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Abstract

Epithelial layers constitute the skeleton of early embryos and most tissues and organs and their 

remodelling during development is essential for reshaping the embryo and for tissue 

architecture. Epithelial expansion in particular, has fundamental roles during early 

embryogenesis in both vertebrates and invertebrates. Some well-established invertebrate 

models have contributed greatly to our knowledge of this process. However, we are still far 

from having a global understanding of the cellular, molecular and mechanical changes involved 

in this process, the diversity, and relationship  between them. With this in mind, we decided to 

explore a less well known model for epithelial expansion, epiboly in the vertebrate zebrafish. 

Epiboly is the expansion of the blastoderm around a big yolk cell to finally engulf it. Three 

different layers are involved in this process, an epithelial layer, a mesenquimal layer and a big 

yolk cell. Although teleost epiboly has been studied for many years a clear understanding of the 

process was still missing. We analysed the cellular, molecular and mechanical elements 

involved in this process and found that epithelial expansion is in this process a passive event 

driven by the pulling of the adjacent layer, the yolk syncytium. The increase in area of this 

epithelia is achieved by cell shape changes (flattening) and the RhoGTPase Rac1 activity seems 

to be necessary for these passive changes in shape. The contraction in the yolk syncytium is 

accompanied by  the formation of membrane folds and endocytic vesicles in this area and the 

different mechanical properties of the elements at both sides of these contractile domains are, 

together with endocytosis, essential to understand the expansion. In relation to this, we found 

that Rab5ab activity  in the yolk is essential for the expansion and for doming of the internal part 

of the yolk. In addition, we showed that the main constituent of the embryo at this stage, the 

yolk granules, behave as an hydrodynamic fluid at low Reynolds number that passively flow 

during epiboly by the activity  at the surface. We learned that the spherical geometry of the 

embryo together with volume conservation and the transmission of forces between the different 

elements involved in the process are essential to understand the changes observed in the 

blastoderm during this process and its global coordination. We generated a non-intrusive 
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methodology to extract the mechanical changes involved in a given morphogenetic event from 

microscopy data based on the relation between the active elements (elastic, visco-elastic) and 

the passive ones (fluids). We applied this method to the process of epiboly  and validated the 

results obtained by atomic force microscopy (AFM) indentation and laser microsurgery 

experiments. Finally, we generated an enhancer trap screen using the Gal4/UAS binary system 

with the aim of being able to spatially restrict gene expression during epiboly. However, and 

although we found several interesting lines that drove specific gene expression, we could not 

find any with sufficient early expression to be useful for our epiboly studies.

Overall, we learnt that an isotropic actomyosin contraction generates an anisotropic stress 

pattern and movement by the properties of the surrounding elements. To get a precise 

understanding of epiboly  we had to consider the transmission of forces between the different 

layer and volume conservation. For that, it was important to take into account both the 

contribution from the active elements (cortex) and from the passive ones (fluid).

The role that unselective membrane removal has in morphogenesis has been barely  explored. 

We anticipate that membrane tension and removal and its relationship to actomyosin 

contraction and shape changes will become an emerging and exciting field and that zebrafish 

epiboly will become a great model to study these relationships.
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Spanish Abstract
Resumen

La expansión de epitelios es esencial durante la embriogénesis de muchos organismos tanto 

invertebrados como vertebrados y también juega un papel importante en el organismo adulto 

como, por ejemplo, durante el proceso de cicatrización de heridas.  Para ampliar nuestros 

conocimiento sobre los mecanismo celulares, moleculares y  mecánicos responsables de este 

cambio morfogenético estudiamos la epibolia del vertebrado pez cebra. La epibolia de pez 

cebra consiste en la expansión del blastodermo alrededor del vitelo para finalmente embolverlo. 

Elaboramos un análisis descriptivo, funcional y  mecánico del procesos que nos llevó a concluir 

que la expansión de este epitelio (EVL) es pasiva y generada por la contracción y la endocitosis 

del córtex de la capa adyacente, el sincitio del vitelo. La actividad de la RhoGTPasa Rac en el 

epitelio parece importante para este cambio de forma celular pasivo, mientras que la endocitosis 

mediada por la RhoGTPasa Rab5ab en el sincitio adyacente es esencial para la expansión del 

epitelio.  Encontramos que la contracción isotrópica del córtex del sincitio genera un 

movimiento unidireccional por las diferentes propiedades mecánicas de las dos estructuras 

adyacentes. Por otro lado, descubrimos que los gránulos del vitelo, el mayor componente del 

huevo en este estadio, se comportan como un fluido viscoso incompresible que se mueven 

pasivamente durante el proceso de expansión por la actividad generada en la superficie. 

Además, el movimiento de estos gránulos durante el proceso puede explicar el cambio de forma 

del blastodermo durante el proceso. Finalmente, generamos un método para extraer los cambios 

mecánicos durante la epibolia a partir de imágenes de microscopia, basado en la relación entre 

la actividad elástica del córtex y  el movimiento del fluido. Los resultados obtenidos con este 

método fueron validados por microscopía de fuerza atómica y  microcirugía del córtex. En 

resumen, hemos obtenido un conocimiento global de la epibolia y aprendido que para explicar 

este proceso es necesario considerar las diferentes propiedades mecánicas de los diferentes 

elementos involucrados y la transmisión de fuerzas entre estos teniendo en cuenta la 

conservación del volumen y la forma esférica del embrión. Creemos que estos conceptos 

resultarán aplicables a otros procesos morfogenéticos.

 SPANISH ABSTRACT
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1
INTRODUCTION

1.1- Zebrafish epiboly, a model for epithelial expansion
Epithelial layers are composed by tightly attached polarised cells. Their remodelling during 

embryogenesis is essential to give shape to the embryo and most tissues and organs in both 

vertebrates and invertebrates. Among the diversity of epithelial tissue changes, epithelial 

expansion is important during embryogenesis as well as in adult organism (e.g., wound 

healing). Epithelial expansion has been extensively study in some invertebrates models (e.g., 

dorsal closure in Drosophila or ventral enclosure in C.elegans) but not many vertebrates models 

are routinely used to get a deeper understanding of this process. This is in part due to the 

inaccessibility  of some vertebrates model for imaging and mechanical analysis. Epiboly in 

zebrafish is however an excellent model to overcome these limitations (fig. 1.1). Its easy 

accessibility, the embryo optical clarity, radial symmetry1 and spherical shape (fig. 1.1) makes it 

an ideal model to get a deeper understanding of epithelial expansion both at the sub-cellular, 

cellular and whole embryo level to study both the mechanics and cellular mechanisms 

responsible for the expansion. Zebrafish epiboly is the expansion of the blastoderm around the 

yolk to finally engulf it. Early work by Trinkaus and colleagues (Betchaku and Trinkaus, 1978; 

Betchaku and Trinkaus, 1986; Trinkaus, 1949, 1951, 1971, 1984, 1993; Trinkaus and Lentz, 

1967) in another teleost species, Fundulus heteroclitus, established the bases of what we know 

nowadays about this process but, since then, it  has received little attention (reviewed in Lepage 

and Bruce, 2010b; Rohde and Heisenberg, 2007).

INTRODUCTION
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1.1.1- Zebrafish as a model organism
The zebrafish (Danio rerio) is a teleost fish native from the Himalaya region commonly found 

in aquariums and pet shops. In the last twenty years this fish has become a powerful vertebrate 

model to study developmental processes as well as to model human disease. Some of its main 

advantages, if compared to other vertebrates models, are the large amount of eggs produced by 

a single female (around 200-300), its external fertilization, its fast development and its 

relatively low cost maintenance. In addition, the embryo optical clarity and its easy 

manipulation makes it  an ideal model for live imaging and morphogenetic studies. However, a 

major disadvantage as a developmental model is the presence of an extra copy of most genes in 

its genome which makes gene knockdown studies more challenging. This extra copy arises 

from an additional round of genome duplication suffered by  all teleost fish during evolution 

(Amores et al., 1998). The increasing number of mutant and transgenic lines available 

(Amsterdam et al., 2004; Kawakami et al., 2004) and the recent progress in reverse genetic 

approaches to direct gene targeting (Doyon et al., 2008; Sander et al., 2011) are nevertheless 

overcoming this problem.

1.1.2- Zebrafish early development
Zebrafish early  development is relatively fast and by 24 hours post fertilization (hpf) the main 

rudiment of the adult fish is already visible (fig. 1.2). 

Figure 1.1- Epithelial expansion during zebrafish epiboly.
a-c) Snapshots of a zebrafish embryo at three different epiboly stages. Whole embryo confocal images of a  
Tg(actb1:GFP-utrCH) labeling F-Actin. Scale bar 100µm. Adapted from Behrndt et al., 2012.
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The first  stages of zebrafish embryonic development have been subdivided in 5 main periods: 

zygote, cleavage, blastula, gastrula and segmentation (fig. 1.3, Kimmel et al., 1995). The zygote 

period extends from the newly fertilized egg until the first cleavage occurs (fig. 1.3a). The 

cleavage period comprises the first  6 rounds of synchronous divisions while the blastula period 

comprises those stages when the blastodisc already looks like a pile of cells sitting on top of a 

big yolk (fig. 1.3b and c, respectively). The two last periods are when gastrulation and somite 

formation, respectively, takes place (fig. 1.3d and e). 

The fertilized zebrafish egg is composed by a small yolk-free cytoplasm, the blastodisc, that has 

become segregated from the rest of the yolk granules-rich cytoplasm (fig. 1.4a). The blastodisc 

will give rise to the embryo proper while the yolk mass is the main energy supply for the 

embryo and larva until, by day 14, it is able to actively get food. Blastodisc segregation from 

the granules rich yolk defines the first asymmetry  and axis of the embryo: animal pole, 

blastodisc; vegetal pole, yolk (fig. 1.4a). Less than an hour after fertilization2, the first cleavage 

takes place. First rounds of cell divisions are synchronous (fig. 1.4b,c) and meroblastic 

Figure 1.2- Zebrafish early development 
a,b) Brightfield images of a zebrafish embryo at the 1-cell stage and at 24hpf. Scale bar 250 µm. Adapted from 
Kimmel et al., 1995.

Figure 1.3- Main periods of zebrafish early development
a-e) Brightfield images of a zebrafish embryo at zygote, cleavage, blastula, gastrula and segmentation periods. 
Lateral view of the embryos are shown. Scale bar 250 µm. Adapted from Kimmel et al., 1995.
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(uncompleted cleavage of the blastodisc, keeping cytoplasmic bridges with the yolk). Initially, 

cleavage planes are oriented perpendicular to the previous division and parallel to the animal-

vegetal axis, maintaining a one cell height blastodisc (fig. 1.4b, c). At the 16-cell stage, the four 

most central blastomeres become completely cleaved from the yolk, whereas the cells at the 

margin still remain connected with it (Kimmel and Law, 1985a; Long, 1980)3. At the 32-cell 

stage, the cleavage plane becomes for the first time perpendicular to the animal-vegetal axis, 

generating a two cell height blastodisc where the most central blastomeres are completely 

covered by the rest (64-cell stage, fig. 1.4d).

During the blastula period (from the 128-cell stage to the onset  of gastrulation, fig. 1.5), cells 

divide first metasynchronously  (wave-like) and then asynchronously with much longer cell 

cycles. Around the 512-cell stage zygotic transcription starts (midblastula transition, MBT) and 

cell cycle length increases (Kane and Kimmel, 1993; Trinkaus, 1992). The most superficial 

blastomeres in contact with the yolk that still maintain bridges with it, collapse and release their 

content into the yolk forming a syncytium, referred to as the yolk syncytial layer (YSL, Agassiz 

and Whitman, 1884; Kimmel and Law, 1985b; Lentz and Trinkaus, 1967; Long, 1980; 

Trinkaus, 1993; Wilson, 1891). Syncytial nuclei are positioned just below the yolk surface 

forming a ring structure adjacent to the blastoderm. At this stage (512-cell stage), all the 

remaining blastomeres have lost their connection with the yolk cell (Kimmel and Law, 1985a) 

with the exception of the dorsal forerunner cells (DFCs), that still maintain bridges with it 

(Amack and Yost, 2004; Cooper and D'Amico, 1996). The DFCs are some marginal EVL cells 

that internalize during epiboly  to give rise to the kupffer vesicle, a ciliated organ involved in 

Figure 1.4- Zygote and cleavage stages
a-d) Brightfield images of a zebrafish embryo at the 1-cell (10 min after fertilization), 2-cell (0,75hpf), 8-cell, 
(1,25hpf) and 64-cell stages (2hpf), respectively. Lateral views are shown. Scale bar 250 µm. Adapted from 
Kimmel et al., 1995.
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left-right asymmetry (Essner et  al., 2005; Oteiza et al., 2008). After the 11th round of cell 

division (high stage), the blastomeres constitute a pile of cells sitting on top  of the yolk with an 

apparent constriction in the contact with the yolk (arrow in fig. 1.5b). Progressively, the animal-

vegetal axis of the embryo becomes shorter, the constriction with the yolk diminishes and the 

embryo acquires a more ellipsoidal shape (oblong stage, fig. 1.5c). Embryo length shortening in 

the Animal-Vegetal directions continues and the constriction at the contact  area between the 

blastoderm and the yolk disappears generating an embryo of almost  perfect spherical shape 

(sphere stage, 4hpf, fig 1.5d). At this stage, the contact area between the cap  of blastomeres and 

the yolk is completely flat (fig. 1.5d) and superficial and inner blastomeres have become 

lineage restricted (Kimmel and Law, 1985c). The cells positioned inside the blastoderm cap, the 

deep  cells (DCs), will give rise to the embryo proper (ectoderm, mesoderm and endoderm 

derivatives, orange cells in fig.1.6) while cells at the surface will form a protective epithelia 

monolayer surrounding the DCs (the enveloping layer, EVL, blue cells in fig. 1.6a and Kimmel 

and Law, 1985c). These two cell populations, together with the yolk syncytial layer will 

undergo epiboly.

Figure 1.5- Blastula period
a-d) Brightfield images of a zebrafish embryo at the 256-cell stage (2,5hpf), high stage (3,3hpf), oblong stage 
(3,7hpf) and sphere stage (4hpf), respectively.  Lateral view of the embryos are shown. Red arrow highlight the still 
apparent constriction between the blastoderm and the yolk at high stage. Adapted from Kimmel et al., 1995.

Figure 1.6- Layers arrangement at sphere stage
Schematic representation of an embryo at sphere stage (left panel) and detailed organization of the three layers at 
this stage (right panel). The EVL cells (blue cells) form a monolayer covering the pile of blastomeres (orange cells, 
deep cells). Vegetally,  the YSL nuclei are distributed in the area in between the blastomeres and the yolk granules. 
Adapted from Rohde and Heisenberg, 2007.
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1.1.3- Gastrulation
After sphere stage, gastrulation and epiboly  begin4 (reviewed by  Rohde and Heisenberg, 2007). 

Gastrulation is the first visible morphogenetic event that takes place during development. It 

repositions the progenitors of three embryonic germ layers (ectoderm, mesoderm and 

endoderm) and generates the main embryonic axis and shape (fig. 1.7, reviewed by Solnica-

Krezel, 2005). In zebrafish, four morphogenetic movements can be distinguished during 

gastrulation: epiboly, internalization, convergence and extension (fig.1.7). Internalization  

positions the endoderm and mesoderm progenitors in an inner layer (hypoblast) leaving the 

ectodermal progenitors (epiblast) in the DC’s outer layer (fig. 1.8a and Warga and Kimmel, 

1990). Convergence and extension (CE) narrow (medio-laterally) and elongate (antero-

posteriorly) respectively, the embryonic axis (fig. 1.7 and 1.8b). DC’s internalization and CE 

occur while epiboly  takes place and CE will continue after the end of epiboly (Solnica-Krezel, 

2006).

Figure 1.7- Morphogenetic movements during gastrulation
a) The four gastrulation morphogenetic movements highlighted in a shield stage embryo. Adapted from Köppen et 
al., 2006.  b) An embryo after gastrulation (14-somite stage) with the main embryonic structures and axis rudiment 
observable. Adapted from Solnica-Krezel, 2006.
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while in others it is considered to start at 50% epiboly, when DCs starts to ingress (e.g., Kimmel et al., 1995, Armstrong, P.B., and Child, J.S., 

1965). Along this Thesis gastrulation, will be considered to start at the onset of epiboly.



1.1.4- Epiboly
The first description of epiboly dates from 1835 (von Baer, 1835) in another teleost species 

(Cyprinus). However, it was not  until the 20th century when major contributions to the field 

were made by  the detailed and elegant work of Trinkaus and colleagues investigating epiboly in 

Fundulus heteroclitus (see below and Betchaku and Trinkaus, 1978; Betchaku and Trinkaus, 

1986; Keller and Trinkaus, 1987; Lentz and Trinkaus, 1967, 1971; Trinkaus, 1949, 1951, 1971, 

1984, 1992; Trinkaus, 1993; Trinkaus and Lentz, 1967).

During epiboly, the EVL (grey cells in fig. 1.9, Lentz and Trinkaus, 1971), the DCs, (blue cells 

in fig. 1.9, Trinkaus, 1973) and the YSL (yelow area in fig. 1.22, Betchaku and Trinkaus, 1978) 

expand simultaneously  around the yolk (fig. 1.9a to b). The YSL nuclei is subdivided in two 

populations: the external yolk syncytial layer (E-YSL) that only  undergo epiboly and the 

internal yolk syncytial layer (I-YSL) that also undergo other gastrulation movements together 

with the adjacent DCs (green and blue nuclei, respectively in fig. 1.9).

Figure 1.8- Internalization, convergence and extension
a) Schematic representation of an embryo at 50% epiboly (left panel). Arrows indicate the main movements taking 
place at this stage. Right panel, detail of cells movement during internalization. Mesendoderm progenitors 
(hypoblast, brown cells) internalize and move towards the animal pole in between the yolk and the non-
internalized DCs (epiblast, red cells). Above, the EVL monolayer (blue cells) keep moving towards the vegetal 
pole. b) Schematic representation of an embryo at the end of epiboly, tailbud stage (left panel) and detail of cell 
movement during CE (right panel). Adapted from Rohde and Heisenberg, 2007.
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1.1.4.1- Stages during epiboly

Epiboly stages are named according to the percentage of yolk covered by  the blastoderm (% 

epiboly). Just prior to epiboly, at sphere stage (fig. 1.10a, 1.11a and 1.12a), the contact of the 

blastoderm with the yolk is flat. Doming of the yolk is the first sign of epiboly initiation (dome 

stage, fig. 1.10b, 1.11b and 1.12b). Concomitant, the DC’s layer narrows by radial cell 

intercalation transforming the embryo in an inverted cup-like shape (fig.15b and Warga and 

Kimmel, 1990). Doming and radial intercalation have been suggested to occur prior to the 

expansion of the blastoderm (fig.1.11 and Lepage and Bruce, 2010b).

Figure 1.9- Main elements involved in epiboly 
Schematic representation of a zebrafish embryo at sphere (left panel) and 75% epiboly (right panel) with the 
position and organization of the different layers at each stage. An slide opened 3D representation of the embryo is 
shown. The EVL (grey cells) and the YSL (yellow area) are positioned at the embryo surface while yolk granules 
occupy most of the inner volume. At sphere stage, just before epiboly, a cap of DCs (blue) covered by the EVL 
monolayer (grey cells) are sitting on top of the yolk cell. The contact between the blastoderm and the yolk is flat 
and the YSL has already formed (yellow area with blue and green nuclei). At 75% epiboly,  the blastoderm has 
spreaded together with the YSL around the yolk and covers 3/4 of the egg. The YSL is now subdivided in two 
populations the E-YSL and the I-YSL.
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After doming, when the blastoderm occupies 30% of the sphere (30% epiboly stage, fig. 1.12c), 

the EVL is a thin flat monolayer, while the DCs comprise an internal uniform mass 3-4 cells 

thick (Kimmel et al., 1995). When the blastoderm’s margin reaches the equator (50% epiboly), 

DC’s spreading slows down and an accumulation of DCs at the margin with the yolk occurs 

(germ ring, fig. 1.12d). Meanwhile, the convergence movement of some DCs towards what will 

become the dorsal side of the embryo (Schmitz and Campos-Ortega, 1994) generates a radial 

Figure 1.10- DC’s radial intercalation
a) Schematic representation of an embryo at sphere stage (left panel) and detail of the different layers organization 
at this stages (right panel). The EVL (blue) forms a monolayer covering the pile of blastomeres (orange, deep 
cells).  Beneath, the YSL nuclei are distributed at the interphase between the blastomeres and the yolk granules. b) 
Schematic representation of an embryo at 50% epiboly (left panel) and detail of DC’s radial intercalation (right 
panel). During radial intercalation,  lower cells (red) will mix in between upper cells (orange). Simultaneously yolk 
doming takes place. Adapted from Rohde and Heisenberg (2007).

Figure 1.11- Doming and expansion 
a-b) Sphere and doming stages schematic representations. Doming and radial intercalation of DCs are considered 
the first stage of epiboly, preceding the expansion of the EVL and the DCs. c-e) During the progression phase the 
thinning of the blastoderm continues while it expand towards the vegetal pole. Black arrows indicate the major 
movement of DCs and EVL during epiboly. Abbreviations: d, dorsal; dc, deep cells; dcm, deep cell margin; e-ysn, 
external yolk syncytial nuclei; ep, epiblast; hyp, hypoblast; i-ysn, internal yolk syncytial nuclei; vp, vegetal pole; 
yc, yolk cell. Adapted from Lepage and Bruce, 2010.
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asymmetry in the DCs forming an structure known as embryonic shield (fig. 1.12e,f and 

Oppenheimer, 1937; Trinkaus, 1992; Warga and Kimmel, 1990). Subsequently, all around the 

margin of the blastoderm, the more marginal DCs (progenitors of mesendodermal tissues) 

internalize and initiate a backwards movement towards the animal pole in between the external 

DCs and the I-YSL forming the hypoblast (fig. 1.11d,e). Those DCs remaining in the outer 

layer will form the ectodermal derivatives (epiblast). Once the shield has formed DCs epiboly 

resumes until the embryo covers the whole yolk cell (bud stage, fig 1.12h). Simultaneously, 

DCs move towards the dorsal side (convergence) where they intercalate (extension) to narrow 

and elongate, respectively, the embryo anterior-posterior axis (Warga and Kimmel, 1990). The 

end of epiboly  is marked by the sealing of the blastoderm at the vegetal pole (bud stage, fig. 

