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 31 
Abstract 32 
Stem cell-derived 3D-gastruloids show a remarkable capacity of self-organisation and 33 

recapitulate many aspects of gastrulation stage mammalian development. Gastruloids 34 

can be rapidly generated and offer several experimental advantages, such as 35 

scalability, observability, and accessibility for experimental manipulation. Here, we 36 

present innovative approaches to further expand the experimental potency of 3D-37 

gastruloids by combining it with functional genetics in embryonic stem cells (ESCs) 38 

and the generation of chimeric gastruloids. Chimeric gastruloids are composed of 39 

fluorescently labelled cells of different genotypes for example cells with inducible gene-40 

expression, or loss-of-gene function, combined with wildtype cells. We showcase the 41 

experimental approach and some advantages of chimeric gastruloids using ESCs 42 

carrying homozygous deletions of the Tbx transcription factors Brachyury or inducible 43 

expression of Eomes. The resulting chimeric gastruloids allowed to discriminate cell-44 

autonomous from non-autonomous gene functions that normally are difficult to observe 45 

by genetics in the embryo. 46 

 47 
Introduction 48 
The versatile experimental opportunities offered by functional genetics available in the 49 

mouse as main mammalian model system have greatly enhanced our understanding 50 

of embryonic development. However, studies of mammalian embryogenesis are 51 

hampered by the relative inaccessibility of the embryo due to intrauterine growth. Ex 52 

vivo embryo cultures partially overcome some of the experimental restrictions but rely 53 

on the isolation of often limiting numbers of embryos. More recently, novel approaches 54 

were developed to generate stem cell derived, 3D-embryoids reflecting different stages 55 

of mammalian development from the formation of the blastocyst (Kagawa et al., 2022; 56 

Li et al., 2019; Yu et al., 2021), to periimplantation embryos (Amadei et al., 2021; 57 

Harrison et al., 2017; Harrison et al., 2018), and postimplantation stages recapitulating 58 

early organogenesis (Beccari et al., 2018; Moris et al., 2020; Turner et al., 2017; van 59 

den Brink et al., 2020; van den Brink et al., 2014; Veenvliet et al., 2020). These 60 

embryoid models demonstrate the remarkable self-organisation and robustness of 61 

embryonic programs that guide the processes of morphogenesis, growth, cell lineage 62 

specification and differentiation. 63 

Among the most widely used embryoid model system are 3D-gastruloids, offering a 64 

simple experimental procedure to reproducibly generate embryoids that recapitulate 65 

development stages from early gastrulation to somitogenesis and onset of 66 
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organogenesis (comparable to Embryonic days 6.5 (E6.5) ± E9.0) reviewed in (van 67 

den Brink and van Oudenaarden, 2021; Veenvliet et al., 2021). 3D-gastruloids are 68 

formed by the aggregation of 100-300 mouse or human pluripotent embryonic stem 69 

cells (ESCs) that are treated by a 24 h pulse of the GSK3E-inhibitor CHIR to activate 70 

the canonical Wnt-cascade. This signalling stimulus induces an anterior-posterior 71 

asymmetry in the aggregate (van den Brink et al., 2014), indicated by the one-sided 72 

expression of the Tbx factor Brachyury that in the embryo marks the site of primitive 73 

streak formation at gastrulation onset (Rivera-Perez and Magnuson, 2005; reviewed 74 

in Arnold and Robertson, 2009). The Brachyury-expressing posterior pole of 3D-75 

gastruloids elongates over several days thereby forming different tissues resembling 76 

paraxial mesoderm, neural tube, and the primitive gut tube. 3D-gastruloids show a 77 

remarkable self-organizing capacity as the different tissues are generated in proper 78 

spatial organization and arranged according to the embryonic axes (Beccari et al., 79 

2018). 3D-gastruloids thus can be used as model systems for studies of various 80 

gastrulation-associated morphogenetic processes, as exemplified for somitogenesis 81 

