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When does development start? — sexual reproduction
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When does development start?

How do cells know what to do?

The notion of how cells know what to do, or  

how cells generate form in the embryo,  

has changed throughout history



The conflicting Ancient Greek views on morphogenesis

Origin of embryo form  ·  deterministic vs regulative views

The embryo is built under the influence  
of an “internal fire” 

The shape of organs is predetermined  
by properties of tissues. 

All parts form at the same time.

Hippocrates of Cos 
(Ἱπποκράτης ὁ Κῷος, 460 - 370 BC)

Embryo formation is controlled by a  
final cause (purpose). 

The whole is functionally prior to  
the parts.  

Organs appear gradually.

Aristotle 
(Ἀριστοτέλης, 384 - 322 BC)

VS
Wilhelm Roux 

(German, 1850 - 1924)

Considered the 
developing 

organism’s body as  
a sum (mosaic) of 

autonomous parts.

1888 · pierced one cell of a 
2-cell frog embryo with a 

hot needle, discovered that 
the survival blastomere 
formed only a body half. 

Hans Driesch 
(Prusian, 1867 - 1941)

Considered the 
organism’s 

development as self-
differentiation of 
equipotent parts. 

1891 · agitated sea urchin 
embryos at the 2- & 4-cell 
stage to disassociate into 
separate cells. Each cell 

developed a complete but 
smaller larval sea urchin. 

1 : Normal embryo
2,3,4,5 : Embryos from dissociated blastomeres

7-13 : Conjoined twins

Contrasting visions of development at the dawn of the experimental era

VS

Origin of embryo form  ·  deterministic vs regulative views

The organiser and the phenomenon of embryonic induction

Hans Spemann 
(German, 1869 - 1941)

primary axis

primary embryo

Ectopic axis 
induced

secondary ectopic embryo 
induced 

Origin of embryo form  ·  regulative view of development

Together with his wife Hilde Mangold (1898-1924), they transplanted the dorsal blastopore lip of 
salamander embryos to the ventral part of another embryo, giving rise to an ectopic embryo that originated 
from host cells (1924). They recognized the fundamental principle of embryonic induction by an organizer. 

Together with his wife Hilde Mangold (1898-1924), they transplanted the dorsal blastopore lip of 
salamander embryos to the ventral part of another embryo, giving rise to an ectopic embryo that originated 
from host cells (1924). They recognized the fundamental principle of embryonic induction by an organizer. 

The organiser and the phenomenon of embryonic induction

Origin of embryo form  ·  regulative view of development
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induced
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The concept of morphogen and positional information

Lewis Wolpert 
(British, 1929 - today)

Origin of embryo form  ·  the dawn of genetic determinism

The concept of morphogen and positional information

Origin of embryo form  ·  the dawn of genetic determinism

The french flag of Lewis Wolpert

Source
Localised

Response
Discrete
According to 
concentration

Diffusion

MORPHOGEN

Morphogen concentration across space could be gradual enough 
such that many different positions could be reliably defined based 
simply on their differences in concentration (Wolpert, 1969, 1971) 

Development is determined by genes and their biochemical products

2nd thorax segment = 2nd leg pairs 3rd thorax segment = last leg pair 
(halteres - inhibit wing formation)

Origin of embryo form  ·  the dawn of genetic determinism

The organism is encoded in informational molecules 
(GENES under regulatory molecules), and individual 

development is only the implementation of this 
information.

Development is determined by genes and their (biochemical) products

Origin of embryo form  ·  genes and genetic determinism



components processes

genes 
(biochemical signals) genetic programs

Origin of embryo form  ·  genes and genetic determinism

Substrate rigidity instructs cell fate

(McBeath et al., 2004; Wang et al., 2002). These actin
structures are in turn linked to focal adhesions that provide
the pathway of force transmission from inside the cell to
the elastic matrix (Beningo et al., 2001; Tamada et al.,
2004) and associated with the focal-adhesion complexes
are a number of well-known signaling molecules that are
well-placed to act as the mechano-transducers (Bershad-

sky et al., 2003; Alenghat and Ingber, 2002). With MSCs
here, we demonstrate that one or all of the NMM IIA–C
are likely to be involved in the matrix-elasticity sensing
that drives lineage specification.

The resistance that a cell feels when it deforms the ECM
is measured by the elastic constant, E, of the matrix or mi-
croenvironment. For microenvironments of relevance here,

Figure 1. Tissue Elasticity and Differenti-
ation of Naive MSCs
(A) Solid tissues exhibit a range of stiffness, as

measured by the elastic modulus, E.