1.12h).

As mentioned above, pioneer work in Fundulus epiboly has greatly contributed to our 

understanding of epiboly.As Fundulus and zebrafish epiboly share many similarities, in the 

following sections I will introduce what we learn regarding epiboly progression from studies in 

Figure 1.12- Epiboly stages
Lateral view of zebrafish embryos at: a) sphere stage (4hpf, onset of epiboly); b) Dome stage, beginning of 
epiboly (4,3hpf); c) 30% epiboly stage, 4,7hpf; d) Germ ring stage (5,7hpf); e) Shield stage (6hpf). f) Animal pole 
view (A view) of an embryo at shield stage; the black arrow points to the embryonic shield that defines the dorsal 
side of the embryo. g) Lateral view of 70 % epiboly stage embryo with dorsal side to the right and ventral side to 
the left. Arrow points at the dorsal thickness of the embryo resulting from DCs convergence and extension 
movements. h) Bud stage (10hpf),  arrow pointing at the future anterior part of the embryo (head). Arrowhead 
pointing at the tailbud (future posterior tail growing area). Scale bar, 250 µm. Adapted from Kimmel et al.,1995.
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both teleost species. Fundulus epiboly and early development stages are similar to that of 

zebrafish (fig.1.13). The main differences resides in the embryo size, approximately double to 

that of zebrafish (1800µm versus 700µm in diameter), and the relative size of the blastodisc at 

the beginning of epiboly, being smaller than in zebrafish (fig.1.13d). 

1.1.4.2- The EVL

The enveloping layer (EVL) is a squamous extraembryonic epithelial monolayer that surrounds 

the embryo proper (i.e., the DCs) during all epiboly stages. Later, it will differentiate into the 

periderm (outer most layer of the embryonic epidermis, Kimmel et  al., 1990; Sidhaye et al., 

2014). During epiboly, this epithelial sheet expands around the yolk mass attached to the 

adjacent YSL increasing its surface more than double (fig. 1.14). 

Figure 1.13- Fundulus early development  
Lateral view drawings of Fundulus embryo at: a) 1-cell stage, named stage 2; b) two-cell stage,  named stage 3; c) 
stage 12, just prior to epiboly, YSL already present forming a circumferential band around the blastodisc margin, 
not shown; d) stage 13,  just after the beginning of epiboly; e) stage 14, epiboly continues and there is an apparent 
elevation of the blastoderm at the animal pole; f) stage 15, germ ring and embryonic shield already visible; g) stage 
19; h) stage 20, closure of the blastoderm around the yolk. Adapted from Armstrong and Child (1965).
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In both Fundulus and zebrafish, a progressive flattening of EVL cells during epiboly  has been 

observed (Betchaku and Trinkaus, 1978; Campinho et  al., 2013; Kimmel et al., 1995; Lentz and 

Trinkaus, 1967; Morgan, 1895). EVL cells at the margin with the E-YSL, also undergo some 

stereotyped cell shape changes in both species during epiboly progression (fig. 1.15 and 1.16 

and Cheng et al., 2004; Keller and Trinkaus, 1987; Koppen et al., 2006). Initially, these cells 

have an oval shape and form an irregular margin with the yolk (fig. 1.15a and 1.16d and 

Betchaku and Trinkaus, 1978; Cheng et al., 2004; Koppen et al., 2006). Progressively they  

become aligned at the contact with the yolk and acquire a more triangular shape (fig. 1.15b, 

1.16e and Betchaku and Trinkaus, 1978; Cheng et al., 2004; Koppen et al., 2006), elongating in 

the animal-vegetal direction as epiboly continues (fig. 1.15c, 1.16f, Betchaku and Trinkaus, 

1978; Cheng et al., 2004; Koppen et al., 2006).

Figure 1.14- EVL expansion during epiboly
a-d) Expansion of the EVL epithelial monolayer around the yolk at 30% epiboly,  shield, 85% epiboly and 95% 
epiboly stages, respectively. Each image are maximum projections of confocal images of FITC-phalloidin labelled 
embryos. White arrows point at the EVL cells and its margin. Asterisks mark the vegetal pole, while grey 
arrowhead points at the DC’s margin. Scale bar 200µm. Abbreviations: AP, animal pole; VP, vegetal pole.  Adapted 
from Cheng et al., 2004.
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Filopodia have been observed in these leading edge cells at their apical-lateral side in contact 

with the yolk at 30% epiboly (fig. 1.17a, Zalik et al., 1999). An F-actin ring has also been 

observed to develop in this marginal cells after the cells cross the equator (white arrow in fig.

1.17b, Cheng et al., 2004). This ring was suggested to act as a contractile purse-string after the 

equator working together with  the actin belt that develops in the E-YSL to drive the expansion 

(yellow arrow in fig. 1.17b, next section and Cheng et  al., 2004). The EVL is attached to the E-

YSL only  by  the cells at the margin (fig. 1.18a and Betchaku and Trinkaus, 1978; Köppen et al., 

2006) and this attachment seem to be mediated mainly  by tight junctions (fig. 1.18b, Betchaku 

and Trinkaus, 1978; Köppen et al., 2006).

Figure 1.15- Changes in the EVL margin with the yolk during Fundulus epiboly
Scanning electron micrographs of the EVL-E-YSL contact area. a) Just prior to epiboly, at stage 12. b) Before the 
equator, at stage 14. c) After the equator,  at stage 18.  Modified from Betchaku and Trinkaus (1978). Magnification, 
x 810.

Figure 1.16- Changes in EVL cells at the margin with the yolk during zebrafish epiboly
a-c) Brightfield images of zebrafish embryos at 30% epiboly, shield and 75 % epiboly stages, respectively. d-f) 
Confocal maximum projection of the contact area between the EVL and the E-YSL at the same epiboly stages as 
in the upper panels. Phalloidin staining are shown. Modified from Köppen et al., 2006.
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1.1.4.3- The DCs

As mentioned above, DCs will give rise to the embryo proper. They are mesenquimal-type cells 

that actively migrate during gastrulation (fig. 1.19 and Lentz and Trinkaus, 1967; Trinkaus, 

1984). During epiboly they move in between the internal part of the YSL and the EVL (fig.

1.19), occupying the space generated during the progression of the EVL margin and the 

concomitant expansion of the internal part of the syncytium (Trinkaus, 1984).

Figure 1.17- Marginal EVL cells
a) Detail of the EVL marginal cells at early stages of zebrafish epiboly. Most EVL marginal cells emit filopodia-
like projections towards the yolk cell.  Rhodamine-phalloidin staining. Adapted from Zalik et al.,  1999 b) 
Maximum projection images of the contact area between the EVL and the E-YSL of a FITIC-phalloidin labelled 
zebrafish embryo at 85% epiboly stage. Image color-coded for intensity level (red highest, blue lowest). Actin 
staining can be seen in the EVL margin with the yolk (white arrowhead) as well as in the DCs margin (red 
arrowhead),  the punctuated actin belt in the E-YSL (yellow arrow) and the still exposed vegetal region of the yolk 
(asterisk). Scale bar 50µm. Adapted from Cheng et al., 2004. 

Figure 1.18- EVL yolk attachment
The yolk is adhered to the blastoderm by a circumferential attachment between the marginal EVL cells and the E-
YSL. a) Transmission electron microscopy image of the EVL-E-YSL contact area of an embryo at 75% epiboly 
(cross-section). Arrowhead points at this contact area. b) Staining of the EVL-E-YSL contact area of an embryo at 
75% epiboly with a tight junctions marker (ZO-1 antibody). c) Staining of the EVL-E-YSL contact area of an 
embryo at 75% epiboly with an adherent junctions marker (β-catenin antibody). Modified from Köppen et al., 
2006.
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Treatment of Fundulus embryos with colchicine5, affected DC’s movement but not epiboly of 

the EVL (Trinkaus and Erickson, 1983; Trinkaus, 1984), suggesting that EVL epiboly  was 

independent of DCs epiboly. Some zebrafish mutant phenotypes further confirmed this 

suggestion. Inhibition of E-cadherin produced an arrest of DC’s epiboly  while EVL and YSL 

movements were unaffected (fig. 1.20a-d and Kane et al., 1996; Kane et al., 2005; Shimizu et 

al., 2005). MZspg (Pou5f1/Oct4 deficient) mutants also showed an uncoupling of DC’s and 

EVL epiboly (fig. 1.20e-f,  Lachnit et al., 2008).

Figure 1.19- DCs migration
a) Lateral view of a zebrafish embryos (sagital plane) at around 40% epiboly. Modified from Montero et al., 2005. 
Embryo labelled with GAP43-YFP (membrane marker) and 0.5% high molecular weight fluorescein dextran b) 3D 
images of two DCs (epiblast cells) at 4 consecutive time-points (0, 2.5,  5, 7.5 minutes) highlighting is 
mesenchymal appearance. Cells labelled with a cytosolic and membrane-bound GFP. Modified from Ulrich et al., 
2003.
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Figure 1.20- Uncoupled EVL and DCs movements
a) E-cadherin knockdown phenotype. Phalloidin staining of an embryo injected with a morpholino against E-
cadherin. Modified from Köppen et al., 2006. b-d) Half baked (E-cadherin) mutant phenotype (end of epiboly in 
b) and a rare surviving embryo at 24hpf (c). Schematic drawing of the surviving embryos shown in d. 
Abbreviations: e,  eye; o, otic vesicle; n, notochord; s, somite; tb, tailbud; y,  yolk. Modified from Kane et al., 1996. 
e,f) MZspg epiboly phenotype. Wild type and MZspg embryos, respectively. DAPI staining. Modified from 
Lachnit et al., 2008.
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1.1.4.4-The Yolk

Below the blastoderm the giant yolk cell occupies most of the embryo volume. It is composed 

by a thin syncytium at the surface (YSL) while the rest of the yolk is filled with yolk granules6 

(fig. 1.21a-b and schematic representation in fig. 1.9).

The YSL is positioned in between the yolk granules and the blastoderm. Several observations 

have led to the idea that the YSL is one of the main driving force for epiboly  (see below, 

Betchaku and Trinkaus, 1978; Cheng et al., 2004; Köppen et  al., 2006; Solnica-Krezel and 

Driever, 1994; Trinkaus, 1984, 1993). It  has also been suggested to be involved in processing 

and transport of nutrients from the yolk granules to the cells (reviewed in Carvalho and 

Heisenberg, 2010; Trinkaus, 1993). This syncytium is also important for signaling during early 

zebrafish development, particularly  for the induction of the embryonic organizer at the dorsal 

side of the embryo (Bischof and Driever, 2004; Koos and Ho, 1998; Mizuno et al., 1999) and 

for patterning both mesoderm and endoderm germ layers (Mizuno et  al., 1999; Mizuno et al., 

1996; Rodaway et al., 1999; Sakaguchi et al., 2002). Recently, it has also been implicated in 

heart morphogenesis (Langenbacher et al., 2012). 

The origin of the YSL is similar in all teleost species observed (Agassiz and Whitman, 1884; 

Kimmel and Law, 1985a, b; Lentz and Trinkaus, 1967; Long, 1980; Stockard, 1915; Trinkaus, 

Figure 1.21- Yolk cell domains
a-b) Two photon microscopy images of the medial plane of a membrane labelled transgenic embryo [Tg(β-
actin:mGFP)].  a) The Yolk Cell is composed by the YSL and the yolk granules. b) The YSL can be subdivided in 
two populations (E-YSL and I-YSL) by the behavior of its nuclei (I-YSN and E-YSN, respectively). 
Abbreviations: DC (Deep Cells), EVL (Enveloping Layer), E-YSL (External Yolk Syncytial Layer), E-YSN 
(External Yolk Syncytial Nuclei), I-YSL (Internal Yolk Syncytial Layer), I-YSN (Internal Yolk Syncytial Nuclei), 
YSL (Yolk Syncytial Layer).Time hh:mm.
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1993; Wilson, 1891). In zebrafish this syncytium forms at around 512-1000-cell stage by the 

collapse into the yolk of the most marginal blastomeres (around 20) that release their nuclei and 

cytoplasm content into the yolk (fig. 1.22 and movie 1.1). The YSL nuclei will divide meta-

synchronously 3 to 5 times and become post-mitotic prior to epiboly  initiation (Kane et al., 

1992; Kimmel and Law, 1985b; Trinkaus, 1993). With each new round of division the 

syncytium increases in width (fig. 1.22, movie 1.1, Solnica-Krezel and Driever, 1994; Trinkaus, 

1993). At oblong stage, after the second round of cell divisions, some of these nuclei move 

centripetally towards deeper areas, beneath the blastodisc, to form the I-YSL ( Kimmel et al., 

1995; Solnica-Krezel and Driever, 1994). Together with the adjacent DCs, the I-YSL nuclei will 

undergo other gastrulation movements (Carvalho et al., 2009; D'Amico and Cooper, 2001; 

Long, 1980). Nuclei remaining at the surface constitute the E-YSL and they will move towards 

the vegetal pole with epiboly  progression (Solnica-Krezel and Driever, 1994). The thin 

superficial cytoplasmic area of the yolk devoid of nuclei (vegetal to the syncytium nuclei) 

constitutes the yolk cytoplasmic layer (YCL, fig. 1.21a,b).

In Fundulus, the onset of epiboly is marked by  the narrowing of the E-YSL (first phase of 

epiboly, from stage 12,5-13 to 15,5) and the simultaneous expansion of the I-YSL and the 

Figure 1.22- YSL formation
a-f) Snapshots of movie 1.1. Confocal images of the contact area between the blastoderm and the yolk.  a) Around 
512 cell stage some of the marginal blastomeres collapse releasing their nuclei and cytoplasm into the adjacent 
yolk (blue arrow). b,c) These nuclei divide up to 5 times once in the YSL enlarging the width of the syncytium. d) 
Some nuclei of will get internalize (white arrow) to form the I-YSL. The ones remaining in the surface (red arrow) 
will form the E-YSL and will move vegetally with epiboly (red arrow in c-d). Scale bar, 100µm. Time, hh:mm.
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blastoderm (Trinkaus, 1984). Later, and for the rest  of the process, E-YSL width remains 

constant and starts moving towards the vegetal pole (second phase, Betchaku and Trinkaus, 

1978). Prior to epiboly the surface of this E-YSL is smooth (fig. 1.23a and Betchaku and 

Trinkaus, 1978). With epiboly initiation, an area with high number of membrane folds develops 

in the E-YSL adjacent to the EVL margin (fig. 1.23b see also fig. 1.15b). This folded domain    

also showed high endocytic activity (Betchaku and Trinkaus, 1978; Betchaku and Trinkaus, 

1986). In zebrafish, actin and myosin were found to progressively accumulate on the E-YSL in 

a punctated actin belt-like structure (fig.1.24, Behrndt et  al., 2012; Cheng et al., 2004). Similar 

to Fundulus, membrane folds (fig. 1.25a) and a ring of endocytosis were also found in this area 

(fig. 1.25b and Cheng et al., 2004; Solnica-Krezel and Driever, 1994).

Figure 1.23-EVL-E-YSL changes during epiboly progression in Fundulus
Schematic drawings highlighting the changes in the EVL and YSL during epiboly progression (sagital view). a) At 
stage 12, just prior to epiboly, the E-YSL is wide with all its nuclei in front of the EVL margin and a smooth 
cortical surface. At this stage the EVL cells have an apparent columnar morphology. b) At stage 14, the E-YSL has 
already started narrowing and presents folds near the contact with the marginal EVL cells. EVL cells have lost 
their columnar morphology c) At stage 16, the E-YSL has further narrowed its width and the EVL cells present a  
more flat morphology. d) At stage 18, the E-YSL width remains fixed while moving towards the vegetal pole. 
Adapted from Betchaku and Trinkaus, 1978.
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Already  in the fifties the yolk captured the attention of embryologists as a possible force for 

epiboly progression; Devillers and Lewis proposed that the contraction of the cortex of the yolk 

gel layer (renamed YCL by  Trinkaus and colleagues), could be the primary  motor for teleost 

epiboly (yolk gel layer hypothesis, Devillers, 1948, 1950; Lewis, 1943, 1949a; Lewis, 1949b). 

Trinkaus and coworkers reanalyzed this hypothesis (Trinkaus, 1949, 1951) and proposed that 

the E-YSL was the main driving force for epiboly contracting and pulling the EVL with it  

(Betchaku and Trinkaus, 1978; Trinkaus, 1984). Interestingly, Fundulus embryos devoid of the 

blastoderm (denuded egg), underwent E-YSL narrowing, yolk doming and epiboly (Trinkaus, 

1949, 1951). Carbon particles tracing experiments also suggested that the narrowing of the E-

YSL band in Fundulus was caused by  its contraction (compare blue and red circles in fig. 1.26a 

Figure 1.24- Accumulation of actin in the E-YSL 
a-d) Maximum projection images of the contact area between the EVL and the E-YSL of representative embryos 
injected with Rhodamine–actin at different epiboly stages during epiboly progression.  Yellow arrow marks the 
punctated actin band that forms at the E-YSL. White and red arrowheads mark the EVL and DC’s margin 
respectively. Image color-coded relative to a maximum (red) and a minimum (yellow) actin concentration.  Scale 
bar 50µm. Adapted from Cheng et al., 2004.

Figure 1.25-Membrane folds and endocytosis in the E-YSL punctated band of actin
a) Nomarski image of the contact area between the EVL and the E-YSL highlighting the membrane folds 
(asterisk). Scale bar 10 µm b-c) Punctated actin band (b) in this area colocalizes with endocytosis (c). Scale bar 
50µm. Modified from Cheng et al., 2004.
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to b in relation to the margin) while the YCL surface remained static (green circle in fig. 1.26a). 

Wound healing experiments in these embryos (fig. 1.27 and Trinkaus, 1951) further reinforced 

the idea that the E-YSL was actively  contracting, pulling the adjacent epithelia (i.e., the EVL) 

with it, while replacing the YCL with its advancement (Trinkaus, 1984). 

In zebrafish, EVL cell elongation at the margin with the E-YSL was shown to correlate with 

actin accumulation in the adjacent E-YSL cortex (fig. 1.28 and Koppen et al., 2006). A two 

phase model has been proposed for zebrafish epiboly. A first phase where the EVL will spread 

around the yolk and a second phase where the E- YSL together with the EVL actin ring will be 

the main driving force for epiboly (Cheng et al., 2004). Still, DCs radial cell intercalation, yolk 

doming, cell growth, oriented cell division or cell neighboring exchange in the EVL are also 

considered as possible players during epiboly (reviewed in, Carvalho and Heisenberg, 2010; 

Lepage and Bruce, 2010b; Rohde and Heisenberg, 2007). Recently, a new mechanical model 

for epiboly progression has been proposed (Behrndt et al., 2012). This model considered the 

yolk actomyosin ring together with a friction mechanism generated in this area to be the main 

driving forces for epiboly (see discussion and Behrndt et al., 2012 for further details). 

Figure 1.26- Fundulus yolk membrane behavior in mechanical denuded eggs 
a,c) Tracing of carbon marks over Fundulus epiboly (camera lucida) placed in the YCL (blue and red circles) and 
the exposed I-YSL (red circles) of an egg depleted of the blastoderm at early midgastrula stage. Stage 16, 17,5 and 
18, respectively.  The E-YSL is highlighted in the drawing but not observed as a separate entity at these 
magnification and stages.  Modified from Trinkaus, 1984. The particle tracking highlight the contraction of the E-
YSL (distance of blue and green circles to the E/I-YSL margin in comparison to red circles); the expansion of the 
I-YSL (increase distance between red circle); the static behavior of the YCL area (green circle) and the vegetal 
movement of the E-YSL (purple double head arrow).
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Figure 1.27- E-YSL wound healing response
a,b) Fundulus embryo with 4 carbon marks before and after closure of a wound made in the YCL (a, b 
respectively).  Carbon marks near the wound decrease their distance while the distance between these marks and 
the adjacent marks increases. Adapted from Trinkaus, 1951 c,d) Wound closure response in the external yolk 
generates a precocious stretching of the adjacent blastoderm margin. Full embryo overview of a wound generated 
at approximately stage 12, just prior to epiboly and close up detail of a wound generated at approximately stage 10 
(early blastula stage, before epiboly initiation). Abbreviations: BM, blastoderm; MW, expanded margin of wound; 
WC, point of wound closure; FEB, former edge of blastoderm; EB, edge of the blastoderm, YS, yolk sphere; SC, 
stretched cells. F, radiating folds in surface gel layer. Adapted from Trinkaus, 1949.

Figure 1.28- Correlation between EVL elongation and actin accumulation in the adjacent YSL
Plot showing the relation between the length/width ratio (L/W) of individual EVL cells at the margin and the 
intensity of phalloidin staining in the adjacent area of the E-YSL at 75% epiboly. Values of 34 cells from 6 
embryos shown. Adapted from Koppen et al., 2006.
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1.2- Epithelial morphogenesis
Epithelial cells distinctive features and the different mechanisms used by these cells to change 

the dimensions of the epithelial sheet are important to understand any given epithelial 

morphogenetic event, both active or passive.

1.2.1- Epithelial cells
Epithelial cells are characterized by the formation of arranged tight attachments between cells 

and by a distinctive apico-basal polarity. Collectively, they generate cellular sheets that act as 

effective chemical and mechanical barrier between compartments or with the external 

environment. They  constitute the “skeleton” of metazoan embryos but they  also play  important 

roles in adult organisms homeostasis by functioning as protective barriers (e.g., epidermis), in 

molecular transport (e.g., nutrients uptake in the gut), secretion (e.g., mammary gland or 

salivary gland) and in sensing the environment (e.g., hair cells in the ear). 

Epithelial cell-cell attachments are localized in the most apical part of the lateral side of each 

cell and they are mediated by  different type of apical junctional complexes (fig. 1.29). The 

number and position of these complexes slightly  differs between vertebrates and invertebrates 

(fig. 1.29) and in different cell types in the same organism (reviewed in Franke et  al., 2009). In 

vertebrates, tight junctions (TJs, also called zonula occludens) are the most apical junctions 

while adherent junctions (AJs) are found just beneath TJs (Ivanov and Naydenov, 2013). In 

Drosophila the disposition of AJs and septate junctions (SJ, the invertebrate equivalent to TJ) is 

reversed to that of vertebrates, being the AJs the most apical ones (fig. 1.29). 