(van den Brink et al., 2020; Veenvliet et al., 2020). However, some tissues of 82 

gastrulation stage embryos are less represented in 3D-organoids, including anterior 83 

mesoderm derivatives, such as cardiogenic mesoderm, and cranial structures such as 84 

cranial neural tissues (van den Brink et al., 2020; Veenvliet et al., 2020). This 85 

underrepresentation of anterior/cranial tissues most likely results from the initial 86 

induction of ESC aggregates with CHIR which imposes a strong signal for 87 

posterior/caudal tissue identity (Dunty et al., 2008). However, this and other 88 

aberrations of 3D-gastruloids compared to embryos can also be used to investigate 89 

which additional regulatory requirements need to be met for proper morphogenesis of 90 

tissues and organ anlagen to more closely recapitulate the embryo (Veenvliet et al., 91 

2021). Due to the scalability of this ESC- derived embryoid culture system, multiple 92 

different environmental cues can be readily tested. It is thus expected that further 93 

refinements of current protocols will lead to the generation of gastruloids that more 94 

closely resemble the different aspects of embryogenesis. 95 

Cell specification to mesoderm and definitive endoderm (DE) cell lineages is regulated 96 

by two Tbx transcription factors Eomesodermin (Eomes) and Brachyury (T). Functions 97 

of both factors were previously extensively studied establishing crucial roles of Eomes 98 

for cell lineage specification of definitive endoderm (DE) (Arnold et al., 2008; Teo et 99 

al., 2011) and anterior mesoderm (Costello et al., 2011), and functions of Brachyury 100 
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for the generation of posterior mesoderm derivatives, and notochord (Wymeersch et 101 

al., 2021). The compound genetic deletion of Eomes and Brachyury completely 102 

abrogates specification of any ME during differentiation of pluripotent cells (Tosic et 103 

al., 2019). While functions of these Tbx factors for specification of cell fate are well 104 

described, their roles in tissue-wide morphogenetic processes are less obvious. For 105 

example, the genetic deletion of Eomes in the epiblast abrogates formation of the 106 

mesoderm (and DE) cell layer, hindering studies of morphogenetic functions of Eomes-107 

regulated programs (Arnold et al., 2008). Similarly, studies of the role of Brachyury in 108 

posterior body axis extension are compromised by cell non-autonomous functions of 109 

Brachyury in feed-forward regulatory loops to maintain caudal Wnt-signals, also acting 110 

on cell specification and morphogenetic programs (Arnold et al., 2000; Dunty et al., 111 

2008; Martin and Kimelman, 2008; Turner et al., 2014; Yamaguchi et al., 1999).  112 

In this report, we demonstrate an approach to further expand the experimental potency 113 

of 3D-gastruloids. We use genetically engineered, traceable ESCs to generate 114 

chimeric 3D-gastruloids that are composed of cells with different genotypes. To 115 

showcase the advantages of this approach and to test experimental feasibility we 116 

generated fluorescently labelled ESC lines with homozygous loss-of-function, or 117 

inducible expression cassettes for the two Tbx transcription factors Eomes and 118 

Brachyury. These are used to generate chimeric gastruloids, e.g. by mixing inducible 119 

Tbx-expressing, or Tbx-deficient and WT cells to generate complex genetic situations 120 

that are normally only difficult to achieve by conventional genetic tools in embryos. In 121 

addition to demonstrating the efficiency and feasibility of this experimental approach 122 

of chimeric gastruloids, this study also provides insights into some of the 123 

morphogenetic function of Eomes and Brachyury, which could not be achieved using 124 

genetic approaches in embryos. 125 

 126 

Results and Discussion 127 

To expand the experimental versatility of the 3D-gastruloid model system we combined 128 

it with the use of genetically modified ESCs and fluorescent imaging approaches. We 129 

generated chimeric gastruloids composed of cells with different genetic backgrounds 130 

that can be readily traced by microscopic observation using fluorescent membrane 131 

labels (Fig. 1A, B). We generated WT ESCs that are permanently labelled by knock-in 132 

of membrane GFP (mG) into the Rosa26 genomic locus (Fig. 1C). Membrane Tomato 133 

(mT) labelling was used for genetically manipulated ESCs (Fig. 1C). Genetic 134 
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alterations used in presented experiments were the genetic deletion of the Tbx 135 

transcription factor Brachyury (Bra-/-), and the ICE-mediated (induced cassette 136 

exchange) targeted integration of Eomes �¶�to a Tet-responsive element (TRE) in A2lox 137 

ESCs (Iacovino et al., 2014). We tested the generation of chimeric gastruloids by two 138 

approaches (Fig. 1D, E). Either by mixing of different cells during the aggregation of 139 