(B) The in vitro gel system allows for control of

E through crosslinking, control of cell adhesion

by covalent attachment of collagen-I, and con-

trol of thickness, h. Naive MSCs of a standard

expression phenotype (Table S1) are initially

small and round but develop increasingly

branched, spindle, or polygonal shapes when

grown on matrices respectively in the range

typical of !Ebrain (0.1–1 kPa), !Emuscle (8–

17 kPa), or stiff crosslinked-collagen matrices

(25–40 kPa). Scale bar is 20 mm. Inset graphs

quantify the morphological changes (mean ±

SEM) versus stiffness, E: shown are (i) cell

branching per length of primary mouse neurons

(Flanagan et al., 2002), MSCs, and blebbista-

tin-treated MSCs and (ii) spindle morphology

of MSCs, blebbistatin-treated MSCs, and

mitomycin-C treated MSCs (open squares)

compared to C2C12 myoblasts (dashed line)

(Engler et al., 2004a).

(C) Microarray profiling of MSC transcripts in

cells cultured on 0.1, 1, 11, or 34 kPa matrices

with or without blebbistatin treatment. Results

are normalized to actin levels and then normal-

ized again to expression in naive MSCs, yield-

ing the fold increase at the bottom of each

array. Neurogenic markers (left) are clearly

highest on 0.1–1 kPa gels, while myogenic

markers (center) are highest on 11 kPa gels

and osteogenic markers (right) are highest on

34 kPa gels. Blebbistatin blocks such specifi-

cation (<2-fold different from naive MSCs).
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Origin of embryo form  ·  mechanical signals guide development

Substrate geometry affects cell behaviour

Origin of embryo form  ·  mechanical signals guide development

Doyle et al 2005

Confined cell

Ana-Maria Lennon

2D

3D

1D

Confinement

genes 
(biochemical signals) genetic programs

mechanical forces mechanotransduction

Origin of embryo form  ·  genetic and mechanical signals

the “unexpected” player: self-organisation

components processes



Self-organised collective interactions between ESCs generate molecular patterns
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Origin of embryo form  · the “unexpected” player: self-organisation
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“Gastruloids”

Beccari et al 2018

Self-organised collective interactions between ESCs generate molecular patterns

Origin of embryo form  · the “unexpected” player: self-organisation

Self-organisation can generate molecular patterns, but…… 
mechanics and geometry is required to generate shapes
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(RNA-seq) analysis (fig. S6A) and found that
the TLS models the postoccipital embryo,
similar to gastruloids (Fig. 2A) (3). Relative
to TLS, both TLSC and TLSCL showed signi-
ficant up-regulation of genes involved in
(pre)somitic development [e.g., Tbx6, Msgn1,
Hes7 (8, 10, 12)] at the expense of NE marker

genes [e.g., Sox1, Pax6, Irx3 (13)], corroborat-
ing the flow cytometry and imaging results
(Fig. 2A and fig. S6, B and C). The analysis of
marker gene sets for NMPs, for their direct
descendants undergoing lineage choice (NMP
ME and NMPNE), and for committed NE and
ME cells substantiated this finding. Moreover,

TLSC and TLSCL displayed reduced expression
of markers in all clusters, including ME, rela-
tive to TLS (Fig. 2B). In contrast, on average
(pre)somiticmesoderm [(P)SM]–specificmarkers
were up-regulated, whereas intermediate ME
(IM) and lateral plateME (LPM)markers were
down-regulated in TLSC and further reduced

Veenvliet et al., Science 370, eaba4937 (2020) 11 December 2020 2 of 7

Fig. 1. Generation of trunk-like structures (TLSs) with somites and a
neural tube. (A) Schematic overview: 200 to 250 mESCs were aggregated in
ultralow-attachment plates; Wnt agonist CHIR99021 (CHIR) was added
between 48 and 72 hours (3). At 96 hours, aggregates were (i) cultured as
gastruloids (3), (ii) embedded in 5% Matrigel (TLS), and (iii) treated with WNT
signaling activator CHIR99021 (CHIR) alone (TLSC), or (iv) treated with CHIR
and the BMP signaling inhibitor LDN193189 (TLSCL). The two compounds have
been reported to induce a (pre-)somitic mesoderm fate in 2D and 3D
differentiation protocols (8). (B) 3D volumetric renderings (top) and confocal
sections (bottom) of a gastruloid, TLS, TLSC, and TLSCL. Scale bars, 100 mm.
Each image is representative of at least 10 biological replicates with similar
morphology and expression patterns. (C) Segments in TLS are TmCH+ and are
positioned adjacent to the neural tube. In TLSC and TLSCL the segments are