TJs are build by homophilic interactions of occludins, claudins and junctional adhesion 

molecules (JAM), clustered by  zonula occludens proteins (usually  ZO-1 and ZO-2). As 

indicated by their name, TJs generate a tight attachment between adjacent membranes reducing 

the intercellular space (reviewed in Tsukita et  al., 2001). In epithelial cells, AJs form a 

continuos belt around the lateral side of the cells called zonula adherens (ZA). Similar to TJs, 

AJs are formed by homophilic interactions between “classical” cadherins (i.e., E-cadherin in 

most epithelia). Cadherins are attached to actin cytoskeleton through the interaction with β and 

α-catenin (Abe and Takeichi, 2008; Drees et al., 2005; Yamada et al., 2005). Although adhesion 

between epithelial cells is robust, adhesion complexes are highly remodeled during 

morphogenesis while maintaining the cohesion of the tissue (Collinet and Lecuit, 2013).

Epithelial cells also display a characteristic and distinctive apico-basal polarity with their apical 

side in contact with the environment and frequently displaying microvilli, the lateral domain  
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harboring the cell junctional complexes and the basal side usually in contact with the 

extracellular matrix (fig. 1.29). 

Apico-basal polarity is established by three main polarity  complexes in both vertebrates and 

invertebrates (reviewed by St Johnston and Ahringer, 2010): Crumbs (CRB, Tepass and Knust, 

1993; Tepass et al., 1990), PAR (partitioning-defective, Kemphues et al., 1988) and Scribble 

(SCRIB, Bilder and Perrimon, 2000) complexes. These complexes are mutually antagonistic 

which helps to restrict their positions (fig. 1.30 and Chalmers et al., 2005; Musch et al., 2002; 

Yamanaka et al., 2006). Polarity proteins play key roles in the formation and disposition of 

adhesion complexes (Chen and Macara, 2005), cell membrane domains and cell shape changes 

(Chalmers et al., 2005; Martin-Belmonte et al., 2007; Roh et al., 2003; Wodarz et al., 1995). 

Figure 1.29- Epithelia cell-cell junctions and apico-basal polarity
a-b) Schematic representation of the attachment between epithelial cells, in both vertebrates and invertebrates 
(Drosophila). The apico-basal polarity main features and the position and components of the different adhesion 
complexes are shown. The apical side normally contains microvilli. The lateral side has an stereotyped disposition 
of cell adhesion complexes that is reversed between vertebrates and invertebrates. The basal side is frequently in 
contact with the extracellular matrix. The cells cortical actin network (cortex) is attached to the membrane by 
cortex-membrane attachment proteins (e.g. spectrin). Abbreviations, JAM , junctional adhesion molecules; FasIII, 
fasciclin 3. Modified from St Johnston and Ahringer, 2010.
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1.2.2- Tissue shape changes
Epithelial tissues are classified by the shape of their cells in: columnar (greater height than 

width); cuboidal (equal height and width) or squamous (greater width than height). They  form 

simple, stratified or pseudo-stratified epithelia depending on the arrangement and disposition of 

the cell bodies (apico-basal distribution). 

Three major mechanisms can produce a change in shape or size of an epithelial tissue: cell 

shape changes, cell neighbor exchange and cell growth (reviewed in Davidson, 2012; Lecuit 

and Lenne, 2007). Cell shape changes can take place without volume change by  surface area 

redistribution. Cells can elongate, flatten, lengthen or wedge by changing the proportion of their 

apical, lateral and/or basal domains (fig. 1.31a,b). As epithelial cells are tightly  connected, any 

individual cell shape change will produce a change in the surrounding cells. At the level of the 

tissue, if all cells flatten, the whole tissue will become thinner and will therefore expand its 

surface area (fig. 1.31c). Conversely, if cells become more columnar, by increasing its height at 

expenses of reducing their apical and basal domains the tissue will become thicker and will lose 

Figure 1.30-Polarity proteins interaction in vertebrates.
Schematic representation of the different interactions between the main polarity complexes. The Crumbs complex 
(CRB) specifies the apical domain. aPKC (atypical protein kinase C), Par3 and Par-6 complex defines the apical 
basal border while the basal domain is define by Scribble (Scrib) complex (Lgl, Scrib and Dlg). aPKC and Scribl 
complexes are mutually exclusive. Modified from Roignot, Peng and Mostov, 2013. Other abbreviations: Dlg, 
Discs large; Lgl (Lethal giant larvae).

INTRODUCTION

33



surface area. Finally, unequal constriction of the apical or basal side of some cells will produce 

tissue bending (fig. 1.31c). These cells shape changes can be driven by force within the cell 

(active change, intrinsic force) or be a passive response to an external applied force (extrinsic 

force).

Epithelial tissue remodeling can also involve exchange of cell neighbors. A classical example of 

such change is germ-band extension in Drosophila where cell intercalation narrows the tissue 

dorso-ventrally, elongating it in the anterior-posterior direction (fig.1.32a,b and Bertet et al., 

2004; Irvine and Wieschaus, 1994). Cell rearrangement is also observed in many cases of 

epithelial expansion in vertebrates (e.g., Fundulus epiboly, fig. 1.32c,d, Keller and Trinkaus, 

1987). It is important to consider that cell rearrangements within the plane of the epithelium 

would change the relative dimensions of the tissue (length versus width) but not its total surface 

area.

Figure 1.31- Epithelial tissue changes driven by cell shape changes 
a) Schematic representation of the regular hexagonal apical morphology of a columnar epithelial cell at rest.  Each 
cell is adhered to 6 other cells. b) Cell shape changes examples produced in an epithelial cells by apico-basolateral 
area redistribution without volume change. c) Tissue level changes produced by cell shape changes. Modified from 
Davidson, L.A., (2012).h, cell height; d, hexagon diagonal.
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In many cases, both cell shape changes and exchange of cell neighbors can participate in tissue 

deformation (Butler et al., 2009). In addition, both mechanisms can in principle be an 

autonomous active process generated by forces within the tissue/cell, or passive, as a result  of 

forces generated in adjacent tissues/cells . 

Finally, cell growth can also contribute to epithelial morphogenesis: an increase in cell volume  

will increase the volume of the tissue, changing its size (Ninov et al., 2009; Thompson, 1945).

1.2.3- Main cellular and molecular mechanisms driving tissue shape changes

At the molecular level, actomyosin contraction is, in most cases, responsible for both cell shape 

changes and cell neighbor exchange (reviewed in Clark et al., 2014; Guillot and Lecuit, 2013; 

Munjal and Lecuit, 2014). In cell neighbor exchange, cell junction remodeling is also important 

to maintain the cohesion of the tissue while allowing neighbor exchanges (reviewed in Collinet 

Figure 1.32- Tissue shape changes driven by cell rearrangement
a,b) Cell rearrangements during germ-band extension. Top: schematic representation of the anterior-posterior 
elongation of the tissue during germ band extension. Embryo with anterior to the left and dorsal to the top. 
Bottom: detail of cells before and after intercalation (a and b,  respectively) during the process of extension. Cells 
positioned in the same row at the beginning of the process are colour-coded. Modified from Lecuit and Lenne 
(2007). c) Drawings of the sequential changes observed in an EVL-EVL adhesion contact during epiboly 
expansion.  Modified from Keller and Trinkaus (1987).d) Schematic representation of the cell neighbouring 
exchanges shown in c. Modified from Pilot and Lecuit (2005).
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and Lecuit, 2013; Lecuit et al., 2011). For cell shape changes, polarity determinants and 

membrane remodeling mechanisms are also important  factors for changing the relative 

proportions of apico-basal domains (Chua et al., 2009; Lee and Harland, 2010; Martin et al., 

2010; Mateus et al., 2011; Wang et al., 2012).

1.2.3.1- Actomyosin contraction

Myosin was first described more than a century  ago (1864) by its role in muscle cell contraction 

(Kühne, 1864). Myosins are molecular motors that obtain energy by  ATP hydrolysis and 

generate mechanical forces by their binding to actin. All eukaryotic cells, from yeast to 

mammals, contain at least one myosin gene (Richards and Cavalier-Smith, 2005). In mammals,  

the myosin superfamily include currently around 40 to 50 different proteins. Among the 

different members, type II myosins are the best studied by their role in actomyosin contraction 

(reviewed in Hartman and Spudich, 2012; Sellers, 2000). In particular, non-muscular myosin II 

(NM  II), seems to be involved in actomyosin contraction in most morphogenetic events (fig. 

1.33a, reviewed in Clark et al., 2014; Munjal and Lecuit, 2014). Actomyosin contraction is 

important for cell shape changes (e.g. Kinoshita et al., 2008; Lee and Harland, 2007; Martin et 

al., 2009), cell neighbor exchange (e.g. Bertet et al., 2004), cytokinesis (Piekny  and Mains, 

2002) and cell migration (Blaser et al., 2006; Eddy et al., 2000; Even-Ram et al., 2007) among 

many other cellular events. Myosin II activity is controlled by  phosphorylation (e.g., Kasza et 

al., 2014; Vasquez et al., 2014) with different kinases and a single phosphatase controlling this 

switch (fig. 1.33b, reviewed in Matsumura, 2005).
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In the last years myosin type I members (e.g., myosin 1a-c) have begun to receive more 

attention by their role in linking the actin cortex to the membrane and its implication in 

membrane tension dynamics (Dai and Sheetz, 1999; Gauthier et  al., 2012; Hokanson et al., 

2006; Hokanson and Ostap, 2006; Laakso et al., 2008, 2010; McConnell and Tyska, 2010; 

Nambiar et al., 2009).

1.2.3.2- Membrane remodeling

Endocytosis and exocytosis control the lipid and protein composition and disposition at the 

plasma membrane. They have been shown to be important for the regulation of many signaling 

pathways and cell-cell adhesion remodeling (reviewed in Doherty and McMahon, 2009), but 

Figure 1.33-Actomyosin contraction and its regulation.
a) Myosin II (blue) is an hexamer composed by two heavy chains, 2 essential light chains (ELC) and 2 regulatory 
light chains (RLC). Myosin II dimerises through its heavy chain and forms bipolar minifilaments of several tail to 
tail dimers that are able to pull on actin filaments (F-actin, red) of antiparallel orientation. Adapted from Clark et 
al., 2014. b) Myosin activity can be regulated by a phosphorylation/dephosphorylation cycle. Many kinases can 
phosphorylate its regulatory light chain while only one phosphatase is know to date to regulate its activity. Among 
the kinases, ROCK has been shown to be involve in actin contraction in many morphogenetic processes. 
Abbreviations: MLC, myosin light chain; MLCK, myosin light chain kinase; ROCK, Rho-associated protein 
kinase; Citron-K, citron kinase; PAK, p21-activated protein kinase; MRCK, myotonic dystrophy protein kinase-
related, cdc42-binding kinase; DAK, death-associated kinase; ILK, integrin-linked kinase; ZIPK, ZIP-like kinase; 
CaM, calmodulin; MAPK, mitogen-activated protein kinase; PKA, protein kinase A; PKC, protein kinase C; 
CPI-17, inhibitory phosphoprotein of smooth muscle myosin phosphatase. Extracted from (Matsumura, 2005).
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less is known on their role in regulating overall cell surface area during morphogenesis (Lecuit 

and Pilot, 2003; Lee and Harland, 2010) or their connexion with membrane tension and 

contraction (Betchaku and Trinkaus, 1986; Gauthier et al., 2012). Endocytosis in particular, has 

been shown to be important for apical constriction (Lee and Harland, 2010) and Drosophila 

cellularization during development (Fabrowski et al., 2013).

Endocytic pathways are usually classified in Clathrin-mediated endocytosis (CME) and 

clathrin-independent endocytosis but many specificities exist depending on the elements 

involved (e.g., cargo, coat component, fig.1.35). Clathrin-mediated endocytosis is the best 

known endocytic pathway and it is present in all eukaryotic cells. CME is characterized by  the 

formation of clathrin-coated vesicles (CCV, fig. 1.34 and 1.35) and the selective internalization 

of cell-surface components and extracellular macromolecules (reviewed in McMahon and 

Boucrot, 2011).

Clathrin-independent endocytosis pathways are usually classified in caveolin-dependent 

endocytosis, caveolin-independent internalization and macropinocytosis and/or phagocytosis 

Figure 1.34- Factors involved in endocytosis mechanisms. 
Many distinct endocytosis mechanisms have been reported with differences at the level of: the membrane 
composition (e.g., lipid drafts or cholesterol enriched areas); the vesicle fission mechanism from the plasma 
membrane; the coating of the vesicles, if any; the role of actin in the process, if any; and the type of regulation. 
Modified from Mayor, S., and Pagano, R.E. (2007).
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(fig. 1.35). Macropinocytosis in particular is characterized by large non-selective internalization 

of fluid and by the presence of actin cytoskeleton protrusions (also named ruffles, fig.1.35). 

Macropinocytosis has been proposed as a possible mechanism for membrane area remodeling 

(Cao et al., 2007; Lim and Gleeson, 2011; Swanson and Watts, 1995).

Macropinocytosis was first described in 1931 by Warren Lewis (Lewis, 1931). It can be 

activated by  growth factors like platelet-derived growth factor (PDGF) or tumor-promoting 

factors. The vesicles formed by macropinocytosis are much larger than endosomes (around 0,2 

to 0,5µm ) and they seem to be uncoated. Not much more is known about this pathway except 

for its role in macrophages or dendritic cells and as an entry  route for pathogens (reviewed in 

Lim and Gleeson, 2011). Both CME and clathrin independent pathways have been extensively 

studied for their role in selective endocytosis but  not much is known in their role in unselective 

surface area remodeling. 

In both endocytosis and exocytosis, Rab family members are responsible for the coordination of 

vesicle formation and trafficking (fig. 1.36, reviewed in Stenmark, 2009; Zerial and McBride, 

Figure 1.35- Main endocytic pathways
Phagocytosis and macropinocytosis involve the uptake of big particle or large fluid uptake, respectively. Both 
produce vesicles with large diameter in comparison to that produced by other endocytic pathways. Actin 
protrusions are involved in both mechanisms.While phagocytic cargo ends in the lysosomes, macropinocytomes 
release they cargo in early endosome as most other clathrin-dependent and independent pathways does. Clathrin 
and caveolin dependent pathways form coated vesicle with each of these proteins, respectively. Tubular early 
vesicles are formed by clathrin- and dynamin independent carriers(CLIC) that can go to GPI-AP enriched early 
endosomal compartments (GEECs). Adapted from Mayor and Pagano (2007).
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2001). Rab5 in particular is important in both CME (Zeigerer et al., 2012) and 

macropinocytosis (Barbieri et al., 2004; Lanzetti et al., 2004; Tall et al., 2001), as well as other 

clathrin-independent pathways (e.g., Chaudhary et al., 2014).

1.2.3.2a- Rab5

Rab5 is a small GTPase of the Rab family (ras-like gene discovered in rat brain, Touchot et al., 

1987; Zahraoui et al., 1989). Like other GTPases, Rab proteins are regulated by  a molecular 

switch between a GTP- and GDP-bound state, with GEFs (guanine nucleotide exchange 

Figure 1.36- Rab proteins role in vesicle formation and transport.
Schematic representation of the functions of different rab proteins in vesicle formation and transport during 
endocytosis and exocytosis.  Rab5 is involved in CME, macropinocytosis, phagocytosis and caveosome formation. 
Extracted from Stenmark (2009).
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factors) and GAPs (GTPase-activating proteins) being responsible for this switch (fig. 1.37). 

Rab-GEFs exchange GDP by GTP activating the Rabs and enabling their binding to Rab 

effectors while Rab-GAPs promote the Rab intrinsic hydrolysis activity, inactivating them. 

Rabs can also be regulated by Rab-GDI (Rab-GDP dissociation inhibitor), which sequesters 

Rab-GDP from membranes preventing its activation there (fig. 1.37 and Barr, 2013). 

Rab5 is found at the plasma membrane where it is required for clathrin pits maturation and the 

transport of cargo to early endosomes (Sato et al., 2005). Knock-down of Rab5 resulted in a 

decrease of endocytosis and a strong reduction of early endosomes (EEs), late endosomes and 

lysosomes (Zeigerer et al., 2012). Overexpression of Rab5 or a Rab5 mutant deficient in 

GTPase activity  (active mutant form) produced the formation of enlarged endosomes (Roberts 

et al., 1999), while overexpression of a Rab5 dominant negative mutant form that can not  bind 

GTP and therefore remains inactive resulted in both fluid phase and transferrin endocytosis 

decrease (Bucci et al., 1992). Growth factor activation of dorsal ruffles formation and 

endocytosis by  macropynocytosis has been shown to be inhibited by  overexpression of a 

dominant negative form of Rab5 or by overexpression of a Rab5-GAP, RN-tre7  in vitro 

(Lanzetti et al., 2004). 

Figure 1.37- Regulation of Rab5 activation
Rab5 activation is controlled by a GTP/GDP exchange which is mediated by GEFs and GAPs. GEFs exchange 
Rab-bound GDP by GTP enabling the binding of Rab effectors. GAPs promotes the hydrolysis of Rab-bound GTP 
to give Rab-GDP and an inorganic phosphate. GDIs are also negative regulators of Rab activation. They sequester 
GDP-bound Rab away from the membrane to unable its activation there. Image obtained from Barr, 2013.
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1.2.4- Coordination of shape changes: the role of small RhoGTPases
Ras superfamily of GTPases, also known as small GTPases, includes Ras, Rho, Rab, Ran and 

Arf families. They regulate and coordinate many cellular processes, such as cytoskeleton 

dynamics and vesicular trafficking (fig. 1.38, reviewed in Goitre et al., 2014; Wennerberg et  al., 

2005). 

One of these families, the small RhoGTPases family  (Rho, Ras homologue) and in particular 

Rac1 (ras-related C3 botulinum toxin substrate 1), RhoA and Cdc42 (cell division control 

protein 42 homolog) coordinate actomyosin cytoskeleton activity, adhesion remodeling and 

polarity, suggesting that these proteins have an essential role in regulating cell shape changes 

and epithelial morphogenesis (reviewed in Iden and Collard, 2008). Rac1, RhoA and Cdc42 are 

well known by  their role in actin regulation during cell migration (reviewed in Raftopoulou and 

Hall, 2004) but they modulate many other cellular processes such as cytokinesis, cell polarity  or 

cell-cell adhesion dynamics through a vast variety of downstream effectors (fig. 1.39, reviewed 

in Etienne-Manneville and Hall, 2002; Iden and Collard, 2008).

Figure 1.38- The Ras superfamily.
Phylogenetic tree of the Ras superfamily members in humans (153 members). Highlighted with different colors are 
the 5 subfamilies and their major functions.  Extracted from (Cox and Der, 2010), modified image found in the Der 
laboratory webpage.
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RhoGTPases are activated through distinct types of stimulus, including tyrosine kinase 

receptors, G-coupled receptor or cell-cell adhesion molecules. Their activation is highly 

controlled and, as for Rabs, it occurs through the switch from a GDP-bound state to a GTP-

bound state generated by GEFs (guanine nucleotide exchange factors). Conversely, GAPs 

(GTPase-activating proteins) promote the inverse switch inactivating them (fig. 1.13). In 

mammals there are more than 140 regulators for these proteins (GAPs and GEFs) highlighting 

the complexity of their regulation and function.

Figure 1.39- RhoA, Cdc42 and Rac1 main functions and effectors
RhoA, Cdc42 and Rac1 regulate and coordinate many cellular functions through activation of different effectors  
Many of these effectors are kinases (grey shapes) or scaffold proteins (e.g., N-WASP or WAVE). PAK (p21 
activated kinase), a downstream effector of both Rac and Cdc42 is an important regulator of both actin, 
microtubule and cell-cell adhesion dynamics. N-WASP (Neuronal Wiskott–Aldrich syndrome protein) and WAVE 
(WASP family verprolin-homologous) are both actin polymerization nucleation promoting factors that enhance 
Arp2/3 branched actin polymerization. Mammalian diaphanous (mDia) is a RhoA downstream formin that activate 
unbranched actin polymerization. ROCK (Rho associated coiled-coil forming kinase) is activated by RhoA and its 
well known for being a main regulator of myosin II activity and actomyosin contraction. IQGAP, (IQ 
motif-containing GTPase-activating protein) is a Rac1 effector involved in cell-cell adhesion formation and 
stabilization. Other abbreviations: MRCK, myotonic dystrophy kinase-related CDC42-binding kinase; p67 phox, 
p67 phagocyte oxidase protein; PAR6, partitioning defective-6; PKN, protein kinase N; PLC, phospholipase C; 
SRA1, specifically RAC1-associated protein-1.
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1.2.4.1- RhoA

RhoA regulates actomyosin contraction through the activation of ROCK I and II (Rho 

associated coiled-coil forming kinases I and II). As mentioned before actomyosin contraction is 

essential in many morphogenetic events (e.g.,Barrett et al., 1997; Bertet et al., 2004; Martin et 

al., 2010; Martin et  al., 2009; Vasquez et al., 2014). RhoA can also activate other actin 

modulators like the formin mDia (mammalian diaphanous) or N-WASP (neural Wiskott–

Aldrich syndrome protein) but its role in polarity and adhesion is not clearly established 

(reviewed in Ratheesh et al., 2013). 

1.2.4.2- Cdc42

Cdc42 is well known by its role in filopodia formation and actin polymerization into linear 

bundles. It plays an essential role in polarity and cell-cell adhesion regulation. Cdc42 binds 

Par6 releasing its inhibitory intrinsic activity and enabling the activation of aPKC (Par3–Par6–

aPKC complex) that in turn stabilizes cell-cell adhesion (fig. 1.41 and Anderson et al., 2008; 

Hutterer et al., 2004; Joberty  et al., 2000). Interfering with Cdc42 function affects TJs and 

polarity proteins localization in different models (Georgiou et al., 2008; Hutterer et al., 2004; 

Jaffe et al., 2008; Wu et al., 2007).