ESCs at the beginning of gastruloid culture (Fig. 1E), or by merging of two preformed 140 

ESCs aggregates composed of different cells before CHIR-induction (Fig. 1D). ESC-141 

generated aggregates rapidly fuse and stably adhere after placing them together in 96-142 

wells (Fig. 1D) or in hanging drops (not shown). The mixing of cells at different ratios 143 

can be used to evaluate cell-autonomous vs. cell non-autonomous gene functions, by 144 

testing how different levels of cell contribution affects tissue-behaviour, e.g. when using 145 

cells with loss-of-gene-function. Merging of cell aggregates can be applied when the 146 

behaviour of coherent groups of cells is analysed, such as in studies of inductive tissue 147 

interactions. A similar approach was recently reported where a small aggregate of 50 148 

cells was treated with BMP4 to induce organizer-activities which was used instead of 149 

CHIR-treatment for the induction of gastruloid-formation (Xu et al., 2021). Thus, 150 

chimeric gastruloids offer multiple experimental opportunities to study gastrulation 151 

development (Fig. 1A) as exemplarily demonstrated in following experiments. 152 

First, we tested if chimeric gastruloids are a suitable model to study instructive gene 153 

functions during lineage specification. Hence, we generated chimeric gastruloids by 154 

merging preformed aggregates of WT ESCs (mG) and ESCs containing a doxycycline 155 

(Dox) inducible GFP-tagged expression cassette for the Tbx factor EomesGFP (mT) 156 

(Fig. 2A, B). Eomes is crucially required for lineage specification towards definitive 157 

endoderm (Arnold et al., 2008; Teo et al., 2011) and anterior mesoderm, including the 158 

cardiac lineage (Costello et al., 2011; Probst et al., 2021). We tested if forced Eomes 159 

expression in a group of cells (TRE.EomesGFP) within a gastruloid would be sufficient 160 

to induce a coherent heart-like domain, which is only inconsistently occurring in 161 

gastruloids formed of WT ESCs (Rossi et al., 2021; van den Brink and van 162 

Oudenaarden, 2021). Indeed, Dox-induced EomesGFP-expressing cells form a 163 

domain of beating cardiomyocytes (Fig. 2C, Supplementary movie 2) in chimeric 164 

gastruloids in more than 30% of cases, whereas similar beating areas are only very 165 

rarely observed in uninduced chimeric gastruloids (Fig. 2D) or using only A2lox WT 166 

ESCs (not shown). To correlate induced EomesGFP expression with the cardiogenic 167 

domain we performed in situ hybridization analyses for early cardiac markers Mlc2a 168 
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and Nkx2.5, which are found almost exclusively in mT-marked TRE.EomesGFP cells 169 

that are forming a coherent domain on one side of gastruloids (Fig. 2E). This 170 

experiment thus shows that induced expression of Eomes suffices to cell-171 

autonomously generate coherent cardiogenic domains oriented to one side of the 172 

developing gastruloid, resembling the embryonic localization of heart formation. 173 

Next, we aimed for testing the feasibility of chimeric gastruloids for the assessment of 174 

cell-autonomous vs. cell non-autonomous functions of Brachyury during posterior 175 

elongation, as the shortening of the posterior body axis is the most prominent 176 

phenotype of Brachyury-mutant embryos (Fig. 3A)(Wymeersch et al., 2021). 177 

Gastruloids entirely generated from mT-labelled Bra-/- mESCs present with a 178 

phenotype of impaired elongation, similar to shortened tailbuds observed in Brachyury-179 

mutant embryos (Fig. 3B, C) (Inman and Downs, 2006). Increasing the proportional 180 

contribution of WT cells (mG) to the gastruloid by intermixing WT with Bra-/- mESCs 181 

during the initial aggregation of 300 ESCs leads to the gradual extension and increase 182 

in overall mass of the posterior portion of the mixed gastruloids (Fig. 3C). Interestingly, 183 

in the tail bud region of chimeric gastruloids with a contribution of Bra-/- cells of 90%, 184 

Brachyury expression is also absent in WT cells when compared to chimeric 185 

gastruloids where Bra-/- cell contribution is only 50%, and Brachyury expression is 186 

robustly induced in the posterior pole (Fig. 3D). The cell non-autonomous contribution 187 

of Bra-/- cells to disturbances of axis-extension is most likely explained by the previously 188 

described feed-forward regulation of Wnt3a and Brachyury in the tail-bud region 189 