arranged in “bunches of grapes.” Scale bars, 25 mm. Red arrowhead, neural tube;
white arrowheads, somites. (D) Quantification of morphogenetic features
in gastruloids, TLSs, TLSC, and TLSCL (see supplementary materials for scoring
criteria). (E) Segments express somitic markers Uncx and Tcf15 as shown by
whole-mount in situ hybridization. Note the characteristic stripe-like expression
pattern of Uncx in TLS due to posterior restriction, whereas Tcf15 is expressed
throughout the segments (as in the embryo). Scale bars, 100 mm. (F) In TLSC and
TLSCL, Uncx is detected throughout the segments, indicating loss of anterior-
posterior polarity. Scale bars, 100 mm. (G and H) Confocal sections showing that
cells of somites and neural tube display apical-basal polarity with NCAD and
F-actin (phalloidin) accumulating at the apical surface. Inset represents an optical
section of the neural tube shown in the main panel. Scale bars, 50 mm (G),
10 mm (H). White arrowheads, somites; red arrowheads, neural tubes.
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+ Mechanics 
(ECM, engineered devices) 

“border conditions”

(RNA-seq) analysis (fig. S6A) and found that
the TLS models the postoccipital embryo,
similar to gastruloids (Fig. 2A) (3). Relative
to TLS, both TLSC and TLSCL showed signi-
ficant up-regulation of genes involved in
(pre)somitic development [e.g., Tbx6, Msgn1,
Hes7 (8, 10, 12)] at the expense of NE marker

genes [e.g., Sox1, Pax6, Irx3 (13)], corroborat-
ing the flow cytometry and imaging results
(Fig. 2A and fig. S6, B and C). The analysis of
marker gene sets for NMPs, for their direct
descendants undergoing lineage choice (NMP
ME and NMPNE), and for committed NE and
ME cells substantiated this finding. Moreover,

TLSC and TLSCL displayed reduced expression
of markers in all clusters, including ME, rela-
tive to TLS (Fig. 2B). In contrast, on average
(pre)somiticmesoderm [(P)SM]–specificmarkers
were up-regulated, whereas intermediate ME
(IM) and lateral plateME (LPM)markers were
down-regulated in TLSC and further reduced

Veenvliet et al., Science 370, eaba4937 (2020) 11 December 2020 2 of 7

Fig. 1. Generation of trunk-like structures (TLSs) with somites and a
neural tube. (A) Schematic overview: 200 to 250 mESCs were aggregated in
ultralow-attachment plates; Wnt agonist CHIR99021 (CHIR) was added
between 48 and 72 hours (3). At 96 hours, aggregates were (i) cultured as
gastruloids (3), (ii) embedded in 5% Matrigel (TLS), and (iii) treated with WNT
signaling activator CHIR99021 (CHIR) alone (TLSC), or (iv) treated with CHIR
and the BMP signaling inhibitor LDN193189 (TLSCL). The two compounds have
been reported to induce a (pre-)somitic mesoderm fate in 2D and 3D
differentiation protocols (8). (B) 3D volumetric renderings (top) and confocal
sections (bottom) of a gastruloid, TLS, TLSC, and TLSCL. Scale bars, 100 mm.
Each image is representative of at least 10 biological replicates with similar
morphology and expression patterns. (C) Segments in TLS are TmCH+ and are
positioned adjacent to the neural tube. In TLSC and TLSCL the segments are

arranged in “bunches of grapes.” Scale bars, 25 mm. Red arrowhead, neural tube;
white arrowheads, somites. (D) Quantification of morphogenetic features
in gastruloids, TLSs, TLSC, and TLSCL (see supplementary materials for scoring
criteria). (E) Segments express somitic markers Uncx and Tcf15 as shown by
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posterior polarity. Scale bars, 100 mm. (G and H) Confocal sections showing that
cells of somites and neural tube display apical-basal polarity with NCAD and
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section of the neural tube shown in the main panel. Scale bars, 50 mm (G),
10 mm (H). White arrowheads, somites; red arrowheads, neural tubes.
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Origin of embryo form  · the “unexpected” player: self-organisation

Neural tube morphogenesis in vitro from stem cells

Origin of embryo form  ·  geometry guides self-organisation

9 
 

 