Figure 1.40- RhoGTPases regulation and mutant forms
RhoGTpases are regulated by a switch between a GTP-bound state and a GDP-bound one. This switch is mediated 
by GEFs (guanine nucleotide exchange factors) and GAPs (GTPase-activating proteins). GDI (GDP dissociation 
inhibitors) act also in RHOGTPases regulation by sequestering the inactive form from membranes and preventing 
its activation there. Constitutively active forms (CA, e.g Rac1V12) or dominant negative form (DN, e.g. Rac-N17) 
of these RhoGTPases have been extensively used to understand its function. CA forms does not cycle and are 
always in the active state, being able to activate its effectors continually. DN forms can not be activated but 
compete with wild-type proteins for activator (GEFs) binding. Extracted from Heasman and Ridley (2008).
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1.2.4.3- Rac1

There are three Rac isoforms in mammals (Rac1, 2 and 3). However, only Rac1 seems to be 

ubiquitously expressed and essential during embryonic development (Heasman and Ridley, 

2008). Rac2 is preferentially expressed in hematopoietic cell lineages while Rac3 is mainly 

expressed in the brain. Rac1 regulates the formation of branched actin meshwork (e.g., 

lamellipodia formation). It has also an important role in polarity  regulation (fig. 1.41 and 

Chartier et al., 2011), TJs (Chen and Macara, 2005; Guillemot et al., 2008; Mertens et al., 2005) 

and AJs dynamics (Hordijk et al., 1997; Malliri et  al., 2004; Woodcock et al., 2009). In polarity, 

usually  acts downstream of the Par3–Par6–aPKC complex (fig. 1.14, Lin et al., 2000).

In summary, a tight balance between RhoGTPases activities seems to be necessary to 

coordinate and integrate cell-cell adhesion, cytoskeleton dynamics and polarity in epithelial 

cells. Less is known about their specific roles during cell shape changes during epithelial 

morphogenesis (e.g., Lee and Thomas, 2011; Pirraglia et al., 2006;. Pirraglia et  al., 2010; Xu et 

al., 2008). 

Figure 1.41- Crosstalk between polarity factors and main RhoGTPases
Summary of the main crosstalk between Cdc42, Rac and Rho and the partitioning defective (PAR) polarity 
complexes integrated from different models and scenarios (e.g. epithelial cells, asymmetric cell division or 
polarized migration). In some scenarios not all of these factors are involved or the relation changed but usually 
Rap1 acts upstream of Cdc42 in regulating polarity factors. Rap1 activated-Cdc42 recruits and activate the Par3–
Par6–aPKC complex and this in turns activate Rac1 through TIAM1 (T-cell-lymphoma invasion and 
metastasis-1). Rac1 often feedback on the Par3–Par6–aPKC complex. RhoA activity is inhibited in the most apical 
domain through RhoGAP p190A while the activity of ROCK inhibit the Par3–Par6–aPKC complex. Bone color 
rectangles summarize main cellular function of each RhoGTPase. Modified from Iden and Collard (2008).
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1.3- Mechanics in morphogenesis
Morphogenesis, from the greek morphe (shape) and genesis (creation), refers to the generation 

of form. From the mechanical point of view, a change in form depends on the forces that 

generate this change, the response of the structure to the applied force and the effect that  the 

surrounding environment produces in the structure. In the last  years, the development of new 

methodologies to analyze tissues mechanical properties (e.g.,Campas et al., 2014; Mayer et al., 

2010) but, more importantly, the growing number of collaborations between physicists, 

engineering, mathematicians and biologists are expanding our knowledge of the mechanical 

changes during morphogenesis. In this direction D'Arcy Wentworth Thompson wrote in 1917 in 

his book On growth and form: “I have written it  as an easy introduction to the study of organic 

Form, by methods which are the common-places of physical science, which are by no means 

novel in their application to natural history, but  which nevertheless naturalists are little 

accustomed to employ.”

1.3.1- From kinematics to mechanics
Kinematics is the branch of mechanics that studies the motion of points or groups of points (i.e., 

movements and deformations). In any physical structure, the magnitude and orientation of a 

given movement or deformation depends on the force applied and the mechanical properties of 

the material (reviewed in Davidson, 2011). Strain, represented by ε, is the measurement of the 

deformation of a material. For small deformations, the strain can be normal, εxx, when the 

deformation is perpendicular to the surface or shear, εxy, when the deformation occurs along the 

surface plane (a and b, respectively, in fig. 1.42).

fig. 1.42- Types of deformations
a) Schematic representation of a normal strain deformation of a solid body (εxx) b) Schematic representation of a 
shear strain type of deformation suffered by a a solid body (εxy). Abbreviations: L0, longitude at time 0; LF, 
longitude at final time; dL, differential increase in the longitude. Adapted from Davidson, 2011.
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Strains can be calculated from kinematic data obtained from microscopic observations 

(Blanchard et al., 2009). However, the relation between the deformation observed and the force 

necessary  to produce this deformation (mechanics) is more complicated, since this relation 

depends on the material properties of the deforming structure. 

The mechanical stress, σ, is the distribution of the force applied over the area of an object, σ=F/

A. When a stress is applied to a solid material it produces a deformation while a stress applied  

to a unconstrained fluid produces a flow. Like the strain, the stress can be normal or shear (a, b 

in fig 1.43 respectively). Shear stress, is generated by forces applied parallel to the surface 

while normal stress is the result of perpendicular forces (fig 1.43a,b). Forces acting on opposite 

directions generate tensile stress (trying to elongate the structure) while forces facing each other 

generate compressive stress (fig. 1.43a, reviewed in Davidson, 2011).

An stress unbalance will produce a deformation. In biological tissues this unbalance could arise  

from a change in the force applied or by a change in the resistance of the tissue to deformation 

(change in material properties, e.g., elastic modulus, viscose modulus or compressibility). 

When an applied force is removed, a pure elastic material will recover its original shape while a 

viscous fluid will never recover its original state (a and b in fig. 1.44). A visco-elastic material 

is a material that  have some elasticity and some viscous irreversible deformation in certain 

conditions (fig. 1.44c). They are considered non-newtonian fluids that behave elastically  at 

small strains and start to flow if the strain is big or maintained during a prolonged period of 

time (fig. 1.44c, reviewed in Davidson, 2011). Many  biological structures can be considered to 

fig. 1.43- Stress types
a) Normal stress can be compressive (top) or tensile (bottom) when the force applied to the body is towards or 
against the surface body area respectively.  b)When the forces are applied parallel to the surface of the body a shear 
stress is generated. Adapted from Davidson, 2011.
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have an elastic response at a small time-scale (cell shape changes) and a viscous response at 

large time-scale (flow, Campinho et al., 2013).

In an elastic material, the elastic modulus or Young modulus (E) relates the strain with the 

stress by the constitutive equation:

 σ = εE       (1)

Where σ is the stress, ε the strain and E the Young modulus. The elastic modulus can be 

understood as the resistance of the material to deformation (stiffness). 

A fluid is by definition a substance that can not resist  any shear stress and flows when a shear 

stress is applied. The movements of a Newtonian incompressible viscous fluid upon applied 

stress depends on the viscosity through the following constitutive equation:

 σ =η ∂ε
∂t

  (2)

Figure 1.44- Response related to the material properties 
Plots showing the strain response over time of an elastic solid, a fluid and a viscoelastic material during and after 
releasing an applied force (diagram on top).  A pure elastic material comes back to its initial state (top plot). A fluid 
can never recover its initial state (middle plot) while a visco-elastic material recovers partially its initial shape 
(bottom plot).Adapted from Davidson, 2011.
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Where σ is the stress, η is the fluid viscosity, ε is the strain, and ∂ε/∂t  the strain rate. In other 

words, the viscosity  is a property that gives an indication of the resistance of the fluid to deform 

(strain rate) by shear stress.

1.3.3- Hydrodynamics and fluid mechanics
As mentioned, the main difference between fluids and solids is that fluids can not resist 

deformation and will deform continuously  (flow) when a shear stress is applied (fig. 1.45a) 

whereas solids can resist some deformation. If a constant shear stress is applied to a solid it  will 

deform to some extent (depending on the elasticity, see constitutive equation 1). But, in the case 

of fluids when a shear stress is applied its strain will change (strain rate) until the the shear 

stress finishes (see constitutive equation 2). Both liquids an gases are fluids. Gases are usually 

highly  compressible (e.g. air) and liquids are in general more difficult to compress and can be 

considered in most occasions as incompressible (e.g. water). A fluid at rest has no shearing 

stress acting on it. However, it  can generate a pressure against its container (fig. 1.45b). 

Pressure is a type of stress (P=F/A). This force is always perpendicular (normal) to the 

boundary. As any parallel force or stress (shear) will make the fluid flow (fig. 1.45a), this also 

implies that a moving fluid can not generate a permanent force tangential to an adjacent surface 

but only transmit normal forces. 

As mentioned earlier, the flow behavior upon applied shear stress depends on the viscosity. 

High viscous fluids (e.g., honey) will move slowly while less viscous fluids (e.g., water) will 

Figure 1.45- Fluid shear and normal stress
a) Liquid subjected to a shear stress by a moving lid resulting in the flow of the liquid (blue streamlines). In 
particular a Stokes flow is generated by the moving lid in the example (Low reynolds number,  inertia small 
compared to viscose force). Adapted from He et al., 2014. b) Pressure generated by a liquid contained in a 
spherical container. In this case the container is a cell cortex that generates a superficial tension (T). Pressure is a 
type of force generated by the liquid only in a normal direction. Difference in pressure, ∆P. A fluid at rest can only 
generate pressure forces. Adapted from Salbreux et al., 2012 .
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move fast upon applied shear stress. The Reynolds number (Re) is a non-dimensional unit that 

makes reference to the behavior of the fluid. It represent  the relation between viscous to inertial 

forces, being: 

    Re = ρVL
µ

= inertial forces
viscous forces

     (4)

Where ρ is the density, V the mean velocity, µ the dynamic viscosity  and L the size of the 

container. Fluid with low Re (Re < 2000) exhibit a laminar flow whereas fluids with high Re 

(Re>4000) will produce turbulent flows. When the Reynolds Number is smaller than 1, viscous 

forces dominate over inertia, and a low reynolds number regime where inertia is negligible is 

defined (Purcell, 1976). Many biological flows occur at low Reynolds number (He et al., 2014; 

Niwayama et  al., 2011; Nothnagel and Webb, 1982; Rogers et al., 2008; Shinar et al., 2011). To 

study the dynamics of an incompressible Newtonian fluid at a low Reynolds numbers regime 

the stokes equation is used. The stokes equations is a linear simplification of the Navier-stokes 

equation when the inertia is negligible (low Reynolds number regime, reviewed in Guyon et al., 

2001). It can be written as:

        µ∇2u+ F − ∇P = 0  

that is the same as,

           ∇P = µ∇2u+ F      (5)

where ∇P is the gradient of pressure, µ the dynamic viscosity, ∇2u divergence velocity and F 

the force applied. In the case of an incompressible Newtonian fluid (6) is also used:

      ∇u = 0       (6)

The Stokes equation have been used to simulate cytoplasmic flows in different organisms (He 

et al., 2014; Niwayama et al., 2011; Nothnagel and Webb, 1982).

1.3.2- Flows in development
For many years, most interest have been put on the motor that generates active or passive cell 

shape changes (mainly actomyosin contraction). However the role of fluid flows during 

development has received little attention. Amoeboid motion (Allen, 1961; Kamiya and Kuroda, 

1958; Kuroda and Kamiya, 1989; Sikora et al., 1979; Sikora et al., 1991), bleb formation 

(Blaser et  al., 2006; Charras et al., 2006; Charras et al., 2005; Langridge and Kay, 2006) or 
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cytoplasmic streaming in plants involve intracellular fluid flows (Allen and Allen, 1978; 

Kamiya, 1981; Kamiya and Kuroda, 1973; Nothnagel and Webb, 1982; Wayne et al., 1990; 

Woodhouse and Goldstein, 2013). Recently, cytoplasmic flows have been analyzed in an 

increase number of model organisms and developmental processes; the mouse and C.elegans 

oocytes (fig. 1.46f,g, Wolke et al., 2007 and; Yi et al., 2011, respectively), the one cell stage 

C.elegans embryo (fig.1.46d,e, Niwayama et al., 2011), during ventral furrow formation (fig. 

1.46h,i, He et al., 2014), or in migrating keratocytes (fig. 1.46a-c, Keren et al., 2009).

 

fig. 1.46- Examples of intracellular fluid flow 
Fluid flows in: a-c) a migrating fish keratocyte. Phase contrast image (a), ratio of distribution of small and bigger 
diffusible probes inside the migrating keratocyte (b) and fluid velocity field obtained by solving the Darcy flow 
equations numerically in 2D (c). Adapted from Keren et al., 2009; d-e) A one cell stage C. elegans embryo. Color-
coded velocity field measured by PIV in an embryo 5-7 minutes before pronuclear migration (pseudocleavage, d) 
and velocity field of the streaming during symmetry breaking (superimposed to the DIC image, e).  Adapted from 
Niwayama et al.,  2011 and Brangwynne et al., 2009 respectively; f-g) Mouse oocyte. Vector map of cytoplasmic 
streaming generated by STICS (spatiotemporal image correlation spectroscopy) analysis in wild type MII mouse 
oocytes (f) and in an oocyte treated with CK-666 (to inhibit Arp2/3 complex). Pink color shows the Hoechst 
staining of chromatin. The direction of the flow is reversed when Arp2/3 is inhibited. Scale bars, 10µm. Adapted 
from Yi et al.,  2011; h,i) Ventral furrow formation in Drosophila. Schematic view of ventral furrow formation 
(crossection, h) and measured velocity field (arrows) and streamlines (red lines) during ventral furrow formation 
(i). Adapted from He et al., 2014.
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Earlier, in the fifties, it  was suggested that the cytoplasmic streaming observed in the characean   

algae Nitella was driven by  viscous dissipation generated at the interface with the cortical layer; 

(sliding theory, Kamiya and Kuroda, 1956). Bundles of microfilaments, ATP, Ca2+ and myosin  

XI (organelles bound myosin) has been shown to be necessary for this cytoplasmic streaming 

(Kamitsubo, 1972; reviewed in Shimmen, 2007; Williamson, 1972; Yamamoto et al., 1994). 

Similar process appear to take place in animal cells (He et al., 2014; Niwayama et al., 2011; Yi 

et al., 2011). In the mouse oocyte the cytoplasmic flow observed is reversed upon inhibition of 

Arp2/3 (fig. 1.45f,g) and this reversed flow is dependent on myosin II activity (Yi et al., 2011). 

An stereotyped flow has been observed in Drosophila ventral furrow formation during apical 

constriction (fig. 1.45h,i) and this flows seem to be involved in the elongation of these cells 

during the process (transmission of forces, He et al., 2014).

Flows have also been observed in the cortex of cells (Bray and White, 1988). Actomyosin flows 

have been observed during cytokinesis (Zhou and Wang, 2008), in one cell stage C. elegans 

embryos during polarity breaking (Hird and White, 1993), Drosophila epithelial cells (Rauzi et 

al., 2010) and more recently  during zebrafish epiboly (Behrndt et al., 2012). These cortical 

flows seem to be driven by tension gradients (Bray and White, 1988).

1.3.5- Methods to analyze mechanical properties and changes during 
development
Several methods have been developed to experimentally measure mechanical properties of cells 

in vitro; unaxial compression and tension (Davidson and Keller, 2007; Thoumine and Ott, 1997; 

Wiebe and Brodland, 2005), micropipette aspiration (Cole, 1932; Merkel et al., 2000; von 

Dassow et al., 2010), atomic force microscope (AFM) indentation (Alcaraz et al., 2003; Krieg 

et al., 2008; Puech et al., 2005), optical and magnetic tweezers (Laurent et al., 2002; Trepat et 

al., 2004) as well as classical rheometers (Dutta et al., 2013). However, the application of many 

of these techniques to living embryos is challenging. In addition, many of these techniques give 

information of the static mechanical properties of the material but not its dynamical changes 

(stresses) during development. 

In the last  years, laser ablation has become a popular technique to asses the stress or stress 

differences in the cortex or cell-cell junctions of epithelial tissues during development (Behrndt 

et al., 2012; Hutson et al., 2003; Ma et al., 2009; Mayer et al., 2010). The recoiled response of 

the cortex upon rupture by  a focused laser beam is an estimation of the stress in that point 
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(reviewed in Rauzi and Lenne, 2011). This technique can distinguish anisotropies in the stress 

(Hutson et al., 2003; Hutson et al., 2009). However, it can not distinguish between active forces 

or active resistances to deformation (cortex elasticity versus cortex tension). In addition, with 

this technique it is difficult to get a global picture of the mechanical changes during 

morphogenesis and how different forces or responses in different tissues are integrated. 

Computational models are a useful tools to obtain more global aspects of morphogenetic 

events. Hypothesis can be tested on these models, compared to experimental data, simulate loss 

of function effects and reach predictions (e.g. Canela-Xandri et al., 2011). One of these 

theoretical models, the vertex model (Honda, 1978, 1983), has been widely used to simulate 

epithelial tissues (reviewed in Fletcher et al., 2014). In this model cells are approximated to 

polygons with edges and vertices shared by  adjacent cells (fig. 1.47).Vertex models are usually 

2D models simulating the apical area of the cells but some approach towards 3D models has 

been started (Osterfield et al., 2013). Simulations of biological fluid flows have also been 

developed (He et al., 2014; Niwayama et al., 2011; Nothnagel and Webb, 1982; Pouille and 

Farge, 2008). 

Recently, some non-invasive methods to infer mechanical parameters (e.g. pressure, tension or 

stresses) or mechanical properties (viscoelasticity) from experimental data have been developed 

(Brodland et al., 2010; Chiou et al., 2012; Ishihara and Sugimura, 2012; Scarcelli and Yun, 

2007). In particular, the Bayesian method (fig.1.48 and Ishihara and Sugimura, 2012) infers 

pressure and tension from cell morphology based on mechanical equilibrium of elastic forces 

(Chiou et al., 2012; Ishihara and Sugimura, 2012). It is based on the vertex model and bayesian 

Figure 1.47- Vertex Model 
Epithelial cells are approximated to Voronoi polygons that share a common vertex. Adapted from Weliky and 
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statistics. As this model assume a mechanical equilibrium of elastic forces this method can only 

be used in epithelial sheets at rest and not in deforming epithelia. On the contrary, video force 

microscopy (Brodland et al., 2010) relies on out-of-equilibrium elastic changes that are 

balanced by viscous dissipation. This method has been applied to infer the mechanics during 

ventral furrow formation. Time-lapse images of the dorso-ventral cross-section of the embryo 

were discretized in polygons (fig.1.48) and compared to next consecutive time points to track 

the deformations of the polygons edges (compare pink dots in fig1.48b from top  to bottom). 

The finite element method (Brodland et al., 2007) was then used to integrate the dynamic 

equations and find the passive forces (viscose dissipation) that were acting in the polygons edge 

to generate that deformation (black arrows in fig. 1.48b). This method was used in a 2D  

epithelial model. However it will be difficult to apply it to a full 3D developing embryo, where 

all the layers should be taken into account.

Figure 48- Non-invasive methods
a) Bayesian method. Tension and difference in pressure of an epithelium at rest can be inferred from microscopic 
data, based on mechanical equilibrium. Adapted from Ishihara and Sugimura, 2012. b) Video force microscopy 
(VFM) is based in analyzing the polygons deformation between consecutive time-points and which passive force 
from the cytoplasm should act to generate such deformation. Cross-section of an epithelium. Active (in color) and 
passive (grey) components of the cells are shown. Modified from Brodland et al., 2010.
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OBJECTIVES    

1. To characterize cell shape changes, membrane and cytoskeleton dynamics in the EVL and the 

yolk during epiboly.

2. To analyze the mechanical characteristics and changes during epiboly.

3. To identify the molecular mechanisms driving the expansion.

4. To determine the role that the three main RhoGTPases play during EVL expansion.

5. To generate tools to interfere with gene function in a spatial and temporal regulated manner 

during gastrulation. 
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RESULTS

2.1- Global view of epiboly, a descriptive analysis
This descriptive analysis has been focused in the EVL and the yolk since EVL and YSL 

expansion was shown to be independent of DCs epiboly (see introductory chapter). Still a 

global view of the process was always considered.

2.1.1- Staging nomenclature
Zebrafish early developmental stages nomenclature is based on Kimmel and colleagues‘s stages 

description (Kimmel et al., 1995) where sphere, dome and 30% epiboly are described as 

consecutive distinguishable stages. Sphere (4hpf) is depicted as the stage just  prior to epiboly 

when the interphase between the blastoderm and the yolk cell is flat (fig. 2.1a). Dome (4.3hpf, 

fig. 2.1b) is referred as the start of epiboly, when the central part of the yolk bulges towards the 

animal pole and deep cells initiate radial intercalation. Lastly, 30% epiboly (4.7hpf, fig. 2.1c) is  

referred as the stage when the blastoderm has nearly uniform thickness and the cells cover 30% 

of the total spherical surface (Kimmel et al., 1995). In relation to this nomenclature it has been 

suggested that doming and radial cell intercalation (initiation phase, from 4 to 4.3hpf ) precedes 

the expansion of the EVL (progression phase, from 30% epiboly, 4.3hpf, onwards; Lepage and 

Bruce, 2010b). However, a detailed examination of the process revealed that at sphere stage the 

embryo already covered at least 30% of the sphere (fig. 2.1a,d); at the stage referred to as dome, 

the cells already covered around 35% of the surface (fig. 2.1b,e) and at what was referred to as 

30% epiboly the cells already covered around 40% of the spherical surface (fig. 2.1c,f). Thus 

epiboly starts when the embryo already cover 30% of the sphere, at sphere stage. We followed 

yolk doming together with the movement of the EVL margin more in detail to confirm that both 

process are simultaneous (fig. 2.2a-c and movie 2.1). These experiments demonstrated that 

dome and radial cell intercalation did not precede the expansion of the blastoderm but both 
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process happened simultaneously (fig. 2.2a-c and movie 2.1). In addition, yolk doming or 

bulging towards the animal pole continues until approximately 60% epiboly  (fig. 2.3). 

Throughout this Thesis, to avoid any misinterpretation, the different epiboly stages will be 

named according to the percentage of the yolk covered by the expanding blastoderm. Sphere 

will refer to the stage just prior to the onset  of epiboly and doming as a continuos process of 

bulging of the yolk towards the animal pole during the first epiboly stages. EVL margin was 

always used throughout this Thesis to calculate the percentage of epiboly, as an uncouple with 

DCs occurs (see introductory section 1.1).