(Arnold et al., 2000; Dunty et al., 2008; Martin and Kimelman, 2008; Turner et al., 2014; 190 

Yamaguchi et al., 1999). 191 

Finally, in addition to the gross, tissue-wide phenotype of Brachyury-deficiency in 192 

gastruloids with a high ratio of Bra-/- cells, we analyzed the cell-autonomous effects of 193 

Brachyury-deficiency in conditions of low contribution of mutant cells (Fig. 4). We 194 

generated chimeric gastruloids by mixing cells in a 90:10 ration of WT and Bra-/- ESCs, 195 

respectively. In resulting gastruloids Bra-/- cells show a specific tissue distribution, so 196 

that they are predominantly found along the midline in the interior of the gastruloids, 197 

and in the posterior pole (Fig. 4A). To determine tissue identity of these regions we 198 

used immunofluorescence (IF) staining against FOXA2 and CDH1 (E-Cadherin), 199 

labelling DE (Viotti et al., 2014) and SOX2, labelling neuroectoderm (NE) cells (Wood 200 

and Episkopou, 1999), and combined IF-staining with the fluorescent labels of WT 201 

(mG) and Bra-/- cells (mT) (Fig. 4B, C). FOXA2 and CDH1 stainings indicate that Bra-/- 202 
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cells are biased towards DE and are favored to form the gut tube-like structure in the 203 

midline. This finding demonstrates not only that Brachyury is dispensable for DE 204 

lineage specification from pluripotent cells, but suggests that Brachyury actually 205 

counteracts DE specification programs and thus may not represent a suitable marker 206 

for early DE-forming cells as previously suggested (Kubo et al., 2004). Staining against 207 

SOX2 shows that the Bra-/- cells that are present in the posterior pole of chimeric 208 

gastruloids mostly acquire NE fate, in accordance with previous findings about NE-209 

repressive functions of Brachyury (Koch et al., 2017; Tosic et al., 2019). 210 

In conclusion, this study illustrates a novel experimental approach by combining 211 

functional genetics in ESCs with 3D-gastruloids to form different types of chimeric 212 

gastruloids, that allow to experimentally address various aspects of development. 213 

Inducible expression of the Tbx transcription factor Eomes demonstrates how 214 

limitations of 3D gastruloids can be overcome by genetically providing regulatory cues 215 

that are missing or underrepresented in CHIR-only treated gastruloids, namely the 216 

induced formation of anterior mesoderm derivatives such as heart tissue. We 217 

additionally show how chimeric gastruloids can be employed to analyze cell-218 

autonomous and cell non-autonomous gene-functions by varying the contribution of 219 

gene-mutant cells to chimeric gastruloids. Using a low ratio of only 10% of Brachyury-220 

deficient cells we find that Bra-/- cells cell-autonomously are biased towards the DE, a 221 

cell lineage that strictly depends on Eomes functions (Arnold et al., 2008; Teo et al., 222 

2011). Since Brachyury and Eomes are co-expressed in cells of the early primitive 223 

streak in early gastrulating embryos (Probst et al., 2021), this poses the interesting 224 

question about the regulatory interactions between these two related Tbx factors. 225 

While in this study we used functional genetics of ESCs harbouring loss- and gain-of-226 

gene function alleles, ESCs with other genetic modifications could also be applied in 227 

chimeric gastruloids, for example reporter-containing cells for signalling pathway (e.g. 228 

Wnt-signalling), cellular processes (e.g. cell migration and actin-dynamics), or protein-229 

localization. Additionally, while in this study chimeric gastruloids contained only two 230 

different cell types, more cells of different genotype could be combined. This might be 231 

desirable, e.g. to observe morphogenetic processes by different reporter cell lines.  232 

In summary, chimeric gastruloids represent powerful experimental tools for studies of 233 

gastrulation stage embryogenesis. In addition to the increased experimental 234 

accessibility, observability and scalability, chimeric gastruloids also allow to generate 235 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 26, 2022. ; https://doi.org/10.1101/2022.05.25.493377doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.25.493377
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

complex genetic settings that are normally only difficult to achieve by genetics in 236 

embryos.  237 

 238 

Materials and Methods 239 

Cell lines  240 

A2lox mouse ESCs (Iacovino et al., 2014) ZHUH� FXOWXUHG� LQ� 'XOEHFFR¶V� PRGLILHG�241 

