mounting medium is SFy = 0.36 £0.1. Note that gastruloids are fixed for 1h in the phalloidin-staining protocol while they are
fixed for 2h in the immunostaining protocol. D: Shrinkage factor stability over time for three different mounting techniques in
50% PBS and 50% aqueous mounting medium (Aqua-Poly/Mount, Polysciences): on a slide with a 250pm spacer or in a glass
bottom dish w/ or w/o coverslip. Shrinkage factor measured repeatedly in the same set of gastruloids from IX-XI of B over
three weeks. Error bars from bootstrapping.
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FIG. S7. Determination of total cell count and effective cell diameter. [Caption see next page.]
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FIG. S7. Determination of total cell count and effective cell diameter. A: Visualisation of the cell masks obtained by 3D
segmentation [33]. (Left:) Slice of a confocal image stack of a 120h old gastruloid, seeded from No = 100 cells, stained for
Phalloidin (orange) and DAPI (blue). (Right:) Phalloidin channel from left in grayscale overlaid with cell masks obtained
by 3D segmentation. Scalebar is 50 um. B: Estimation of the discrepancy between 3D and 2D volume reconstruction. The
pipeline presented in Fig. S1C overestimates gastruloid volumes; we estimate by how much using the volume determined by
3D segmentation as a ground truth. Distribution of the error Err on the volume determined by 2D volume reconstruction
Vap, before 120h and at 120 h, overlaid by a Gaussian distribution fit for each distribution. Vertical dashed lines correspond
to the mean of each distribution. The ground truth 3D volume V3p was obtained from the 3D segmentation. Before 120 h,
Err =3.24+8.2% (n = 56). After 120h, Err = 20.0 £ 11.2% (n = 40). The volume was overestimated in both time classes but
more so when the gastruloid elongated. Note that this evaluation of the discrepancy between 3D and 2D volume reconstruction
is independent of the shrinkage factor (Fig. S6) because 3D and 2D volume reconstructions are applied to the same shrunken
gastruloid mounted with the phalloidin-staining protocol. C: Scatter plot of the measured volume from 2D reconstruction V'
(corrected for the error determined in B) versus the total cell count N obtained by chemical dissociation (with the protocol in
Fig. S1E), for 492 individual gastruloids at different time points (color code) and with varying No (symbol). From V and N for
each individually dissociated gastruloid an effective cell volume V. = V/N was computed, and from there we obtain the slope
(black lines). The mean V. for gastruloids aged from 24 to 48 h (before Chi pulse) and the mean V. for gastruloids aged from
72 to 120 h (after Chi pulse) correspond to dashed and full lines, respectively. Inset shows correlation (r = 0.78) of variability
for V and N for sets of gastruloids with identical age and ‘No. The framed formula shows how the effective cell diameter d. is
computed from the volume and cell count. It can be obtained from the distribution of V¢, or directly from the slopes (see D). D:
Distribution of the effective cell diameters d. per dissociated gastruloid, calculated from each effective single cell volume (V/N),
before (red) and after (blue) Chi pulse. Black lines are a Gaussian fit for each distribution. Vertical dashed lines correspond
to the mean of each distribution. Before Chi pulse, d. = 16.0 & 0.6 um (4.0%,n = 206); after Chi pulse, d. = 13.9 £ 0.5 um
(3.8%,n = 286). This is evidence of a Chi pulse-induced reduction in gastruloid’s effective cell size by 13% (linear dimension).
E: Single cell volume distributions serve to reject noisy masks from 3D segmentation results. After an initial rejection of
any 3D masks smaller than 10* voxels, a bimodal distribution of the logarithm of single cell volumes V. (obtained by 3D
segmentation of a 120h old gastruloid with N¢ = 100) is fit by a two-component Gaussian mixture model (left). The mode in
black corresponds to the distribution of small noisy masks, the mode in red corresponds to the distribution of well-segmented
cells. Morphological closing is performed on the latter and the corresponding distribution of single cell volumes V. is shown
in right panel, with noise masks (black) and well-segmented masks (red). F: Scatter plot of gastruloid volume versus total
cell count obtained by two independent methods. Blue: chemical dissociation and 2D volume reconstruction (for gastruloids
dissociated after Chi pulse only). Green: 3D segmentation for volume and cell count measurement (well-segmented cells only,
see E). Blue and green lines correspond to the mean V. for chemically dissociated and 3D segmented gastruloids, respectively.
Upper left inset shows a close-up for small V' and N. Lower right inset shows correlation of variability for V and N for both
methods. Note that the main error attached to the 3D segmentation volume is due to the estimation of the shrinkage factor
of the mounting medium used in the phalloidin-staining protocol (see Fig. S5C). 2D volume reconstruction from dissociated
gastruloids is applied to images of live gastruloids (i.e., they are not shrunken). G: Distribution of the logarithm of single cell
volumes V. obtained by 3D segmentation after filtering and reconstruction for 96 h (n=28) and 120 h (n=20) old gastruloids with
No = 100. Inset shows dispersion self-similarity §s, defined as (giog(v)/log(Vc)) for each set of distributions. It demonstrates
the reproducibility of the dispersion in cell size in individual gastruloids and a further reduction in gastruloid cell size during
the elongation process. The low variability indicates that the dispersion is highly conserved across gastruloids. H: Distribution
of the effective cell diameter per gastruloid, obtained by chemical dissociation (only data from gastruloids dissociated after Chi
pulse) and 3D segmentation, overlaid by a Gaussian fit for each distribution. Vertical dotted lines correspond to the mean of
each distribution. With the dissociation protocol, d. = 13.9 + 0.5 um (3.8%,n = 286). With the 3D segmentation method,
d. = 13.1+0.5 um (4.0%,n = 108). Taking into account the different sources of error and our two independent methods of
determination of the effective cell diameter, the relevant linear size of the system at 120h is d. = 13.5 £+ 0.8 um.