Figure 2.1- First epiboly stages nomenclature
a-c) Brightfield images of the first  stages at the onset  of epiboly. Sphere, dome and 30% epiboly stage 
are shown.Yolk coverage by the blastoderm was calculated as the ratio between the length of the green 
and the red vertical lines. Yellow lines marks the EVL margins. Modified from Kimmel et al., 1995. 
Scale bar, 250µm. d-f) Snapshots from two-photon microscopy time-lapse movies of the medial plane 
of a membrane label transgenic embryo [Tg (β-actin:mGFP)] at  the same stages as in a-c from. The 
yolk coverage was calculated in the same way as before. Time hh:mm.
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2.1.2- The Enveloping Layer (EVL)
The EVL is an external extra-embryonic squamous epithelium that becomes lineage restricted 

from the DCs at sphere stage, 4hpf (Kimmel et al., 1990) and it spreads during epiboly to cover 

the exposed yolk (fig. 2.4). Since the volume and shape of the embryo are constant during 

epiboly the increase in EVL surface area, the perimeter of its margin and the increase in the arc 

length (φ axis) can be estimated for each epiboly  stage by applying basic geometrical concepts 

(fig. 2.5, see annex 6.1 for details) similar to that previously done for Fundulus (Betchaku and 

Trinkaus, 1978). Interestingly, and somehow contra-intuitive, the increase in surface area 

Figure 2.2- Yolk doming and blastoderm expansion proceed simultaneously
a-c) Snapshots from movie 2.1 of the medial plane of a wild type embryo where the yolk doming 
margin and the EVL margin have been highlighted during the first  epiboly stages. Images obtained from 
two-photon microscopy time-lapse of a membrane label transgenic embryo [Tg (β-actin:mGFP)]. Blue 
and red dots marks the position of the doming yolk at each time point  while green dot marks the position 
of the EVL. Blue line highlights where this two edges were position before the start of epiboly (sphere 
stage). Scale bar, 25µm. Time hh:mm.

Figure 2.3- Yolk doming continues over more than 50% epiboly
a-c) Snapshots of three different time points during epiboly of the medial plane of a wt  embryo . The 
contact  area between the internal part  of the yolk and the DCs is highlighted with a red line. Yolk 
doming towards the animal pole is detected at least  until 60% epiboly. As before, images obtained from 
two-photon microscopy time-lapse of a membrane label transgenic embryo [Tg (β-actin:mGFP)]. Scale 
bar, 75µm. Time hh:mm
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between all main epiboly stages is the same (fig. 2.5b,d). However, two main periods can be 

distinguished in relation to the margin perimeter: A first period until the epithelial sheet reaches 

the equator (half sphere), in which the perimeter of the margin increases, and a second one after 

the cells at the margin cross the equator, in which the EVL perimeter decreases(fig. 2.6).

Figure 2.4- EVL expansion during epiboly.
a-d) Confocal maximum projections images of wild type embryo stained with Phalloidin-TRITC (F-actin) at 
sphere, 45%, 60% and 99% epiboly stages, respectively. The EVL expand its surface area more than double during 
the process. All embryos in this and subsequent figures are displayed with animal pole at the top and vegetal pole 
at the bottom, unless indicated. Scale bar 100µm.
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In the first period, from 30% epiboly until the cells reach the equator, considering an embryo of 

750µm, the perimeter of the cells margin increases 200 µm, while, during the second half, it 

decreases by 2356µm (fig. 2.7a and 2.5d for details). In this second half, the perimeter 

decreases moderately first (470 µm until 80% epiboly) and largely in the last stages, 1885µm 

between 80 and 100% epiboly (fig. 2.7a and 2.5d for details). Being between 90-100% epiboly 

stages when there is the greatest decrease (i.e., 1441µm). The spherical geometry entails that 

the amount of perimeter change between 30 to 40 and 70 to 80% epiboly  stages is the same in 

absolute value but opposite in signal (i.e., increment or decrease) and an equal relation happens 

between 40 to 50 and 50 to 60% epiboly stages (fig. 2.7b).

Figure 2.5 Changes between epiboly stages
a) Representation of the EVL surface area subdivided in 8 stages (color-coded in relation to table in c).  b) Scheme 
indicating the color code for the parameter shown in table d related to the changes between the main epiboly 
stages. c) Table of the main geometrical characteristics at each epiboly stage (color coded in relation to panel a). d) 
Table of changes in the geometrical parameters between epiboly stages (color coded in relation to panel b). All 
parameters shown are for an embryo of 375 µm in radius.

Period 1

Period 2

a

1

2

3

b

Equator

Figure 2.6- Periods of epithelial expansion
a) Two main periods (red and green) can be distinguish in relation to the progression of the epithelial margin. b) 
During the first period, until the cells reach the equator, the margin of the epithelial sheet has to increase its 
perimeter (example, circle 1 to 2 in panel b). From the equator (circle 2 in b) and during period 2 the perimeter of 
the edge decreases (example, circle 2 to 3 in b).
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The total increase in surface area of the whole EVL during epiboly is of around 3,3 times. As 

mentioned in the introduction different observation suggested that this increase is the result 

from cell shape changes (e.i., cell flattening), however other possibilities were still 

contemplated (Campinho et al., 2013; Rohde and Heisenberg, 2007). During epiboly EVL cells 

divided on average one time (Campinho et al., 2013; Kane et al., 1992; Kimmel et al., 1990). 

Cell division without volume growth could not contribute to total area increase and, indeed, 

inhibition of cell division or cell division orientation produced little effect on EVL progression 

(see discussion and Campinho et al., 2013). EVL cell rearrangement can contribute to surface 

area relative dimensions changes (Butler et al., 2009; Keller and Trinkaus, 1987; Weliky and 

Oster, 1990) but it  can not contribute to total surface area increase. Thus, as cell rearrangements 

do not affect the total surface area and no contribution of cells from other layers has been 

observed (Kimmel and Law, 1985c; Kimmel et al., 1990), this increase can only be explain by 

cell growth and/or cell shape changes within the EVL itself. Cell growth would result  in the 

increment in the volume of the cells (G1 phase, prior to cell division), while cell shapes 

changes could promote cell surface area increase without a change in cell volume (fig. 2.8 and 

introductory section 1.2.2).

To re-investigate this issue in detail, we followed EVL cell flattening during epiboly  in two-

photon microscopy time-lapse (fig. 2.9a-c and movie 2.2). If cell flattening would be the unique 

source for the expansion we should observe an average reduction of cells height of 3,3 and this 

was indeed the case during zebrafish epiboly  (fig. 2.9d, see supplementary file S1 for 

measurements details).

Figure 2.7- EVL margin perimeter changes
a) Graphical representation of the perimeter of the EVL margin at different epiboly stage.  b) Graphical 
representation of the changes in perimeter (absolute value) between each stage. 
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Figure 2.8 Possible mechanisms for EVL apical surface increase
EVL area increase color-coded in red (top panel) and possible mechanism responsible for this expansion showed 
below.
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2.1.2.1- Expansion anisotropy at the margin with the E-YSL

All EVL cells expand their apical surface and reduce their height (fig. 2.9 and movie 2.2). 

However, not all EVL cells expand in the same way; while EVL cells far away from the margin 

expand isotropically and hence maintain an hexagonal shape, EVL cells at/near the margin with 

the E-YSL preferentially elongate in the A-V direction (fig. 2.10a-b and Keller and Trinkaus, 

1987; Koppen et al., 2006). We performed a quantitative analysis of this by measuring the 

apical length and width (parallel and perpendicular to the margin) of EVL cells (green and red 

lines in fig 2.10a,b). These measurements were performed in two different positions (at the 

margin and in the middle part  of the advancing epithelia, purple and orange line, respectively in 

fig. 2.10a,b) and at the beginning and at the end of the expansion (sphere and 99% epiboly 

Figure 2.9- EVL cells flattening
a-c) Snapshots of movie 2.2. Two-photon microscopy time-lapse of the medial plane of a membrane labelled 
transgenic embryo [Tg (β-actin:mGFP)].  Some EVL cells lateral area is marked in red.  Scale bar, 50µm. Time 
hh:mm. d) EVL cell height at sphere and epiboly closure, 15,91 ± 2,05293µm and 4,81 ± 1,13177µm, respectively. 
Error bars,  s.d. n=16 for each condition, data from 2 embryos.Measurement repeated twice. Difference 3,3. 
Measurement were done in the sagital plane of the embryo, similar to that shown in the examples above.
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respectively, fig. 2.10c). While cells far away from the margin (middle cells in fig. 2.10c) 

increase both their width and length to a similar extent, cells closer to the margin (LE cells in 

fig.210c) decrease their width and increase their length, reaching an anisotropy (apical length/

width ratio) of 3,75 at the end of epiboly. 

 

2.1.2.2- Change in behavior of EVL cells at the margin with the E-YSL

At the beginning of epiboly, EVL cells in contact with the E-YSL display an oval-like shapes 

and emit filopodia towards the yolk (green arrow in fig. 2.11a-c, detail in fig. 2.11d, movie 2.3 

and Köppen et al., 2006; Zalik et al., 1999). They form a fairly  irregular contact with the E-

YSL, with some cells positioned ahead of others (fig. 2.10a and 2.11a-c, movie 2.3 and Köppen 

et al., 2006). As they get closer to the equator (50% epiboly) they become more triangular with 

flat edges in contact with the yolk, progressively aligning and straightening the contact area 

with the E-YSL and losing their protrusive activity (fig. 2.11e-h and movie 2.3). A straight 

Figure 2.10 Apical area expansion anisotropy in EVL cells at the margin with the E-YSL 
a-b) Embryo at sphere and 99% epiboly stage, respectively, labelled with Phalloidin-TRITC. The left panels shows 
low magnification images. Purple and orange lines point to the LE and middle cells, respectively. Details of the LE 
cells are shown on the right panels. For individual cells, their width (CC, green) and length (AV, red) are indicated. 
Measurements were performed parallel (width, CC) or perpendicular (length, AV) to the EVL-YSL margin. Scale 
bar 100µm (left) and 50µm (right).  c) Comparison of surface width (CC, green) and length (AV, red) for cells at the 
LE or in the middle domains of the expanding epithelia (purple and orange respectively) at sphere and 99% 
epiboly. Error bars s.d.
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boundary between the EVL marginal cells and the YSL is maintained until the end of of epiboly 

(fig. 2.10b). As described before, after the equator cells at the margin start to elongate in the 

AV direction, although not all at the same rate (Koppen et  al., 2006) and some of these cells 

progressively  lose contact with the margin (dot in fig. 2.11i-k and movie 2.3). Interestingly, at 

the end of the process some cells at the margin still maintain a high contact area with the yolk 

while others show a really elongated shape (red and green arrow in fig. 2.12).

Figure 2.11- Change in behavior of EVL cells in contact with the E-YSL
Confocal projection images of a wild-type embryo injected with Lyn-GFP (membrane label). a-c, e-g, i-k) 
Snapshots of movie 2.3. d,h,i).  Image detail from snapshots. Green arrows point to filopodia in cells at the edge. 
Blue dots mark two EVL cells at different time points. Green and red dots mark the daughter cells of one of these 
cells, Scale bar snapshots, 25µm. Scale bar details, 10µm. Time hh:mm
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2.1.2.3- EVL kinematics

As mentioned in the introduction, in any  morphogenetic event is important to investigate the 

rate of deformation (kinematics) before exploring the mechanics and origin of these 

deformations (Davidson, 2011). To analyze EVL spreading kinematics we first  measured the 

velocity  at which the EVL margin progresses towards the vegetal pole and for simplicity we 

measured the vertical component (Vz). Vz first increases (from sphere to 50% epiboly), while 

after crossing the equator and until closure, it remains approximatively  constant (fig.2.13a and 

supplementary  file S1). From here, because of the constant velocity in the z component (see 

annex 1), we could calculate the velocity  of the EVL margin along the φ axis (Vφ) after the 

equator by the following relation:

      vϕ*=
v0

sin(π −ϕ*)

with vφ* being the velocity at the EVL margin with the yolk when the radial angle is φ*, v0 the 

velocity  at  50% epiboly and φ* the radial angle of the EVL margin. As expected by  the sphere 

characteristic, Vφ increased after the equator. 

To analyze the kinematics of the whole tissue expansion along the surface we generated 

kymographs of the embryos surface (φ axis, cross-section, fig.2.13b). The surface kymographs 

showed an increase in velocity of the full EVL along the φ axis during the whole process with 

higher values at the margin with the YSL than near the animal pole (slope of green and purple 

lines in fig. 2.13b). 

Figure 2.12- EVL marginal cells differences in the contact area with the yolk 
a,c) Detail of the yolk plug closure in three different embryos were cells maintaining a big contact side with the E-
YSL (red arrow) and small contact side (green arrow) are highlighted. Confocal projection images of phalloidin-
TRITC stained embryos. Scale bar details, 50µm.
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Figure 2.13- EVL expansion kinematics
a) Vertical component (z) of the EVL margin displacement along epiboly. The velocity is the slope of the line,Vz 
(ΔX/ΔT). The velocity increase until the equator remaining approximately constant afterwards (straight line). b) 
Kymograph along the φ axis from two-photon movies at the middle plane of a membrane labelled embryo [Tg (β-
actin:mGFP)].  Left, snapshot of a medial plane of an embryo indicating how the φ axis kymograph was generated. 
Right panel, kymograph along the φ axis. EVL (red bracket) and yolk (blue bracket) are highlighted. The 
displacement of single EVL positions can be appreciated as approximately straight lines.  Pink and green lines 
highlight progression in different positions before and after the equator.  The slope of the line represent an 
estimation of the velocity (higher velocity, higher slope). Scale bar, 100µm.

RESULTS

68



2.1.3- The yolk cell (YC)
The yolk cell is composed by a narrow syncytial layer at its surface (the YSL) while the rest of 

its big volume is filled with yolk granules.

2.1.3.1- The YSN

It has been proposed that the I-YSL spread below the blastoderm occupying the centre part  of 

the embryo already at sphere stage (Carvalho and Heisenberg, 2010; Kimmel et  al., 1995; 

Lepage and Bruce, 2010b). However we observed that  they  move to deeper area during doming  

with some yolk syncytium nuclei moving animal-wards adjacent to the yolk granules during 

doming (purple and yellow nuclei in fig. 2.14 and movie 2.4) while others moving animals-

wards adjacent to the invaginating DCs (blue nuclei in fig. 2.14). At the surface, the apparent 

narrowing of the superficial space occupy  by the syncytium nuclei coincides with the start of 

the expansion and doming (fig. 2.15 and movie 2.5). However, if we track the movement of 

those nuclei remaining at the surface they  do not change considerably  their position during the 

first epiboly  stages and it is doming and the EVL expansion that generates this narrowing effect 

(nuclei track in fig. 2.15a,b, and movie 2.5 see also green dot in fig.2.14a,b). After the cells 

cross the equator these nuclei start moving faster towards the vegetal pole (nuclei track in fig. 

2.15c,d, and movie 2.5) 

Figure 2.14-Relocation of syncytial nuclei during doming to populate the internal part (I-YSL)
a-d) snapshots of movie 2.4 Two-photon microscopy images of the medial plane of a membrane labelled 
transgenic embryo [Tg (β-actin:mGFP)] during the first stages of epiboly and closeup into the syncytium. Some 
YSL nuclei are label with color-coded dots. At the beginning of the process all syncytial nuclei are position near 
the surface ahead of the EVL margin. During the first phase of epiboly some nuclei will move with the adjacent 
yolk granules towards the animal pole (purple and yellow dot in b), while others will remain near the surface and 
will move towards the animal pole with the DCs ingression (blue dot in c).  The nuclei remaining in the surface 
will be the so-called E-YSN (red dot in d) that undergo epiboly.
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2.1.3.2- The E-YSL

Observations from both Fundulus and zebrafish (see introductory  section 1.1.4) point at the E-

YSL as the main driving force for epiboly (Behrndt et al., 2012; Betchaku and Trinkaus, 1978; 

Cheng et al., 2004; Köppen et al., 2006; Solnica-Krezel and Driever, 1994; Trinkaus, 1951). 

This external part of the syncytium is subdivided in two different domains; the E-YSL itself and 

the YCL (Betchaku and Trinkaus, 1978; Carvalho and Heisenberg, 2010). The YCL is the thin 

vegetal part of the external syncytium that is devoid of nuclei that is being replaced by the 

advancing E-YSL as epiboly progresses (Trinkaus, 1984). At the surface, two distinguishable 

domains are also observed: near the EVL margin, the yolk membrane is convoluted (white 

bracket in fig. 2.16a-c, detail in 2.16e-f and Betchaku and Trinkaus, 1978; Cheng et al., 2004) 

while vegetally, the membrane is mostly smooth, here named, respectively, yolk convoluted 

area (YCA) and yolk smooth domain (YSD, see fig. 2.16). 

2.1.3.2a- The YCA and the YSD

Similar to what was described for Fundulus (Betchaku and Trinkaus, 1978; Trinkaus, 1951), the 

YCA (folded domain), reduces its width during the first  stages of epiboly, from approximately 

80µm at the onset of epiboly  to around 25µm at  60-65% epiboly (fig. 2.16a-d). Afterwards, and 

for the rest  of the process, its width remains relatively constant (fig. 2.16d and Behrndt et al., 

2012). This area is composed of a great number of small membrane folds of around 1 to 2µm 

(detail in fig. 2.16e,f and Betchaku and Trinkaus, 1978).

Figure 2.15- YSN displacement during epiboly
a) Snapshots of movie 2.5.  Confocal maximum projection images of the contact area between the blastoderm and 
the yolk of a membrane labelled transgenic embryo [Tg (β-actin:mGFP)]. The displacement of some YSN is 
highlighted.  During the E-YSL “narrowing” the position of these nuclei does not change while the EVL margin  
advances (a and b).  Yellow line highlights the position of the EVL margin at the beginning of epiboly. Scale bar, 
100µm. Time, hh:mm.

RESULTS

70



Although the YCA roughly  associates to the area where the external yolk nuclei are positioned, 

they  do not always coincide. Around 50% epiboly some E-YSN are bypassed and covered by 

the first EVL row of cells (fig. 2.17a-b, movie 2.6 and Solnica-Krezel and Driever, 1994). Later 

they  reappear in front of the EVL margin and they undergo a fast movement towards the vegetal 

pole overpassing the YCA and entering into the yolk smooth domain (fig. 2.17c-f and movie 

2.7). Therefore along this Thesis we will distinguish the cortical structures (YCA and YSD) 

from the nuclei (YSN) and cytoplasm (YSL).

Figure 2.16 - YCA narrowing
a-c) Image of the contact area between the EVL and the yolk at sphere, 50% and 55% respectively of a membrane 
labelled transgenic embryo [Tg(β-actin:mGFP)].The EVL is mark by a thin red line. Blue brackets marks the 
YCA and white arrow marks the visible part of the YSD. Scale bar 50 µm. d) Quantification of the YCA narrowing 
during epiboly in wild type embryos.. (n=4, 4, 3, 13,  and 6 for each time point). Error bar, s.d. e) Detail of the 
membrane folds in the YCA at the contact with an EVL cell at 65% epiboly. Single plane image of a membrane 
label transgenic embryo [Tg (β-actin:mGFP]. Scale bar 10 µm. f) Electron microscopy image of a sagital section 
of the contact area between the EVL and the YCA at 70% epiboly.  EVL cell and YCA cytoplasm are false-colored 
for better visualization. Blue arrows point at the membrane folds. White start marks the electrodense material in 
the YCA  below the membrane.
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YCA membrane folds are indeed actin enriched and we could followed the dynamics of these 

folds by  labeling actin in the yolk (Lifeact-GFP, fig. 2.18a and movie 2.8). Actin folds were 

highly  dynamic changing shape in less than 12 seconds (movie 2.8). Confocal image sections 

further confirm the presence of actin underlying each individual membrane fold (fig. 2.18b-c). 

fig. 2.17- Differences between the YCA and the E-YSN
a-b) YCA and E-YSN behavior just after the equator. Snapshots of movie 2.6. Two-photon images of the sagital 
plane of a membrane labeled transgenic embryo [Tg(β-actin:mGFP)]. Red dot marks an E-YSN, white arrow 
marks the margin of the EVL in contact with the yolk. After the equator the E-YSN are bypass and covered by the 
first EVL cells and are not visible from the surface. Time hh:mm c-f) Fast vegetal movement of some E-YSN 
(green dots) at around 60% epiboly. These nuclei move faster than epiboly of both the YCA and the EVL cells, 
overpassing the folded area (red line, YCA) and the broader part of the syncytium (blue line, referred to as the E-
YSL). c-d and e-f are two different planes of the same time-point.c and e are snapshots of movie 2.7. Scale bar, 
50µm.
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Ultrastructural analysis by electron microscopy  of the contact area between the EVL and the E-

YSL (fig. 2.15f and fig. 2.19) corroborated the presence of membrane folds in the YCA surface 

(arrows in fig. 2.15f and fig. 2.19b). A thick electrodense area was present beneath the folds 

(asterisk in fig. 2.15f and fig.2.19b,f), probably corresponding to the underlying cortical actin 

observed in confocal images. This electrodense area was previously  observed in Fundulus 

embryos where it was also suggested to be an actin-enriched domain (Betchaku and Trinkaus, 

1978). Beneath the YCA, the cytoplasm of the syncytium was enriched in ribosomes and 

mitochondria, suggesting a high local metabolic activity (arrows in fig.2. 19a-c).

Figure 2.18 - YCA membrane-actin folds
a) Snapshot of movie 2.8. High magnification detail of the actin in the YCA at the beginning of epiboly in an 
embryo injected with Lifeact-GFP in the yolk. Scale bar 5µm. b) Top panel, image of a plane parallel to the 
surface of an embryo at 60% epiboly stage. A cross-section of the YCA folds is observed. Orthogonal view of the 
same image. Membrane shown in red (Lectin-TRITC) and actin in green (actin-GFP) in both panels.  Scale bar 
2µm.
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With epiboly  progression, actin accumulates beneath the YCA folds generating a 

distinguishable actin belt after the equator (fig. 2.20, movie 2.9 and 2.10, and Behrndt et al., 

2012; Cheng et al., 2004). Concomitant an accumulation of myosin occurs (fig. 2.21 and movie 

2.11) being this myosin in its active configuration (phosphorylated form, fig. 2.22). Further 

suggesting that this area is a domain with contractile capabilities. Analysis of actin in fixed 

samples (phalloidin staining) also showed a wide cortical plug of actin at the vegetal pole while 

the rest of the YSD presented low levels of actin (double arrow in fig. 2.23 and Cheng et al., 

2004).