(DJOH¶V�PHdium (DMEM) containing 15 % fetal bovine serum (FBS, Gibco), 2 mM L-242 

glutamine, 1X non-essential amino acids (NEAA), 1 mM sodium-pyruvate, 1X 243 

penicillin/streptomycin (all from Gibco), 100 µ0�ȕ-mercaptoethanol (Sigma), Leukemia 244 

inhibitory factor (ESGRO LIF, Merck Millipore, 1000 U/ml), and 2i: CHIR99021 (Axon 245 

Medchem, 3 µM) and PD0325901 (Axon Medchem, 1 µM) on 0.1% gelatine-coated 246 

dishes. The medium was changed daily and ESCs were passaged every other day. 247 

The generation of Bra-/- ESCs and of A2lox ESCs harbouring dox- inducible expression 248 

cassette for Eomes.GFP were described previously (Tosic et al., 2019). A2lox cells 249 

with membrane-tagged fluorescent labels (membrane-Tomato, mT, and membrane-250 

GFP, mG) were generated by targeted integration of a mT/mG targeting vector 251 

(Muzumdar et al., 2007), Addgene plasmid #17787) into the Rosa26 locus. 1x106 A2lox 252 

ESCs (WT and Bra-/-) were transfected with 2.5 µg of linearized vector using the 253 

Nucleofector ESC kit (Lonza) and G418 selected (350 µg/ml) on a monolayer of MitoC 254 

(Sigma)-mitotically inactivated STO feeder cells. mT-expressing ESC clones were 255 

picked on day 9 of selection. To convert the expression of the membrane-Tomato (mT) 256 

to membrane-GFP (mG) in WT A2lox ESCs, cells were treated for 24 h with 5 µg/ml 257 

Doxycyclin (Sigma, D9891) for induced expression of the Cre-recombinase from the 258 

Dox-inducible locus of A2lox WT cells to excise the loxP-flanked mT expression 259 

cassette and bring the mG expression cassette under the transcriptional control of the 260 

Rosa26 gene locus. After Cre-excision mG-expressing WT A2lox ESCs underwent one 261 

round of clonal selection by minimal dilution of 500 cells onto a 10 cm cell culture dish. 262 

 263 

Generation of chimeric gastruloids  264 

Gastruloids were generated using published protocols (van den Brink et al., 2020) with 265 

some modifications as outlined below. Gastruloid formation was performed in ESGRO 266 

Complete Basal Medium (Merck Millipore) in the absence of Matrigel. To generate 267 

chimeric gastruloids using different ESCs by merging of preformed aggregates 150 268 

cells of each ESC line were aggregated in 40 µl of ESGRO basal medium in 96-well 269 
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format (Greiner ultra-low attachment plates, No. 650970) for 24 h before merging by 270 

combining two aggregates into the same well. At 48 h following first aggregate 271 

formation, fused gastruloids were induced by administration of 3 µM CHIR and if 272 

indicated with doxycycline (1 µg/µl, Sigma) for 24 h. In the course of gastruloid culture, 273 

the medium was changed daily at 72, 96, 120 and 144 h. For the generation of 274 

gastruloids by mixing of different ESC lines, aggregates were formed from a total of 275 

300 ESCs at various rations between the two ESC lines, and further gastruloid 276 

formation followed by previously used protocols (van den Brink et al., 2020). 277 

 278 

Whole mount in situ hybridization  279 

Whole-mount in situ hybridization was performed according to standard protocols 280 

using previously published probes for Mlc2a and Nkx2.5 (Costello et al., 2011). In brief, 281 

gastruloids were fixed in 4% PFA / PBS o/n at 4°C, dehydrated and stored in methanol 282 

at -20°C. After rehydration gastrulation were bleached in 6 % H2O2 for 5 min, digested 283 

by 1.6 ȝg / ml Proteinase K in PBT for 2 min, and postfixed in 4% PFA / 0,2% 284 

glutaraldehyde for 20 min before prehybridization for 2 h and hybridization o/n 285 

according to standard protocols. DIG-labelled RNA probe was detected using anti-286 