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FIG. S8. Repeatability and reproducibility of a single experiment. A: Twelve repetitions of the same experiment on different
dates (exp I-exp IV, month/year, with n=139, 105, 84 and 95 gastruloids). Each panel shows raw individual gastruloids
profiles (light green, no y-axis normalization) and mean profiles (dark green) of three same-day replicas of SOX2 expression in
immunostained gastruloids seeded, cultured, fixed, stained, and imaged in parallel on three separate plates (i.e., in each each
panel three same-day-replicas shown by full, dashed, and dotted lines). Each individual experiment (12 total) is composed of
25-50 gastruloids. Conditions are identical for all experiments except for experiment III in which gastruloids were mounted
in PBS instead of Aqua-Poly/Mount. Note that same-day replicas are significantly more reproducible (i.e., self-similar) than
experiments across different days (i.e., the mean expression pattern differs more across days than across same-day replicas,
something not seen in developing embryos [34]). B: Mean profiles as a function of relative position z/L for each replica. Shaded
areas are standard errors. Normalization was performed on the entire data set across all n gastruloids for a global maximum
and minimum average intensity (i.e., a single max and a single mean for experiment day). Same-day replica can have absolute
reproducibility (exp II-1V), where profile distributions collapse without y-axis normalization. C: Profile variability or/I as a
function of relative position /L along the midline for each replica (green, line style as in A), or for the entire data set across
same-day replicas (black). Panels run across four experiments as in A. Again, same-day replicas are highly reproducible while
variability profiles differ significantly across different days. D: Positional error o,/ calculated by error propagation from A
and B for each replica. Gray lines correspond to one and two effective cell diameters d., respectively. The corresponding
values in 0,/ are different between different experiments because of experiment-to-experiment variability in length (Fig. S2E).
Boundary precision is maintained near 1-2 cell diameters across all replicas (i.e., same-day and across days). E: Variance
decomposition for the SOX2 profile in experiments I and III (Methods). Plain lines correspond to the inter-plate part of
the variance (for three same-day replicas) and the dashed lines to the intra-plate part of the variance. The inter-plate and
intra-plate variance are represented as a fraction of the total variance of the whole population of same-day gastruloids (black
lines in C). The decomposition is done in three ways: 1) on the raw profiles (black lines), 2) on normalized profiles (all profiles
of individual replica are normalized by the same values, such as minimum/maximum expression levels of each replica’s mean
profile are set to 0/1, respectively; gray lines), and 3) on x2-minimized profiles (all profiles of individual replicas are normalized
by the same values, obtained by x2-minimization of the mean profiles; light gray lines). Experiment I is an example of relative
but not absolute reproducibility; experiment III is reproducible in absolute units, demonstrating that in principle the system is
capable to generate absolute molarities of a gene product at well-defined positions along the gastruloid midline. F: Weighted
average of inter-plate part of the variance, in the four experiments for either raw data, min/max normalized data, or data
normalized using x> minimization. Internal replicas regularly achieve absolute reproducibility (i.e., no normalization, raw data
comparison) better than 5% of the total variance in the data.
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FIG. S9. Limits of precision in scaled gene expression profiles. A: Midline length distribution for individual gastruloids at 120 h
seeded with N ranging from 50 to 1100 (from Fig. 1B). A 22-fold range in Ny results in gastruloids with a 3.8-fold range in
average length L. The full range of individual gastruloid lengths L spans 5.3-fold. B: Length distributions of gastruloid sets in
Fig. 4 as a function of Ng (light points are individual gastruloids; dark points are average length and standard deviation per
set and per gene; color code as in A). The span in length differs between experiments. For the data corresponding to SOX2
and CDX2, the 5-fold in N achieves a 2.3-fold in length. For the data corresponding to BRA and FOXC1, a 5-fold and 8-fold
range in Ny achieves a 1.7-fold range in length, respectively. C: Boundary position in units of fractional midline length (/L)
for individual gastruloids as a function of length for the four genes SOX2, CDX2, BRA, and FOXC1 (seeding number color
code as in A). The range of lengths is binned and the average position is plotted as a guide for the eye (black crosses indicating
standard deviations on both axes). This position is independent of size for each gene, demonstrating the scaling with length of
the protein profiles (a slight residual dependence after rescaling is observed in the BRA profile). The standard deviation of the
boundary position in each length bin is represented in the y-direction and defines a positional error. This error is converted
in cell diameter units (d., red y-axis), showing that the positional error remains between 1-2 cells up to a certain range of
gastruloid lengths.
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