Figure 2.19- EVL-YCA attachment
a-f) Electron microscopy images of the contact area between the EVL and the yolk of an embryo at 75% epiboly. 
a) Low magnification of the contact area between the EVL and the YCA. Mitochondria and ribosome are highly 
enriched beneath the YCA (arrow pointing at mitochondria).YSN is marked with a yellow dot. b) Detail of the 
YCA folds and the underlying cytoplasm. c-d) Transition between the YCA and the YSD. Surface folds are 
progressively lost and the cortex become much thinner. In both images an E-YSN is observed (blue dot). e) High 
magnification detail of the contact area between the EVL and the YCA. e) High magnification detail of the area 
beneath the membrane folds in the YCA (electrodense area, white arrow). Yolk granules are labelled with a red 
asterisk.
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Figure 2.20 - Actin accumulation in the YCA 
a-c, d-f) Snapshots of movie 2.9 and 2.10 respectively.  Maximum projection images of an embryo injected with 
Lifeact-GFP mRNA at 512 cell stage to label the actin of the yolk. EVL cells (top part in each image) are not 
labelled. Actin dynamics in the yolk from sphere to 50% epiboly (a-c) and from 50% to 65% epiboly (d-f). Images 
were color-coded using image J Cyan Hot Lut. Different settings were used in the two movies to be able to 
appreciate the folds in the first stages (upper row) and the increase accumulation over time. Intensity is not 
comparable between upper and lower level. Scale bar, 25 µm. Time, hh:mm:ss.
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The accumulation of actin and myosin in the YCA is also accompanied by retrograde flows, 

from the vegetal pole, of these two proteins towards this area (fig 2.24d-e and movie 12, 13 and 

Figure 2.21 - Myosin II accumulation in the YCA 
a-c) Snapshots of movie 2.11. Maximum projection images of a myosin II transgenic embryo Tg (β-actin:myl12.1-
eGFP). Images were color-coded using image J Cyan Hot Lut. Scale bar, 25 µm. Time, hh:mm:ss.

Figure 2.22 - Phosphorylated YCA myosin
a-c) Active myosin (anti-phospho-myosin light chain 2, Serine 19 residue, green) and actin (Phalloidin-TRITC, 
red) accumulate in the YCA. Detail of the contact area between the EVL and the YCA in an embryo at 60% 
epiboly. Single channels images (a-b) and merged image (c). Scale bar 25µm.

Figure 2.23- Two pools of actin are observed in the yolk surface 
a,b,c) Wild-type embryos at 45%, 70% and 80% epiboly stages stained with phalloidin-TRITC. A big pool of actin 
is observed at the vegetal pole while the area in between the YCA and the vegetal pool (green double arrow) has 
low levels of actin staining. Scale bar 100µm.
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Behrndt et al., 2012). To quantify  these flows we used a Particle Image Velocimetry (PIV) 

algorithm (PIV explanation and script details can be found in annex 6.2, Supatto et al., 2005) to 

determine the velocity field at each time-step (fig. 2.24 and movie 2.1 and 11). Each vector in 

the field (green arrows in fig. 2.24) gives information about the speed and orientation of the 

movement in that domain. We found that both actin and myosin retrograde flow sink in the 

more vegetal part of the YCA. These retrograde flows have been recently reported and its 

velocity characterized in detail (Behrndt et al., 2012). 

2.1.3.2 b- YSL kinematics

To further characterize the dynamics in the YCA and in the adjacent YSD we investigated yolk 

membrane kinematics. We applied a PIV algorithm to time-lapse movies of membrane labelled 

embryos (lectin-TRITC) to get  the membrane velocity field. We found that, in all epiboly stages 

analyzed, the maximum velocity  was found at the margin with the EVL, decreasing 

exponentially towards the vegetal pole (fig. 2.25a-d). Interestingly, the exponential amplitude 

decreases similarly to the width of the YCA (compare fig. 2.25d to 2.16). 

Figure 2.24 - Retrograde flow of actin and myosin towards the YCA
a,b) Actin and myosin cortical retrograde flows. Snapshot of movie 2.12 and 2.13, respectively. Left panels in a, 
maximum intensity projection image of actin in the yolk (Lifeact-GFP mRNA yolk injection). EVL cells (top part 
of the panel) are not labeled. Left panels in b, myosin transgenic embryo [Tg(β-actin:myl12.1-eGFP)]. Right 
panels in a and b,  velocity field (green arrows) obtained from applying a PIV algorithm. Small and large red 
brackets mark the YCA and the YSD domains, respectively. Scale bar 25 µm. Time mm:ss.
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In agreement with the membrane velocity  measurement by PIV, when we analyzed the 

kinematics of the yolk surface during epiboly by surface kymograph (φ axis), we found that thet 

yolk domain adjacent to the EVL (e.i., the YCA) moves vegetally during epiboly while most of 

the YSD show little or no displacement. With the advancement of the YCA and the EVL, YSD 

that were distant from the EVL margin at the beginning of epiboly became progressively part of 

the YCA, displacing then, as the rest of non-endocyted YCA towards the vegetal pole (e.g., 

green line in fig 2.26). 

Figure 2.25 - Exponential decrease of yolk membrane speed from the EVL.
a-c) Membrane speed measured in the yolk (purple area) and in the EVL adjacent cells (grey area) at different 
distance from the EVL margin at approximately 30%, 60% and 90% epiboly stages, respectively. d) Comparison 
of normalized speeds. The amplitude of the exponential curve decreases between stages similarly to the YCA 
width reduction. Yolk surface highlight in purple and EVL surface highlight in grey. Error bar s.d. n values for 
each stage are found in supplementary file S1.
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Figure 2.26 - Yolk membrane dynamics over epiboly
a) Kymograph of the embryo φ axis obtained from two-photon movies of the middle plane of a membrane labelled 
embryo (Tg (β-actin:mGFP).  Top left, image snapshot (yellow line, φ axis). The kymograph (right panel) shows 
the changes in each φ position (φ axis straighten) of most of the yolk (blue bracket) and part of the EVL surface 
(red bracket). Green line highlights the displacement of a single point of the membrane over epiboly. This point, 
located at the beginning of the process in the YSD become part of the YCA at around 50 % epiboly and it is in this 
moment when the displacement of this point towards the vegetal pole occurs.
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2.1.3.2c- Yolk membrane removal 

The kinematics analysis suggested that the YCA moves, together with the EVL, vegetally with 

epiboly progression. If the EVL does not slide over the yolk surface, external yolk membrane 

should be removed continuously during epiboly as previously suggested (Betchaku and 

Trinkaus, 1978; Cheng et al., 2004). The acto-myosin contraction in the YCA could triggers 

both membrane folds and membrane endocytosis in this area and the disappearance of 

membrane in the YCA could made the adjacent YSD domains become part of the YCA. Similar 

model was already suggested in the early  80s for Fundulus epiboly (Trinkaus, 1984). However 

an active expansion of the EVL in the first phase of epiboly  was still not discarded in the field 

(Lepage and Bruce, 2010a). To further test this hypothesis we analyzed membrane endocytosis 

in the yolk external surface. We soaked zebrafish embryos in a fluorescent membrane marker 

(lectin-TRITC) and followed its dynamics. The membrane marker first labelled the whole 

external membrane of both the EVL and the yolk but rapidly fluorescent spots, resembling 

endocytic vesicles, appeared beneath the yolk membrane, accumulating as a belt-like structure 

at the margin with the EVL cells (fig. 2.27, movie 2.14 and Cheng et al., 2004). The width of 

this endocytic belt became reduced over epiboly (movie 2.14). To precisely map where this 

endocytosis was taking place we performed photobleaching experiments. We bleached a 

defined region (ROI, region of interest) of the yolk membrane far away from the EVL margin 

(i.e., in the YSD) and followed its dynamics (fig. 2. 27d-e and movie 2.15). In agreement with 

previous kinematic results and Fundulus studies, the photobleached region remained stationary 

and with a constant size until it was incorporated into the advancing YCA (fig.2.27 and movie 

2.15). Once near the EVL, it reduced its surface progressively and disappeared before 

contacting the EVL margin (fig.2.27i and movie 2.15). These experiments further reinforced the 

idea that membrane removal in the yolk happens just  in front of the EVL margin and that the 

EVL cells do not slide over the external yolk membrane. 
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2.1.3.3- Yolk granules

Yolk granules occupy most of the yolk cell volume. They are mainly composed by  lipids and 

proteins and constitute the nutrient reservoir for the embryo/larvae (Poupard et al., 2000; 

Yamamoto and Oota, 1967). In electron microscopy preparations they appeared as 

compartmentalized electrodense homogeneous structures (fig. 2.28b) and their lipophilic 

surface (Fernandez et al., 2006) can be label by injecting hydrophobic markers such as FM4-64 

(fig. 2.28a) or by some membrane-tagged GFP proteins (fig. 2.29).  

Figure 2.27 - External yolk membrane removal
a-c) Snapshots of movie 2.14. Zebrafish embryo soaked in a membrane marker (Lectin-TRITC) prior to imaging. 
Maximum projection image of different z sections are shown. The membrane marker first labels the external 
membrane of both the EVL and the yolk. As epiboly progresses the fluorescent marker starts to accumulate as 
punctated structures beneath the YCA. The vesicles accumulate into a wide band below the YCA that narrows 
overtime (compare c to d). Scale bar,  40µm. Time,  hh:mm. d-i) Snapshots of movie 2.15.  Confocal maximum 
projection image of an embryo soaked  in a membrane marker as before in which a circular region of interest (red 
arrow) was photobleached and its dynamics follow over time.  Color-coded by signal intensity, HiLo LUT 
(red,high; blue low). Scale bar, 25 µm. Time, hh:mm:ss.
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To follow the dynamics of yolk granules during epiboly  we recorded two-photon time-lapse 

movies in the middle plane of membrane-tagged GFP transgenic embryos (fig. 2.29 and movie 

2.16). We found that not only  the EVL, the DC’s and the YSL move during epiboly, but also the 

yolk granules displayed an stereotyped movement during the process (movie 2.16 and highlight 

track in fig. 2.29).

Figure 2.28 -Yolk granules morphology 
a) Confocal image of an embryo at sphere stage injected with FM4-64 dye. Lateral view section.  FM4-64 is found 
in the E-YSL cytoplasm, excluding the nuclei, and outlining each yolk granule. b) Electron microscopy image of 
the contact area between the YCL and the yolk granules of a wildtype embryo at 75% epiboly. Yolk granules 
contain highly electrodense material. c) Electron microscopy section showing a detail of the contact between two 
granules and the the YCL in a wildtype embryo at 75% epiboly. 
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To quantify this movement we extracted the velocity field at each time step  by applying a PIV 

algorithm (see annex 6.2 for algorithm details). We observed that yolk granules flow around a 

superficial annular vortex. In the middle plane of the embryo, this annular vortex is seen as one 

vortex at each side (arrows in fig. 2.30 and movie 2.17). The yolk granules near the EVL 

margin move towards the vegetal pole and towards the centre of the embryo while in the middle 

they  flow animal-wards. The flow practically stops at  50% epiboly (fig. 2.30d), resuming after 

the cells have crossed the equator and continuing until yolk plug closure (fig. 2.30e-f and movie 

2.17). When we plotted the velocity obtained by the PIV in the centre of the embryo (2.31b) a 

first decrease of the velocity  is observed until the cells reached the equator increasing after this 

stage (fig. 2.32b). To better visualize the annular vortex displacement we extracted the main 

flow lines of the velocity  field (lines tangent to the vector fields, also known as stream lines, 

fig. 2.31 and movie 2.18). The annular vortex moves from animal to vegetal with epiboly 

progression (fig. 2.31 and 2.32c-e) and its position in relation to the main axis (z) at each stage 

Figure 2.29-Yolk granules movement during epiboly
(a-f) Two-photon microscopy images in the medial plane of a membrane labelled transgenic embryo [Tg (β-
actin:mGFP)] where the movement of two yolk granules (red and yellow line) was tracked during epiboly. Scale 
bar 100µm. Time hh:mm. Original movie, movie 2.16.
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coincides with that of the EVL margin (fig. 2.32f). The centre of the vortex also showed a slight 

displacement towards the surface at the beginning of the process (fig. 2.32d).

Figure. 2. 30- Velocity field during epiboly
(a-f) Snapshots of movie 2.17. Velocity field (white arrows) obtained from applying a PIV algorithm to a two-
photon microscopy time-lapse of the medial plane of a membrane labelled transgenic embryo (Tg (β-
actin:mGFP)) during epiboly (background image).  Arrows point at the views at each side of the annular vortex. 
Scale bar 100µm. Time hh.mm.

RESULTS

84



Figure. 2.31 -Vortex movement during epiboly progression
a-f) Snapshots of movie 2.18. Main velocity field streamlines (red lines) at different time-points during epiboly 
overlaid to the two-photon microscopy images from where the velocity field was calculated. Lateral view images 
of the medial plane of a membrane labelled transgenic embryo [Tg (β-actin:mGFP)]. Scale bar 100µm. Time 
hh.mm.
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Figure 2.32- Stereotyped yolk granules movement during epiboly progression
a) Schematic diagram of the embryo axis. b) Yolk granules speed at the center of the embryo during epiboly 
progression.  c) Vortex position during epiboly along the φ axis d) Vortex move from a more inner positions 
towards the surface (y axis). Y axis values: 0,  center of the embryo; 1, the surface.  e) Vortex position during 
epiboly along the z axis. Y axis values: 1, Animal, pole; 0 , equator; 1, Vegetal pole. f) Comparison between the 
vortex and EVL margin position along the z axis during epiboly progression. Y axis values in respect to: -1 , 
Animal, pole; 0 , equator; 1, Vegetal pole in the z axis.  Error bar,  s.d. In all graphs, red line represent the average 
measurements from 3 embryos (black lines). 
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2.2- Biomechanics 
As mentioned in the introduction, a major limitation in the mechanical analysis of 

morphogenesis is the difficulty  to extract mechanical parameters from developing embryos. To 

overcome this, we developed a new and nonintrusive methodology  to extract the mechanical 

changes during epiboly. A physicist in the laboratory, Philippe-Alexandre Pouille, developed the 

method (see S3 for details), together with him and another postdoc, Maria Marsal, we tested 

and applied the method to the process of epiboly. 

2.2.1- Hydrodynamic Regression (HR) analysis method
The idea for the method arose from the resemblance of the observed yolk granules flow to the 

laminar flow produced inside a fluid drop moving inside another immiscible liquid (e.g., oil in 

water, fig. 2.33b, Guyon et  al., 2001). The ascending movement of a fluid drop produced by  a 

density  difference with the surrounding liquid generates a gradient of superficial tension in the 

drop (fig. 2.33c), that, in turn, generates a flow inside the drop (fig. 2.33b). The main difference 

between the flow observed in the fluid droplet and the internal flow observed during epiboly 

resided in the vortex position. In the droplet, the vortex is always at the equator while, in 

epiboly, the centre of the vortex moves in the A-V direction adjacent  to the EVL-YCA margin. 

This difference pointed to a particularity in this region that could made the vortex move. We 

reasoned that as the yolk granules appeared as an incompressible viscous material with no 

apparent internal motor activity, its flow would be passive and generated by the mechanical 

activity at  the embryo cortex and we used this idea to develop  a method to extract  the 

mechanical changes involved in the expansion.

RESULTS

87



2.2.1.1-Theoretical reasoning

If we considered the cortex, at the mesoscopic level, as a 2D structure embedded in a viscous 

fluid (i.e. the cytoplasm and external medium), when the cortex contracts or expands, the 

underlying fluid will move with it  (transversal view in fig. 2.34). If the adjacent  fluid behaves 

as an incompressible viscous fluid with negligible inertia, it will move with the same direction 

and speed that the underlying cortex due to shear stress (e.g., high viscosity). A particular flow 

pattern will then be generated in the whole fluid volume due to the hydrodynamic properties of 

the fluid and the cortex planar displacement (fig. 2.34). This flow pattern will be different if the 

cortex contracts or expand and no fluid will exist (shear stress equal to zero) if the surface is in 

equilibrium. The method is based on the idea that by analyzing the resulting passive flows of 

the adjacent fluid it would be possible to extract  the out of equilibrium mechanics at the surface 

(membrane plus cortex) that generate this flow and therefore also the superficial movement. For 

this to work, the stress at each point should be locally  balanced in both the cortex and the fluid 

(incompressible fluid in a close container, volume conservation) and the fluid should follow a 

low Reynolds number regime where inertia compared to viscous dissipation is negligible 

(Stokes flow, Purcell, 1976).

Figure 2.33- Resemblance between the yolk granules flow and the flow produced inside a moving fluid drop
a) Snapshots of movie 2.18. Velocity field main streamlines (red lines) of an embryo at 70% epiboly overlaid to 
the two-photon microscopy image from where the velocity field was calculated. The images was taken in the 
medial plane of a membrane labelled transgenic embryo [Tg (β-actin:mGFP)].  Scale bar 100µm. Time hh:mm. b) 
Flows generated inside the drop in the fluid droplet analytical solution. c) Graphical representation of the tension 
gradient generated in the surface of the drop by the ascending movement of the drop due to the difference in 
density with the surrounding liquid.
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2.2.1.2- Method implementation8

At each point of the material, if inertia is negligible compared to viscous dissipation, the stress 

equilibrium can be written as:

      
∂σ ij

∂xj
= 0     tt (B1)

where σij are the components of the Cauchy stress tensor and xj the Cartesian coordinate in the j 

dimension of the 3D space. In particular, this equation can be rewritten at the cortical surface 

as:

      ∂σ tt

∂xt
= −δσ tn

δh
     (B2)

where ∂σ tt  is the tangential stress; xt , the tangential coordinate in a principal direction of the 

stress at the cortical surface; −δσ tn , the differences in tangential stresses between the two sides 

of the cortex and δh , the width of the cortex.

This can be rewritten as:

 ∂
∂xt

δh ⋅σ tt( ) = −δσ tn      (B3)

Figure 2.34-Cortex deformation generates a flow in the adjacent fluid
Sagital view of a contractile cortex, surrounded by fluids at both sides. The contraction of the cortex, due to the 
continuity in the tangential stress between the cortex and the adjacent viscous fluid will generate a flow in the 
fluids at both sites of the cortex.The fluids should behave at low Reynolds number regime to be able to use this 
property.
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Where δh ⋅σ tt is equal to the surface stress in the cortex along a principal direction (τ )

 
∂
∂xt

⋅τ = −δσ tn       (B4)

For simplicity  we don’t considered the local curvature that will add an extra term to the Laplace 

equation.

Because of the continuity of the tangential stresses at the interface between the cortex and the 

fluid, mentioned before, σ tn  is equal to the shear stress due to shear viscosity and any 

disequilibrium in the surface stress ( ∂
∂Xt

⋅τ ≠ 0 ) will results in a discontinuity of the shear flow in 

the surrounding viscous liquid. Conversely, the knowledge of the shear stress in the adjacent 

fluid should allow the calculation of the superficial stress up  to an additive constant ( ∂
∂Xt

⋅τ ), 

regardless of the elastic properties of the cortex. This relation between the cortex tangential 

stress and the fluid shear stress could only be applied if the adjacent fluid behaves as an 

incompressible viscous Newtonian fluid with low Reynolds number regime (negligible inertia, 

Purcell, 1976).

Two assumptions are considered in the method:

1) Conservation of volume (incompressible fluid). The stress is then locally balance at each 

position, equally to say that  the divergence of the velocity in all direction is zero (continuity 

equation for an incompressible fluid):

       DivV
!"
= 0      (B5)

where Div is the 3D divergence and V the velocity field accounting for both the fluid and the 

cortex. 

2) The fluid dynamics follow the Stokes equations that describe the dynamics of fluids with low 

Reynolds number (Re) regime:

      ν ⋅ΔV
! "!!

= grad
! "!!!

P      (B6)
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with ν  being the dynamic viscosity, Δ the vector Laplace operator, grad the gradient and P the 

dynamic pressure accounting for the dynamic stress responsible for the deformation rate. 

The Stokes equation is a simplification (linearization) of the Navier-Stokes equation (Guyon et 

al., 2001) that can be used for motion of fluids when inertial forces in relation to viscous force 

are negligible (Re<<1).

Knowing the velocity  field V in the viscous fluid, and assuming that the viscosity  of the fluid 

phase (ν ) changes slowly through space or just at boundaries, we can theoretically  solve 

equation (B6) up to an additive constant and calculate the components of the stress in the fluid 

(σ ij ) by:

     1
ν
⋅σ ij = − p ⋅δ ij + 2eij     (B7)

with p = P
ν

, δ ij the Kronecker symbol and eij the strain rate components.

At the cortex, the velocity measured is equal to the fluid velocity  (limit condition of a viscous 

fluid, Guyon et al., 2001), so the cortical deformations measured at the surface can be used in 

equation (B7). In addition, equations B5 and B6 are together equivalent to equation B4 so that 

the stresses calculated from the velocity field at the surface (fluid shear stress) is proportional to 

the stress at the cortex written in equation B4, up to an additive constant. In other words, the 

fluid stress profiles computed along the cortex are proportional to the out-of-equilibrium 

cortical stress ( ∂
∂xt

⋅τ ) along a principal direction. 

In summary, by knowing the fluid deformation rates (strain) and the dynamic pressure we could 

calculate the shear stress of the flow adjacent to the cortex and with that we could get the cortex 

stress profiles (out of equilibrium) for each time-step. With this method we could also retrieve 

the power density maps during epiboly progression. 

Although we could calculate the fluid shear stress adjacent to the cortex directly from the strain 

and pressure calculated from the PIV measurements (equation B7), we fit numerically 

computed velocity fields to the PIV measurements to significantly increase the values of the 
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fluid stresses and to increase the accuracy  of the inferred cortical stress. To fit the observed 

velocity  field we used elementary solutions of the Stokes equation (Guyon et  al., 2001). 

Particularly, we modelled the flow with n pairs of Stokeslets (Guyon et al., 2001) position 

perpendicular to the cortical plane (white vertical lines in fig. 34) and used them to fit the 

measured flow. Stokeslets are associated with single force points inside a Stoke flow (Guyon et 

al., 2001). 