Digoxigenin-AP Fab fragments (Roche) in 1% sheep serum, 2% BBR in MAB (0.1 M 287 

Maleic acid, 0.3 M NaCl, NaOH, 1% Tween-20 in H2O, pH 7.5) and incubation at 4°C 288 

o/n. Antibody was washed out by extensive washes in MAB (>24 h, RT), and color 289 

reaction performed in BM purple staining solution (Roche) for 2-6 h at RT. 290 

 291 

Immunofluorescence staining  292 

Gastruloids were fixed in 4% PFA /PBS for 1 h at 4°C, permeabilized (0.3% Triton X-293 

100/ PBT, 30 min) and blocked in 1% BSA / PBT for 1h at RT. Primary antibody 294 

incubation was performed at 4°C o/n in 1% BSA / PBT, gastruloids washed 4x in PBT 295 

before secondary fluorescence-conjugated antibody incubation for 3 h followed by 296 

DAPI staining for 30 min at RT. Primary antibodies used were BRACHYURY (R&D 297 

Systems; AF2085), FOXA2 (Cell Signaling; 8186S), E-Cadherin (BD Transduction 298 

Laboratories; 610182) and SOX2 (R&D Systems; AF2018) at suggested dilutions. 299 

Secondary anti-goat, anti-rabbit and anti-mouse Alexa Fluor 647-conjugated 300 

antibodies (Thermo Fisher) were used at 1:1000 dilutions.  301 

 302 

Imaging 303 
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Images were acquired on a Leica DMi8 Thunder Imager System or a Leica M165FC 304 

Stereo microscope. Images were processed in the Leica LASX software and Affinity 305 

Photo. During time lapse imaging gastruloids were maintained under constant 306 

conditions at 37°C, 5% CO2. 307 
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 436 

FIGURE LEGENDS 437 

Fig. 1. Experimental approaches for the generation of chimeric gastruloids  438 

(A) Schematic of two alternative experimental approaches to generate chimeric 439 

gastruloids from fluorescently labelled embryonic stem cells (ESCs).  Wildtype (WT) 440 

ESCs are marked by membrane-GFP (mG) and combined with membrane-Tomato 441 

(mT) labelled, genetically modified ESCs. The genetic modifications of ESCs comprise 442 

homozygous gene deletions (GeneX) or inducible gene-expression by the targeting of 443 

cDNAs into a fully controllable pre-engineered locus containing a Tetracycline 444 
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responsive element (TRE) for dox-dependent induction of gene expression (GeneY). 445 

Chimeric gastruloids are generated by either mixing of ESCs at the beginning of 446 

gastruloid culture, or by merging preformed ESCs aggregates proceeding the induction 447 

of gastruloids by CHIR. Chimeric gastruloids can be used as versatile novel model 448 

system for various types of studies and embryonic research questions as indicated 449 

exemplary. 450 

(B) Schematic of the protocol to form chimeric gastruloids indicating timepoints for 451 

either mixing of cells, or merging of aggregates to create chimeric gastruloids.  452 

(C) Membrane-GFP (mG) labelling of WT ESCs and membrane-Tomato (mT) labelling 453 

for genetically modified ESCs allows for distinguishing different cell types in chimeric 454 

gastruloids. Scale bars 10 µm. 455 

(D) Timelapse-imaging of the merging process of pre-formed ESC aggregates at 456 

indicated time points. 150 mG and mT ESCs were aggregated for 24 h before merging 457 

them by placing them together in 96-well plates. After 1 hr two aggregates 458 

spontaneously aggregated and formed stable contacts. Scale bars 100 µm. Also see 459 

Supplementary Movie 1 for a 12 h time-lapse movie. 460 

(E) Examples of mixed ESC aggregates at 24 h after aggregation of 300 ESCs by 461 

mixing mG WT ESCs and mT Bra-/- ESCs at indicated rations. Scale bars 100µm. 462 

 463 

Fig. 2. Instructive functions of Eomes for cardiac lineage specification in merged 464 

chimeric gastruloids. 465 

(A) Schematic illustrating the generation and culture of chimeric gastruloids by merging 466 

preformed aggregated of mG-labelled WT ESCs and mT-labelled ESCs harbouring 467 

EomesGFP in the Doxycycline (Dox)-inducible gene locus (TRE.EomesGFP, short 468 

TRE.Eo). 469 

(B) Fluorescent microscopy of TRE.EomesGFP ESCs showing nuclear staining of 470 

doxycycline-induced (+DOX) EOMES.GFP after 24 h of administration that is absent 471 

in -DOX conditions. Scale bars 10 µm.  472 

(C) Brightfield (left) and fluorescent (right) images of a chimeric gastruloid following 473 

induced Eomes expression showing the region of beating cardiomyocytes within the 474 

gastruloid that is mostly derived of mT-labelled TRE.EomesGFP cells. The dashed line 475 

indicates the domain of beating cells. Scale bars 100 µm. See also Supplementary 476 