 
Fig. 1. A reproducible human stem-cell model of neural-tube morphogenesis. (a) Scheme of 
neural fold morphogenesis in a human embryo. Neural plate shown in red, Non neural ectoderm 
in blue, and neural crest (NC) in yellow. (b) Uncontrolled initial conditions result in irregular 5 
morphogenesis observed in conventional organoids. (c) Controlled initial conditions lead to 
reproducible cell-fate pattern formation and morphogenesis. Scheme showing key steps in 
protocol. See Methods for detail. (d) Neural folding duration in the stem-cell system compared to 
folding time in chick (41), mouse (42), humans (17). Time is measured between neural plate 
formation to first fusion of the neural folds. (e) 3D-reconstruction of a stem-cell derived ~1mm 10 
long neural tube. (f) Horizontal section through a micropatterned array of stem-cell derived neural 
tubes with reproducible morphology. (g) Stages of neural folding in the stem cell system. (h) 
Neural closure is mediated by fusion of the non-neural ectoderm layer. (i) An actin ring is observed 
during neural closure. Scale bars 500µm (f), 50µm (g,h), 25µm (i). 
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Cells (and not genes) are the key elements of development

Development can be seen as a guided self-organised process

……in this context, it is fundamental to understand  

the principles of self-organisation in vivo 

&  

the nature and function of guidance cues 
—  “border conditions” of self-organisation  —

Gastrulation involves massive cell transformations — fate and morphogenesis
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Explants of zebrafish blastula cells can in vitro self-generate a gastruloid (“pescoid”)

Gastrulation in zebrafish  ·  a deterministic mode of development



in vivo

in vitro

What is different between the in vivo and in vitro conditions?

Gastrulation in zebrafish  ·  a deterministic mode of development
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In vivo, gastrulation occcurs in a defined architecture defined by  
the geometry of a polarised egg with extraembryonic domains

cellular domains of the late blastula (pre-gastrulation)
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Gastrulation in zebrafish  ·  a deterministic mode of development

Concha and Reig 2023

Early biochemical signals of maternal origin in the yolk and the specification  
extraembryonic domains guide gastrulation in a deterministic manner
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Gastrulation in zebrafish  ·  a deterministic mode of development

Early maternal deterministic biochemical signals and the expanding 
morphogenesis of extraembryonic tissues define the architecture of gastrulation

in vivo

Gastrulation in zebrafish  ·  a deterministic mode of development

In such a deterministic context, it becomes challenging 
to unravel how self-organisation works 

How can we ovecome this challenge?



Extreme ecology led to drastic evolutionary developmental adaptations

Annual killifish gastrulation  ·  a paradigm of self-organisation

Adapted from Valenzano et al. 2015; Platzer and Englert 2016
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Developmental adaptations made tissue self-organisation accesible

Annual killifish gastrulation  ·  a paradigm of self-organisation

to rescue nuclear localisation of ß-catenin in embryos with impaired epiboly, indicating that mechanical forces resulting 
from ExEmb tissue epiboly initiate and/or maintain the patterning events leading to gastrulation and specification of 
the mesendoderm in zebrafish [25]. As the germ layers form, they undergo movements of convergence and extension 
that provide the characteristic elongated embryo shape at the end of epiboly (Fig 1D, arrows) [67]. How the complex set 
of gastrulation movements is coordinated with the vegetal expansion of ExEmb tissues during epiboly is not yet fully 
understood. It has been proposed that cell-intrinsic mechanisms driven by the intercalation of embryonic cells along the 
radial plane allow the DCL to spread towards the vegetal pole during epiboly [68-71]. But observations of adhesive 
interactions between the DCL and EVL [51, 72-74] and recent work in a complementary teleost species showing that 
DCL epiboly occurs in the absence of radial cell intercalation (see 1.4.4) [42] suggest that mechanical interactions at the 
embryo-ExEmb interface are critical drivers of DCL spreading, also promoting axial extension in zebrafish. In summary, 
mechanical signals associated with ExEmb tissue epiboly play critical roles in zebrafish embryo development. They 
reinforce early mesendodermal patterning events by providing local mechanical stresses that trigger a ß-catenin-
dependent mechanosensitive process, and coordinate the spreading and gastrulation movements of the DCL by 
providing a physical environment that favours friction-based interactions with the expanding ExEmb tissues.
1.4.4 | The unusual case of annual killifish: epiboly is separate from gastrulation 
Annual killifishes live in temporary pools of water that dry up during the summer, resulting in the death of all adult 
fish. Embryos remain buried in the substrate and survive the desiccation until the next rainy season, when they 
complete development, hatch and grow rapidly to reproduce and continue the life cycle [75]. Annual killifish have 
evolved the ability to enter three distinct phases of reversible developmental arrest, termed diapauses [76, 77], and 
show a unique early developmental pattern characterised by a delay in the onset of gastrulation [78, 79]. Unlike 
zebrafish, in which DCL cells undergo concomitant epiboly and gastrulation movements after the blastula stage, annual 
killifish undergo serial phases of dispersion and re-aggregation that separate the processes of epiboly and gastrulation 
(Fig. 1E). During dispersion, the DCL spreads from the animal pole at low cell density to cover the egg surface in the 
epiboly movement [42] and its cells then remain in random motion until they re-aggregate at one region of the embryo 
to give rise to the embryo proper (Fig. 1E) [47, 80-82]. Such unique pattern suggests that the mechanisms that initiate 
gastrulation and axis formation in annual killifish differ from those in non-annual teleosts. Indeed, Huluwa, a key 
maternal determinant that in zebrafish is critical to localise nuclear ß-catenin and set the site of the future embryonic 