During the regression a single variable in each solution is modulated to get the best fit to the 

measured velocity  field (βe, see supplementary file S2 for details). With the extra fitting step, 

the possible errors in the PIV measurements are filtered and as mentioned, we get values of the 

strain rates with high precision allowing to measure the whole pressure field in the fluid and to 

compute the stress tensor in all location of the fluid getting, in principle, a better precision on 

the cortex mechanics.

2.2.1.3- Testing the method

Before applying the HR method to epiboly, we tested the method in two simpler models, one 

experimental (planar cortex) and one analytical (spherical cortex).

2.2.1.3a- Planar cortex

To experimentally test the method, we applied it to the zebrafish yolk cortex response to laser 

damage, a model where we could easily predict the distribution of stresses and forces. In 

response to laser damage of the yolk cortex9 , myosin gets accumulated in an ellipsoidal shape 

around the cut region (fig. 2.35 and movie 2.19). Membrane folds also appeared in the same 

circular structure with radial folds appearing in the surrounding membrane domain (fig. 2.36 

and movie 2.20). Both regions (contractile ellipse and radially stretched area) are perfectly 

defined and were used as references to evaluate the power density  maps and stress distribution 

obtained by applying the HR method.
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Figure 2.35- Yolk cortex response to laser ablation 
a-e) Snapshots of movie 2.19. Spinning disc time-lapse of the retraction and repair of the actomyosin cortex after 
laser injury in a Myosin-GFP transgenic embryo [Tg(actb1:myl12.1-eGFP)]. Shortly after surgery, a myosin-
enriched contractile disc forms around the cut, similar to that observed in wound healing. Laser surgery was 
performed along a 30µm-parallel line in the yolk cortex, at 60µm distant from the EVL front. Time, seconds before 
or after laser surgery (a and b-e, respectively).
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To test the hydrodynamic regression (HR) analysis in this model, we considered the limit 

condition of a viscous fluid and assumed that the membrane moves at the same velocity and 

direction as the adjacent fluid (shear stress). Therefore, to get the velocity  of the cytoplasmic 

fluid adjacent to the cortex, we applied the PIV directly to the brightfield images of the 

membrane. For the fitting step, we positioned n elementary solutions of the Stokes equations 

equidistantly distributed on a two-dimensional square grid (fig. 2.37a) and randomized the 

variables βe of the solutions (see supplementary file S2 for equations details) until the best 

combination was reached (best fitting of the modelled velocity to the measured one). 

Particularly, in this 2D model, what was fitted was not the velocity field but the divergence field 

obtained from it, since 2D divergence fields precisely  reflects contractions and expansions on 

planar cortices.

Figure. 2.36- Membrane dynamics after laser surgery
a-f) Snapshots of movie 2.20. Microscope brightfield images of yolk membrane before (a) and after laser cut (b-f). 
Red arrow marks the position where the cut was made. A “wound healing” response is observed shorty after laser 
cut, with the formation of membrane folds around the cut that progressively segregate from the surrounding radial 
stretched membrane.
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From the best fitting results, we inferred the stress and power distributions at the cortex (fig.

2.38b and c, respectively). The power represents the energy by unit of time and space. We 

observed that positive power (i.e., active process) precisely  maps to the folded constricting area 

(where myosin accumulates). While the surrounding radial stretched area displays low levels of 

power. Equivalent differences were also observed in the stress distribution between the folded 

inner circle (high stress) and the surrounding radial stretched domain (low stress). Indeed, the 

results obtained from the HR fitted with that expected from the dynamics of both the cortex and 

the membrane.

Figure. 2.37 -Stokeslets pair distribution for the experimental and analytical tests
a) Schematic representation of the Stokeslets pair distribution for the experimental test, the yolk wound healing 
response. Pair of stokeslets solutions were position perpendicular to the 2D structure with an equidistant 
distribution for the fitting step. b) Schematic representation of the Stokeslets pair distribution for the analytical 
test, the fluid droplet solution. Pair of stokeslets solutions were position perpendicular to a spherical 3D structure 
and were used for the regression analysis fitting of the drop internal flow. 

RESULTS

95



RESULTS

96



2.2.1.3b- Spherical cortex

For the analytical test, we chose the fluid droplet solution, since the fluid droplet shares some 

characteristics with the zebrafish embryo during epiboly (spherical shape, presence of similar 

internal flows) and the stresses distribution at  the surface was a priori known. As mentioned 

before, the fluid droplet describes the flows generated in and outside a spherical droplet of a 

viscous fluid moving in another immiscible liquid. The dynamics of the flows generated are 

governed by  a low Reynolds number regime. As for the case of the yolk cortex response to laser 

damage, we positioned n elementary solutions of the Stokes equation in a grid, in this case a 3D 

spherical grid, mimicking the boundary of the drop (fig. 2.39). We then randomized βe variables 

in the elementary  solutions until they generated a flow that best fitted the flow observed. Both 

the velocity field and the prediction of the internal pressure field reached a quasi-perfect fit (fig. 

2.39) with mean square errors almost negligible (see supplementary information S2 for details). 

The differences (what could not be fitted with the method) for both the velocity  field and the 

pressure field are shown in fig. 2.39c and f, respectively. After estimating the stress in the fluid, 

we could extract the distribution of circumferential (CC) and longitudinal (named AV for 

simplicity) stresses at  the surface (green and red line in fig. 2.39g, respectively). Both stresses 

were minimum at the top of the sphere (coincident with the area with low relative pressure) and 

were gradually increasing towards the bottom part. The stresses distributions obtained perfectly 

matched with the known distribution of the stress at the surface of the analytical droplet (black 

line in fig. 2.39g). 

Figure. 2.38 - Hydrodynamics Regression method results for the yolk response to laser damage.
a-a’’’’) Microscope brightfield images of yolk membrane before (a) and after laser cut (a’-a’’’’). Same images as 
image 2.36 but lower magnification. Red arrow marks the position where the cut was made. After the cut there is 
what appear as a wound healing response of the yolk cortex. The area around the cut folds and segregates (red 
outline) from the surrounding area that shows radial stretching towards the folded area (blue arrows). b-b’’’’) 
Snapshots of movie 2.21. Tangential surface stress maps obtained from the HR, stress distribution results color-
coded for stress levels, overlaid to the brightfield images.  c-c’’’’) Surface power density (color-coded line levels) 
overlaid to the brightfield images..  The folded area shows positive power and higher stress than the adjacent radial 
stretched domain.
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Figure 2.39 -Hydrodynamics Regression analysis test on the fluid droplet analytical solution
a) Flow lines and main velocity vectors (red arrows) for the fluid droplet analytical solution .b) Flow lines and 
main velocity vectors (red arrows) obtained by applying the HR method (fitting the analytical known velocities). 
c) Flow lines and main velocity vectors not fitted by the regression (differences between the known analytical ones 
and the ones obtained with HR).  d) Pressure field in the fluid droplet analytical solution. e) Pressure field obtained 
from the HR method by fitting the fluid droplet analytical velocity.  f) Pressure field differences between the one 
obtained form the HR and the known analytical pressure field. Pressure fields are shown color-coded in d-f, legend 
below. g) Surface stress distributions obtained from the HR along the φ axis in the circumferential and animal-
vegetal direction (CC and AV, green and red line, respectively) compared with the analytical known stress 
distribution for the fluid droplet at the surface (black line). Blue line shows the differences between AV and CC 
stresses distribution obtained  from the method.
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As both tests for the HR method gave satisfactory results we decided to apply  it  to the process 

of epiboly  to investigate the global mechanical characteristics and changes during the 

expansion.

2.2.2- Epiboly biomechanics

As for the previous examples, the main idea was to obtain the mechanical changes at the 

surface during epiboly by  fitting the internal flows, extrapolating in this case the 3D velocity 

field from the 2D data (fig. 2.30). As the low Reynolds number regime of the fluid was an 

important assumption for the method, we first  checked if the yolk granules behaved indeed as a 

Newtonian fluid with negligible inertia. We also analyzed the mechanical properties 

(viscoelastic properties) of the yolk cortex (i.e., membrane plus cortex) although the mechanical 

characteristics of the cortex were not a constrain for the applicability  of the method (no  

assumptions needed).

2.2.2.1- Mechanical properties of the yolk granules and cortex

To analyze the rheological properties of the yolk (i.e., viscosity) we injected fluorescent nano-

particles in the yolk (see materials and methods section), and recorded their thermal 

fluctuations. We computed the two-dimensional mean square displacement (MSD) of each 

particle with a costume made software (see materials and methods and Daniels et al., 2006; 

Wirtz, 2009) and found that the MSD of the nano-particles embedded in the yolk exhibits a 

proportional dependence on the time lag (τ) consistent with a Newtonian liquid behavior of the 

yolk, with a viscosity of 129cP (fig. 2.40). This viscosity is in the same order of magnitude to 

that recently determined for the Drosophila yolk, 286 cP (He et al., 2014).

By knowing the viscosity we could approximately calculate the Reynolds number by:

      Re =
ρVL
µ

      (X)

Where ρ is the density, v the velocity, µ the dynamic viscosity  and L the size of the embryo. 

Considering the speed of the yolk flows referred as epiboly  progression rate (200 µm/hour), the 

yolk density  of around 1.074 g/cm3 (Fujimura et al., 2007) and the size of the embryo (around 

700 µm in diameter), the yolk Reynolds number is of the order of 10-7(see material and methods 

for calculation details), similar to the one estimated for the drosophila yolk (He et al., 2014). 

Therefore the use of the Stokes equation in the method was justified.
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Figure. 2.40 - The yolk granules behaves as a newtonian fluid at low Reynolds number.
Thermal fluctuations mean squared displacement (MSD) of fluorescent nanoparticles embedded in the embryo 
yolk. Solid black line and dashed lines are the mean and plus and minus standard error, respectively, computed 
from 99 particles. Red line is the fitting of the Stokes-Einstein equation.

To analyze the viscoelastic properties of the yolk surface (membrane plus cortex) we used 

Atomic Force Microscopy (AFM) indentation with multifrequency oscillations (see material 

and methods for details and Alcaraz et al., 2003). In all measured frequencies (0.35 Hz–11.45 

Hz), the yolk cortex rheology was dominated by a solid-like behavior with the viscous modulus 

5 times lower than the elastic modulus (fig. 2.41) and no significant  frequency dependence was 

found in the elastic (ANOVA, p = 0.123 ) and viscous modulus (ANOVA, p = 0.719). As the ratio 

between the viscous and elastic modulus is expected to drop with decreasing frequencies (i.e., 

increase time), at the time scale used for applying the HR to epiboly  (2 min time lapse) the 

cortex was expected to behaves as an elastic solid. 
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2.2.2.2- Applying the HR method to epiboly

To apply  the method to the process of epiboly, we measured the velocity  field in the middle 

plane of the embryo (fig. 2.30) and extrapolated the results to the rest of the sphere considering 

a cylindrical symmetry  around the A-V axis. As pointed before, other gastrulation movements 

take place during epiboly (ingression, convergence and extension). Ingression happens all 

around the embryo maintaining the cylindrical symmetry. However, CE of both DC’s and I-

YSL generate an asymmetry by the accumulation of DCs and I-YSN at the dorsal side of the 

embryo. This asymmetry should in principle not affect  epiboly surface mechanics as both EVL 

and yolk show cylindrical symmetry during the expansion and the internal flow patterns seem 

also highly stereotyped independent of the embryo position. But to avoid any possible effect we 

tried to image the coronal plane (embryo laterally positioned).

For the regression, in order to get a more precise fitting of the internal flows, we increased the 

number of elementary solutions of the Stokes equation by  using 5 concentric spheres were 

stokeslet’s pairs were distributed, filling most of the embryo volume. The elementary solutions 

variables (βe, see supplementary file S2 for details) were randomized until the best fitting for the 

observed velocity field was obtained (compare fig.2.42b-d to e-g). Although the fitting was 

done for the velocity  field (fitting error shown in fig 2.42) for an easy visualization the flow 

lines (streamlines) are shown (fig. 2.42). 

Figure. 2.41 - The yolk cortex behave as a elastic solid at the time-scaled analyzed
Complex shear modulus (G*) measured indenting the surface of zebrafish embryos with AFM. Solid and open 
symbols are elastic and viscous modulus, respectively.
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Figure. 2.42 - Yolk granules flows fitting with the HR method
a-h) Snapshots of movie 2.22. HR method fitting results for epiboly progression. Upper row: Flow lines from 
measured velocity field (a-d). Lower row: flow lines obtained from the HR fitting (e-h).  Flow lines are shown 
overlaid to the two-photon images of the coronal plane of a membrane labelled embryo [Tg (β-actin:m-GFP)] 
from where the velocity field and the fitting regression was done. Upper right number in each image is the RMSE 
(relative mean square error) of the velocity field fitting for each time-step. Scale bar 100µm. Time hh:mm.

From the best combination of solutions (best fitting with smaller RMSE, see supplementary  file 

S2 for details) we obtained the pressure field and the strain rate of the embryo interior (fluid) 

and calculated the fluid shear stress field during the process. Knowing the fluid shear stress 

adjacent to the cortex we could get the out of equilibrium stress and power density  map at the 

cortical surface that generate this passive flow (HR method steps schematized in fig. 2.43, see 

supplementary  file S2 for details). The power is the energy produced by the cortex, per unit of 

time and surface. As explained before, an area with positive power is an area doing mechanical 

work while an area with negative power is resisting to the movement.
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We found that, at the beginning of epiboly, the highest power is observed in the blastoderm (fig. 

2.44 and movie 2.23). Later, a distinct positive power foci arises under the cortex at the position 

and time of DCs ingression (arrow in fig. 2.44 and movie 2.23). After 50% epiboly, the highest 

power is observed in the yolk surface near the EVL margin, in an area that coincided with that 

of the YCA (asterisk in fig. 2.44c and movie 2.23) while the more nearby cells show minimum 

Extrapolate to 3D (Sphere)  
  A-V cylindrical symmetry 

Fit measured velocity field 
with stokeslets pairs 

Pressure field Fluid Strain rates

Fluid Stress Rate

Cortex

Cortex Stress distribution  Surface Power density 

2D movie 

Measured velocity field

Figure. 2.42 -Steps in the HR method applied to the process of epiboly
Schematic representation of all the steps followed to apply the HR method to the process of epiboly to get the 
mechanical changes at the surface during the expansion responsible for the flow an epiboly progression.
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power (white arrow in fig.2.44 and movie 2.23). The power distribution after 50% epiboly 

coincide with that expected from the descriptive analysis and previous observations suggesting 

that the yolk pulls on the EVL (Koppen et al., 2006; Trinkaus, 1984).

The method also allowed us to get the surface stress distribution along the cortex from the 

animal to the vegetal pole (φ axis) in both the animal-vegetal (AV) and the circumferential (CC) 

direction during the process (red and green line in fig. 2.45). At the onset of epiboly, both 

stresses show a flat distribution along the φ axis. However, an asymmetry  of stress develops as 

epiboly progresses. In the AV direction (red line in fig. 2.45), the distribution along the φ axis 

acquires a characteristic profile that amplifies with time, being low in the animal cap, high in 

the cells adjacent to the yolk, low again in an area that coincides with the YCA and finally 

Figure. 2.44 - The YCA displays the highest power after 50% epiboly 
a-e) Snapshots of movie 2.23. Power density map obtained from applying the HR method to epiboly. Power 
distribution (color-coded),  legend below) overlaid to the two-photon images of the coronal plane of a membrane 
labelled embryo [Tg (β-actin:m-GFP)] from where the power was obtained.  At the beginning of epiboly the 
highest power is found in the blastoderm (a). At around 50% epiboly, DCs ingression area shows the highest power 
(arrow in b). While,  after 50% epiboly the highest values are found in the YCA (asterisk in c to e) and the 
minimum power maps to the adjacent EVL marginal cells (arrow in c to e). Scale bar, 100µm. Time hh:mm. 
Percentages, shows the RMSE (relative mean square error) for the power.
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increasing from there until the vegetal pole. In the CC direction (green line in fig. 2.45) a more 

simple profile develops with time generating a gradient from the animal pole towards the 

vegetal pole, similar to the fluid droplet stress distribution.

2.2.3- Experimental validation of the results obtained with HR

The stress pattern distribution obtained with the method could be validated with oriented cortex 

laser microsurgery. The initial recoil velocity  of the cut produced in the cortex by laser 

microsurgery is considered to be proportional to the surface stress (Colombelli et  al., 2009; 

Hutson et al., 2009; Mayer et al., 2010). In addition, we used Atomic Force Microscopy  (AFM) 

to confirm that results that we could not validate with laser cuts. For the validation, we focused 

on the stress in the yolk surface. We checked the increase in stress anisotropy in the YCA (CC 

versus AV difference over epiboly) as well as the gradient  of stress that develops in the yolk 

from the margin of the cells towards the vegetal pole. Recently, the stress distribution, 

anisotropy  and changes that we obtained in the EVL has also been confirmed by another 

laboratory (see discussion and Campinho et al., 2013) 

Figure. 2.45 - A distinctive stress profiles develops at the surface with epiboly progression
a) Schematic representation of the results shown in the bottom panel. b-d) Snapshots of movie 2.24. Animal-
Vegetal (red line) and Circumferential (green line) relative cortical stresses distribution and their differences (blue 
line) along the surface, φ axis, at 40%, 60% and 80% epiboly obtained by from the HR method. The percentage 
shown at the top part of each panel is the RMSE (relative mean square error). The dotted yellow lines mark the 
equator. The grey shadow marks the EVL surface domain and the purple shadow marks the yolk surface domain . 
AV, Animal-Vegetal; CC, Circumferential.
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2.2.3.1- Validation of the stress anisotropy in the YCA

The surface stress distribution obtained with the regression analysis displayed a characteristic 

difference between its two perpendicular stresses (CC and AV) in the YCA that increases from 

50% epiboly onwards (blue line in fig. 2.45 and representation of the absolute value by blue 

dark dots in fig. 2.48), CC being bigger than AV. To experimentally  validate these results, we 

performed perpendicular and parallel laser cuts (fig. 2.46 and movie 2.25) in the YCA (20µm 

away from the EVL) at different stages throughout epiboly to measure CC and AV stresses, 

respectively. The disruption of the yolk actomyosin cortex by target laser microsurgery  results 

in an immediate cortex recoiled that decayed overtime (fig. 2.46, movie 2.25 and Behrndt et al., 

2012). To measured the recoil velocity of the cuts we used again a PIV algorithm (example in 

fig. 2.46 and movie 2.25 , see material and methods for details).

RESULTS

106



Similar to what was obtained with the regression analysis, the tension in the CC direction 

(perpendicular cuts) was significantly bigger than the tension in the AV direction (parallel cuts) 

and this difference become bigger from 50% epiboly  onwards (fig. 2.47). Similar results were 

recently  obtained by another laboratory (Behrndt et al., 2012). Importantly, the increase in the 

stress anisotropy in the YCA over epiboly  correlates with that obtained from the regression 

analysis (fig. 2.48). 

Figure. 2.46- Parallel and perpendicular laser cuts analysis
a-b) Snapshots of movie 2.25. Parallel and perpendicular cuts in the yolk cortex of a Myosin-GFP transgenic 
embryo [Tg(β-actin:myl12.1-eGFP)] at 20µm from the EVL margin. c-d) Snapshots of movie 2.26. Preprocess 
Image from parallel and perpendicular cuts for PIV analysis (c) and PIV result overlaid to the cut image (d). In 
both images the cortex is labelled with myosin-GFP [Tg(actb1:myl12.1-eGFP)].
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Figure. 2.47 - CC stress increases in the YCA over epiboly progression
a-d) Average recoiled velocity (µm/s) over time for both perpendicular (green) and parallel cuts (red) at different 
epiboly stages. e) Average initial recoil velocity for both perpendicular and parallel cut (CC and AV estimated 
stress, respectively) at different epiboly stages. V, Animal-Vegetal; CC, Circumferential.  Error bar s.d. Significance 
0.05. P-value 0,0004; 0.012; 0.0059; 0.0004 respectively for each pair. 
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2.2.3.2- Validation of stress gradient in the yolk

The stress distributions obtained from the regression analysis also showed a characteristic 

profile for both stresses along the yolk surface, from the margin with the EVL cells towards the 

vegetal pole. Although both stresses showed a slightly different profile in the area near the cells, 

both increase towards the vegetal pole and both gradients were more pronounced with time (fig. 

2.45). However, no recoiled velocity is observed in cuts generated in the vegetal(Behrndt et al., 

2012). As the cortex in this area is extremely  thin a possible technical limitation could explain 

these results.  Therefore, to validate experimentally the increase in tension in the yolk towards 

the vegetal pole we used two different approaches. First, we performed laser cuts in the yolk at 

different distances from the margin with the EVL, up to 60µm, to validate part of the gradient. 

At this distance still a prominent acto-myosin cortex is found in the yolk at all stages analyzed. 

Second, to validate the existence of tension at  the vegetal pole and the positive gradient of 

tension towards this area, we use Atomic Force Microscopy (AFM).

2.2.3.2a- Validation of A-V small gradient

To validate the yolk small gradient  we checked the A-V stress profile near the margin with the 

cells by laser cut. After 50% epiboly, the A-V yolk surface profile (in the φ axis) obtained from 

fig. 2.48 -Profile of YCA stress anisotropy during epiboly obtained from HR and laser cuts 
Absolute value of the differences between AV and CC stresses in the YCA obtained with the HR (blue dark dots) 
or  estimated by perpendicular and parallel laser cuts recoiled initial velocity in this area (clear blue diamond) over 
epiboly progression. With both methodologies the differences between both directions increases over epiboly and 
the progression of these differences correlate between both method. The difference values were fitted applying a 
constant adjustment ratio at all time points.
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the regression analysis showed a big decrease near the margin with the cells (in the YCA) and 

an increase, from there, towards the vegetal pole. This gradient was more pronounced with time 

(red line in Fig 2.45). To experimentally validate this results, we performed 20 µm wide parallel 

cuts (to measure the AV stress) in the yolk cortex at different distances from the EVL margin up 

to 60 µm, and at different epiboly stages (fig. 2.49a). The measurements obtained by laser cut, 

in accordance with the regression analysis results, showed an increase in the yolk surface AV 

stress towards the vegetal pole with an increase in this gradient with epiboly  progression (fig. 