Movie 2 for the corresponding time-lapse movie.  477 
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(D) Statistics comparing the percentage of beating gastruloids at 168 h following forced 478 

Eomes expression +DOX (33,3% r 3,01) and uninduced controls -DOX (1,5% r 2,31) 479 

in n=3 independent experiments. Error bar indicates SEM. 480 

(E) Fluorescent microscopy (left) and whole-mount in situ hybridization (right) of the 481 

same chimeric gastruloids following induced Eomes-expression (+DOX) shows the 482 

instructive functions of forced Eomes-expression in TRE.EomesGFP cells for the 483 

induction of cardiac progenitors, indicated by expression of Mlc2a and Nkx2.5. Scale 484 

bars 100 µm. 485 

 486 

Fig. 3. Analyses of Brachyury functions during axis-elongation in chimeric 487 

gastruloids generated by cell mixing. 488 

(A) Schematic illustrating the generation of chimeric gastruloids by mixing of mG-489 

labelled WT ESCs and mT-labelled Brachyury-deficient (Bra-/-) ESCs.  490 

(B) Immunofluorescence stainings for BRACHYURY in gastruloids at 120 h generated 491 

from either WT or Bra-/- cells showing the presence of BRACHYURY in the posterior 492 

pole of the WT, and absence in Bra-/- derived gastruloids that fail to elongate. 493 

(C) Chimeric gastruloids at 120 h generated by mixing of Bra-/- (mT) and WT (mG) 494 

ESCs at indicated rations of cell numbers. Gastruloids with a contribution of Bra-/- cells 495 

above 80 % show reduced axial elongation. Gastruloids entirely generated from Bra-/- 496 

cells fail to extend beyond an oval shape. At WT (mG) cell contribution > 50 % axial 497 

elongation is similar to WT gastruloids but occasionally shows a thinning of the 498 

posterior portion. Across all experiments Bra-/- (mT) cells preferentially contribute to the 499 

posterior portion of mixed gastruloids. In all images anterior is to the top and posterior 500 

to the bottom of the picture. 501 

(D) Immunofluorescence staining for BRACHYUY in gastruloids generated by cell 502 

mixing of Bra-/- and WT in rations of 90:10 and 50:50 show the absence of BRACHYUY 503 

from WT cells (arrows) at the posterior pole in gastruloids with a high contribution of 504 

Bra-/- cells (90% contribution) by cell non-autonomous mechanisms.  Scale bars 100 505 

µm in B-D. 506 

 507 

Fig. 4. Cell-autonomous effects of Brachyury-deficiency on cell lineage 508 

specification and tissue sorting in chimeric gastruloids with low contribution of 509 

Bra-/- cells 510 
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(A) Three independent replicates of chimeric gastruloids at 120 h generated by mixing 511 

of 10% Bra-/- (mT) and 90 % WT (mG) ESCs at the start of the experiment show an 512 

enrichment of Bra-/- cells along the midline of the gastruloids and the posterior pole. 513 

The three replicates indicate the spectrum of distribution of Bra-/- cells found in chimeric 514 

gastruloids. 515 

(B) Immunofluorescence stainings for the definitive endoderm marker FOXA2 and the 516 

epithelial marker CDH1 (E-Cadherin) show the predominant contribution of Bra-/- cells 517 

to endoderm-like cells forming the primary gut tube (arrow) of gastruloids, and some 518 

enrichment of Bra-/- cells in the posterior region, reflecting the tail bud region (boxed).  519 

(C)  Bra-/- FHOOV� WKDW� GRQ¶W� FRQWULEXWH� WR� WKH� HSLWKHOLDO� primary gut tube of mixed 520 

gastruloids show nuclear SOX2-staining suggesting lineage commitment to 521 

neuroectoderm cell types. Scale bars 100 µm in A-C. 522 

 523 
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