3

Figure 1| Structures and strategies of teleost early embryo development. (A) The early teleost egg is formed by embryonic (DCL) 
and ExEmb (EVL, YSL) domains. (B) Teleost epiboly is driven by eYSL actomyosin contractility, which pulls the YSL and EVL at its 
margin. (C) DCL marginal deformation by YSL epiboly induces nuclear ß-catenin translocation (green dots) to reinforce mesendoderm 
patterning. (D) In zebrafish, epiboly and gastrulation are concomitant processes. Maternal Huluwa restricts nuclear ß-catenin in the 
blastula (green dots) and defines the site of the embryonic axis. Convergence and extension shape the embryonic axis (arrows). (E) In 
annual killifish, gastrulation is separated from epiboly, and initiates after DCL dispersion by directed cell movements (arrows). 
Nuclear ß-catenin becomes first restricted in the early re-aggregate by an unknown mechanism.
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providing a physical environment that favours friction-based interactions with the expanding ExEmb tissues.
1.4.4 | The unusual case of annual killifish: epiboly is separate from gastrulation 
Annual killifishes live in temporary pools of water that dry up during the summer, resulting in the death of all adult 
fish. Embryos remain buried in the substrate and survive the desiccation until the next rainy season, when they 
complete development, hatch and grow rapidly to reproduce and continue the life cycle [75]. Annual killifish have 
evolved the ability to enter three distinct phases of reversible developmental arrest, termed diapauses [76, 77], and 
show a unique early developmental pattern characterised by a delay in the onset of gastrulation [78, 79]. Unlike 
zebrafish, in which DCL cells undergo concomitant epiboly and gastrulation movements after the blastula stage, annual 
killifish undergo serial phases of dispersion and re-aggregation that separate the processes of epiboly and gastrulation 
(Fig. 1E). During dispersion, the DCL spreads from the animal pole at low cell density to cover the egg surface in the 
epiboly movement [42] and its cells then remain in random motion until they re-aggregate at one region of the embryo 
to give rise to the embryo proper (Fig. 1E) [47, 80-82]. Such unique pattern suggests that the mechanisms that initiate 
gastrulation and axis formation in annual killifish differ from those in non-annual teleosts. Indeed, Huluwa, a key 
maternal determinant that in zebrafish is critical to localise nuclear ß-catenin and set the site of the future embryonic 
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Figure 1| Structures and strategies of teleost early embryo development. (A) The early teleost egg is formed by embryonic (DCL) 
and ExEmb (EVL, YSL) domains. (B) Teleost epiboly is driven by eYSL actomyosin contractility, which pulls the YSL and EVL at its 
margin. (C) DCL marginal deformation by YSL epiboly induces nuclear ß-catenin translocation (green dots) to reinforce mesendoderm 
patterning. (D) In zebrafish, epiboly and gastrulation are concomitant processes. Maternal Huluwa restricts nuclear ß-catenin in the 
blastula (green dots) and defines the site of the embryonic axis. Convergence and extension shape the embryonic axis (arrows). (E) In 
annual killifish, gastrulation is separated from epiboly, and initiates after DCL dispersion by directed cell movements (arrows). 
Nuclear ß-catenin becomes first restricted in the early re-aggregate by an unknown mechanism.
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