2.49b).
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2.2.3.2b- Validation of tension at the vegetal pole

It has been suggested that active tension in the yolk exponentially decreases from the 

actomyosin-ring towards the vegetal pole (Behrndt et al., 2012). However, the stresses 

distribution obtained by  HR showed the highest stress for both main directions (AV and CC) at 

the vegetal pole. To further validate our results we measured by Atomic Force Microscopy 

(AFM) surface tension in the yolk. We retrieved force-indentation curves from embryos after 

50% epiboly at two distinct positions, adjacent to the cells (between 50-100 µm) and near 

vegetal pole. Interestingly, the shape of the force-indentation curves (fig. 2.50a) perfectly fitted 

the fluid-droplet model, defined as a viscous liquid surrounded by  an elastic cortex (Yeung and 

Evans, 1989). This fitting allowed us to calculate absolute values of tension (pN/µm). We found 

a significant bigger tension in the vegetal pole than in the yolk area adjacent to the EVL cells. 

(fig. 2.50c). These data demonstrate the presence of tension at the vegetal pole and suggested a 

long-range gradient  of total tension from the margin with the cells towards the vegetal pole. 

These results together with the short-range gradient measured by laser cuts further validate our 

stress profiles obtained with the HR method. The AFM  measurements also highlighted an 

increase in the yolk surface tension with epiboly progression (fig.2.50c) that could not  be 

assessed with the method.

Figure. 2.49 - Validation of  A-V yolk profile at different stages
a) Schematic representation of the distances from the EVL margin where the parallel cuts where done (yellow 
lines) at the different stages analyzed. b) Graphical representation of the normalized average initial recoil velocity 
of parallel cuts (AV stress) in the yolk cortex at different distances from the EVL margin (0, 10, 20, 40 and 60 µm) 
and at different epiboly stages (50 %; 60-70 %; 80 % epiboly). Significant differences by Wilkinson test are 
shown. P-values: p=0.0489 for 40 to 60µm at 60-70% epiboly stage,  p=0.0012 for 20-40µm at 80% stage, p=4,98 
10-5 and p=0.0025 respectively for 20 to 60µm for 60-70% and 80% epiboly stages. Error bar, standard error s.e.).
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2.2.4- EVL and YSD mechanical differences

From the data obtained from the descriptive characterization and the biomechanical analysis  

we hypothesized that the YCA contraction, at least after 50% epiboly, tries to pull on both the 

EVL and the vegetal part of the yolk cortex (YSD) and due to the different elastic properties of 

the EVL and the YSL, the EVL deforms (expands) while the YSD remains static. It this was 

true, to enable a net movement towards the vegetal pole the EVL should be more easily 

deformed than the YSD. To test this hypothesis, we artificially increase myosin contraction in 

the YCA and follow the displacement of the adjacent yolk membrane and EVL cells. To 

increase myosin in the yolk we performed laser cuts in the yolk cortex. As seen before, upon 

cortex laser surgery, a wound healing response is observed in the yolk, increasing myosin levels 

in a ring-like structure around the wounded area (fig. 2.51b). In response to this artificial 

increase in myosin in the yolk we could observe a displacement of the adjacent EVL cells 

towards the wound (fig. 2.51b) suggesting that an increase in YCA contraction is sufficient to 

deform the adjacent EVL cells. The animal side of the yolk cortex near the wound also 

advanced towards the myosin ring but no major displacement was observed in the vegetal side 

of the ring (straight lines in fig. 2.51d). Since the actomyosin accumulation around the cut was 

approximately symmetric, the differences in the behavior suggested that the side above the ring 

(EVL side) was more easily deformed than that area below the cut (YSD side)., enforcing the 

Figure. 2.50 - Vegetal tension validation by AFM
(a) Force-indentation curves recorded at cantilever velocity of 10 µm/s (blue line) fitted with a liquid-droplet 
model (red line).  Inset: Schematic representation of the embryo set up for AFM force-indentation b) Differences in 
tension between the YCA (approximately 50 to 100µm from the EVL margin) and the the more vegetal part of the 
yolk measured with AFM at 60-70% epiboly stage. Averaged values of mean surface tension (pN/µm). 
Significance, p-value = 0.0245. c) Increase in tension measured by AFM indentation in the yolk surface over 
epiboly progression.
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hypothesis that the EVL and the YSD have different mechanical response to the same pulling 

force (the YCA pulling).

Figure 2.51- Different mechanical response of the EVL and the YSD to an increase in contraction 
a-b). Cortex response to an increase in myosin concentration in the YCA in a MyosinII GFP transgenic embryo 
Tg(actb1:myl12.1-eGFP) The increase in myosin was achieved by producing a laser wound response in the yolk 
cortex. Myosin increases symmetrically around the wound,  forming an actomyosin ring.  The increase in myosin 
deforms the nearby EVL towards the wound area (b).  c) Position where the kymograph was generated (white line). 
d) Kymograph in the A-V direction and in the position shown in c. The kymograph shows a clear displacement of 
the area above the cut towards the wound and no major movement of the area below the cut.
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2.3- Cellular mechanisms driving epiboly
The mechanical and descriptive analysis results together with previous observations (Cheng et 

al., 2004; Köppen et al., 2006; Trinkaus, 1984, beteween others) strongly  suggested that the 

YCA is the main driving force for epiboly progression at least  after 50% epiboly, contracting 

and pulling on the adjacent EVL cells. However, no functional prove that the acto-myosin 

accumulation in this area is the driving force for the process has been yet obtained. Besides, 

membrane removal in this area also appeared as key factor for epiboly progression. Therefore, 

we tried to interfere with these two cellular mechanism in the yolk. To inhibit its function in the 

yolk without affecting its activity in the blastoderm, we used late yolk injection, since no 

connections remain between the blastomeres and the yolk at 512-1000 cell-stage (Kimmel and 

Law, 1985b) with exception of the dorsal forerunner cells (DFCs) that still maintain bridges 

with the yolk (Amack and Yost, 2004; Cooper and D'Amico, 1996). Yolk injection of mRNAs 

or fluorescent tagged morpholinos at these stages shows restricted expression in the yolk (fig. 

2.52). 

2.3.1- Acto-myosin contraction

To disrupt acto-myosin contraction in the YCA, we first tried to interfere with myosin activity 

in this area. Myosin activity is controlled by phosphorylation/dephosphorylation being ROCK 

(Rho kinase) one of the main kinases that regulates its activity (Blaser et  al., 2006; Totsukawa 

et al., 2000; Vasquez et al., 2014). In particular, ROCK2b has been shown to be important for 

epiboly progression (Lai et al., 2005). Therefore we tried to interfere with its function in the 

Figure. 2.52 - Yolk late injection for restricted interference
Fluorescent image of an embryo injected at 512 cell stage with a fluorescent labelled morpholino (FITIC) and 
observed at 40% epiboly.
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yolk. Although mRNA full injection of a dominant negative (DN) form of this protein at one 

cell stage gave a clear ROCK related phenotype in the EVL cells (see RhoGTPases section for 

detail), its late injection in the yolk did not produce any  epiboly  phenotype (data not shown). 

Full or yolk injection of splicing or translation blocking morpholinos against  rock2b (Wang et 

al., 2011) did neither have an epiboly phenotype (data not shown). To find another way to 

disrupt myosin activity in the yolk we searched for zebrafish myosin II annotated genes to 

analyze its expression during epiboly. Myosin II is an hexamer composed by two heavy  chains 

(MYH), 2 essential light chains (ELC) and 2 regulatory  light chains (RLC). We found 3 

annotated genes for myosin heavy chain (myh9a with 3 transcripts, myh9b with 2 transcripts, 

and myh10 with 3 transcripts), 4 for the regulatory light chain (myl9a with 2 transcripts, myl9b 

with also 2 transcripts, myl12.1 with 2 transcripts and myl12.2 with only 1 transcripts) and two 

possible genes for the essential light chain (myl6 with 4 transcripts and the zgc153867 with 9 

transcripts). We generated in situ hybridization probes to detect the 4 RLC genes. Preliminary 

results showed high ubiquitous expression of myl12.1 during epiboly, apparent faint expression 

of myl12.2 and no apparent expression of myl9a and b (fig. 2.53). 
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Using similar approaches we tried to interfere with actin in the yolk. We knocked down an actin 

nucleator, diaph2 (diaphanous-related formin 2). Full knockdown of this gene with morpholino 

was reported to produce a low penetrance epiboly phenotype (Lai et al., 2008). We reproduced 

the published full injection phenotype but did not obtain an epiboly phenotype by its late yolk 

injection (data not shown).We also designed morpholinos for one of the subunits of the other 

main actin nucleator, the Arp2/3 complex. Arp2/3 complex is involved in generating branched 

arrays of actin from an existing filament, while formins produce unbranched filaments 

(reviewed in, Goley and Welch, 2006 and; Pollard, 2007). Arp2/3 complex is formed by  7 

subunits (Arp2, Arp3 and ARPC1 to 5). We target the most conserved copy for one of the main 

subunits, Arp2 (actr2a, see materials and method for morpholino sequence) but did not obtain 

any phenotype in full or yolk injection. Arp2/3 complex has low nucleating activity needing 

Figure. 2.53 - Myosin regulatory light chain genes expression during early development
Expression pattern of the 4 annotated genes encoding for myosin regulatory light chain during early developmental 
stages. Whole mount in situ hybridization. Lateral view is shown for each embryo with anterior to the left for 
embryos after epiboly.
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different nucleation promoting factors (NPF) to enhance its activity. Wiskott-Aldrich syndrome 

protein (WASp) and Scar/WAVE are the best known nucleation promoting factors (NPF, Firat-

Karalar and Welch, 2011). We overexpressed a WASP truncation (WASP-CA) that has been 

shown to act as a dominant negative form of this protein, blocking Arp2/3 complex activation 

(Rohatgi et  al., 1999). But we did not obtain an epiboly phenotype, in full or yolk injection. We 

also injected different concentrations of phalloidin in the yolk to try  to interfere with actin 

dynamics. Phalloidin is an impermeable toxin that binds to F-actin and prevents its 

depolymerization. In our hands, its injection did not produce any  epiboly phenotype. The other 

available drugs to inhibit myosin or actin are permeable so we could not inhibit  just the yolk 

cytoskeleton with them. In summary, although we tried several approaches we did not manage 

to inhibit YCA myosin contraction. 

2.3.2- Endocytosis function in the yolk

As shown in the descriptive analysis, the EVL does not slide over the YCA but move vegetally 

with it. At the same time, we observed membrane removal inside the YCA. These and previous 

observations suggested a possible important role for endocytosis during epiboly coupled to  

acto-myosin contraction (Betchaku and Trinkaus, 1986). To interfere with endocytosis in the 

yolk without affecting EVL or DC endocytosis, as for the acto-myosin, we used late yolk 

injection. To block endocytosis, we decided to focus on Rab5 as it  has been shown to be 

essential for most endocytic pathways (see introductory  chapter and Doherty and McMahon, 

2009; Mayor and Pagano, 2007). In zebrafish there are five annotated rab5 genes (rab5aa, 

rab5ab, rab5b, rab5c and rab5clike, Notably, depletion of just one of these genes, rab5ab, by 

morpholino injection in the yolk, produced a dramatic epiboly phenotype (fig. 2.54).
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Figure. 2.54 - Rab5ab yolk depletion epiboly phenotype
a) Embryo injected with a control morpholino in the yolk (late injection) and fixed at the end of epiboly b-c) 
Sibling embryos injected with Rab5ab morpholino in the yolk (late injection) and fixed when the control embryo 
finished epiboly. Both images show confocal maximum projection of phalloidin staining in fix embryos. Lateral 
view. Scale bar, 100µm.

Rab5ab is maternally inherited and expressed throughout epiboly (Maria Marsal, personal 

communication). Before analyzing the phenotype, we assessed the specificity  and possible off-

targets effects of the morpholino by  using two additional translation blocking morpholinos 

targeting the same rab5ab gene (rab5abMO2 and rab5abMO3, fig. 2.55). Both additional 

morpholinos, in full or yolk injection, caused the same epiboly phenotype. Although to obtain 

the same strength in the phenotype we have to inject higher concentrations than for rab5abMO1 

suggesting they were less efficient. Therefore we used rab5abMO1 for the rest of the analysis. 

We further test the specificity by a mismatch morpholino for MO1 (fig.2.55). This morpholino 

did not produce any phenotype in full or yolk injection. In addition, knockdown of another rab5 

gene, rab5c, in the whole embryo or in the yolk did not produce any epiboly phenotype (data 

not shown) but we did not try morpholinos for the other annotated rab5 genes. 

5’-CTTCAGTACAGGAGATTGGGGTTTTGGGTCATGGCAGGAAGAGGTGGAGCAACGAGACCTAACG- 3’

Rab5ab MO1Rab5ab MO3

Rab5ab MO2

Mismatch MO target sequence
ATGGGACGAAGAGGTCGAGGAAGGA

Figure. 2.55-Rab5ab morpholinos target sequences
Target regions for the Rab5ab translation blocking morpholinos used. 5‘UTR bases showed in black and coding 
region in red. Bases that differ in the mismatch morpholino are shown in black.
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2.3.2.1- Rab5ab yolk-depleted phenotype

Yolk-depleted rab5ab embryos (rab5ab YMO), compared to control siblings (injected with 

control morpholino in the yolk (control YMO), showed a dose dependent epiboly phenotype 

(fig. 2.56, movie 2.27 and 2.28). In all cases no apparent phenotype is observed before epiboly 

(sphere stage, fig. 2.56a-c), but already  during doming a delay in the process, compared to 

control sibling embryos, is observed. The degree on epiboly  delay seems to be dose-dependent 

(compare movie 2.27 and 2.28 and fig. 2.56b and c). Embryos injected with higher doses of the 

morpholino (8ng/embryo) stop in early epiboly stages and do not manage to progress 

throughout gastrulation (fig. 2.56bI-bVI and movie 2.27). The yolk of these embryos burst, in 

most cases, before the cells reach the equator (fig. 2.56bVI and movie 2.27). These embryos 

showed folds in the DC layer and a gap between I-YSL and DC (red arrow and asterisk, 

respectively, in fig. 2.56bV-VI and movie 2.27). The I-YSL/DCs gap  is finally  filled by the 

deforming yolk and eventually a constriction of the yolk in the margin with the cells appeared 

followed by the bursting of the yolk (fig. 2.56b and movie 2.27, see fig. 2.57 for more detailed 

progression). Embryos injected with lower doses (4ng) showed a large delay in epiboly and an 

open back phenotype at the end of gastrulation (fig. 2.56cI-cVI and movie 2.28). When the EVL 

of control embryos are already closing the yolk plug (white arrow in fig 2.56 and movie 2.28), 

rab5ab YMO are still at  60% epiboly. Despite the open back phenotype, the other gastrulation 

movements (invagination, convergence and extension) seem mostly  unaffected and the embryos 

presents almost normal head and trunk structures (fig. 2.56 and movie 2.28). 
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Interestingly, rab5ab YMO embryos lose the spherical morphology and elongated in the animal-

vegetal (A-V) direction (fig. 2.54 and fig. 2.57). This elongation was more pronounced in 

embryos injected with high dose (fig. 2.57). The elongation of these embryos (high dose) took 

places when sibling control embryos were at the end of epiboly  (fig.2.57 and movie 2.28). In 

addition, yolk doming is highly reduced in these embryos (fig. 2.57a to c). In particular, when 

in wildtype/control embryos the yolk occupies most of the volume previously  filled by the pile 

of DCs (approximately 50% epiboly), the yolk of these embryos has just  started to dome 

(compare fig. 2.57b-b’’) suggesting a relation between yolk doming and the activity  at the 

YCA.

Figure. 2.56 -Rab5ab Yolk depletion phenotype
aI-aVI,bI-bVI and cI-cV) snapshots of movies 2.27 and 2.28.  Macroscope brightfield images of embryos injected in 
the yolk (at 512-1000 cell stage) with control morpholino or 8ng or 4ng of Rab5ab MO1 morpholino, respectively. 
Embryos were imaged in their chorion. In these conditions (imaged in chorion, unconstrained), control or wild-
type embryos rotate during epiboly (see movie 2.27). For comparison to the rab5ab yolk morphants phenotype, in 
panels aI-aV an age-matched  wildtype embryos embedded in agarose is shown. Scale bar 250µm. Time hh:mm.

Figure. 2.57 - Endocytosis knockdown in the yolk impair yolk doming
Brightfield snapshots images of a control sibling embryo (a-f), a wild-type age-matched embryo embedded in 
agarose (a’-d’) and a Rab5ab yolk-depleted embryo injected with 8ng of Rab5ab Mo1 in the yolk (a’’-f’’). Red 
dotted lines highlight the dimensions of an spherical embryo. The space that appeared between the DCs and the 
yolk and the subsequent rapid deformation of the yolk are labelled (blue arrow).
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As the embryos injected with high doses died before completing the expansion, we used rab5ab 

yolk morphants injected with low doses (4ng) for further analysis of the phenotype but keeping 

in mind that these embryos probably reflect an “hypomorphic” condition and some rab5ab 

activity may still be present during the early epiboly stages. As expected, we found that 

membrane endocytosis was reduced in yolk-rab5ab morphants (fig. 2.58 and movie 2.29).

At the cellular level, the narrowing of the YCA is significantly  slower (red versus blue line in 

fig.2.59) and the actin and myosin accumulation in this area is also reduced/delayed (fig. 2.60 

and movie 2.30 and 2.31). In these embryos the more marginal EVL cells did not elongate in 

the AV direction (fig. 2.61a-d), but elongated in the circumferential (CC) direction once the 

expansion velocity diminished (fig.2.61 and movie 2.32). 

Figure. 2.58 -Yolk Endocytosis  is reduced in Rab5ab YMo
(a-f) Snapshots of movie 2.29. Maximum intensity confocal projection images of three different time-points in a 
control (a-c) and Rab5ab YMO sibling embryo (d-f).  Embryos were soaked in lectin-TRITC (membrane dye) for 5 
min just before imaging. Scale bar 25µm. Time hh:mm:ss
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Figure. 2.60 -Reduced actin and myosin accumulation in Rab5ab yolk depleted morphants
a-d) Snapshot of movie 2.30, YCA actin dynamics (lifeact-GFP) in the YCA in Rab5ab YMo (c,d) and control 
YMO siblings at two different time points. e-h) Snapshot of movie 2.31, YCA myosin dynamics in the YCA in 
Rab5ab YMo (f,h) and control YMo siblings(e,g) myosin labelled embryos [Tg(actb1:myl12.1-eGFP)] at two 
different time points.  in both cases the progression of Rab5ab YMO is slower and the accumulation of acto-myosin 
in the YCA is reduced. Scale bar 25µm. Time hh:mm:ss for all images.

fig. 2.59 - Reduced YCA narrowing in Rab5ab yolk depleted embryos
a-b) surface projection of the EVL YCA contact area in rab5ab YMO and control siblings membrane-GFP 
embryos (Tg(β-actin:m-GFP). Rab5ab yolk morphants display a wider YCA (b). Scale bar 25µm. c) 
Quantification of YCA narrowing in controls and Rab5ab YMOs during epiboly. Error bar,  standard deviation. n= 
4, 7 14 and 6 for controls and 8, 6,14,7,7 for Rab5ab YMO. In last Rab5ab YMo timepoint control siblings had 
already finished epiboly.
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In summary we found that  rab5ab function in the yolk is essential for epiboly  progression, 

altering most of epiboly main features; yolk doming, YCA narrowing, actomyosin 

accumulation in this area and marginal EVL cells elongation (AV direction). 

2.3.2.2- Interference with other endocytic genes

To further investigate the role of membrane remodeling and endocytosis in the yolk during 

epiboly and to try  to narrow the rab5ab pathway involved in the phenotype, we targeted other 

endocytic genes.First, we tried to interfere with dynamin2 function. However, morpholino 

knockdown of this gene produced no epiboly  phenotype (see materials and methods for 

morpholino details). Second, we over-expressed a specific rab5-GAP, RN-tre. This Rab-GAP 

has been shown to be important in growth factor induced ruffles formation during 

macropinocytosis (Lanzetti et al., 2007; Lanzetti et al., 2004; Palamidessi et al., 2013).Yet, 

injection of RN-tre mRNA in the whole embryo or in the yolk did not cause any epiboly 

phenotype. Finally, we tried to interfere with a specific Rab5 effector, Rabankyrin-5 

(Schnatwinkel et al., 2004). This protein has been shown to localize to macropinosomes and to 

have a role in fluid phase endocytosis, particularly in apical fluid-phase endocytosis in 

polarized epithelial cells (Fabrowski et al., 2013; Schnatwinkel et al., 2004). We first checked 

the expression of the zebrafish homologue of Rabankyrin-5, ankfy1, by  whole-mount in situ 

hybridization analysis (fig.2.62). Ubiquitous expression was detected during early 

developmental stages as well as during epiboly (fig.2.62). Morpholino design limitations, 

unabled the possibility  of producing a translation blocking morpholino for these gene and the 

Figure. 2.61 - EVL marginal cells elongation in the CC direction in Rab5ab YMO
a-b) Snapshots of movie 2.32. Control and Rab5ab YMO membrane labelled embryos [Tg (β-actin:m-GFP)]. 
Controls and Rab5ab YMo images snapshots are from different timepoints to be able to see both marginal cells at 
the same time. While control marginal EVL cells elongate in the AV direction, Rab5ab marginal cells will finally 
elongate in the CC direction (arrow).
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splicing blocking morpholino produce no epiboly phenotype. (whole or yolk injection) but  a 

late gastrulation phenotype was observed (data not shown). In summary, we were not able to 

interfere with endocytosis targeting other endocytic genes. As mentioned before, membrane 

endocytosis in the yolk surface is restricted to the contractile, folded YCA.

2.3.2.3- Membrane-cortex interaction

To further explore the possible relation between actomyosin contraction and membrane removal 

in the YCA we assessed the role that membrane-cortex interaction could have in the yolk during 

epiboly. Both Ezrin (ERM  family) and myosin1 are implicated in linking the cortex to the 

membrane and have been shown to be important in membrane tension regulation (Fehon et al., 

2010; Liu et al., 2012; McConnell and Tyska, 2010; Nambiar et al., 2009). In zebrafish, ezrin 

function has been shown to be important  for DCs directional migration during gastrulation 

(Diz-Munoz et  al., 2010) and its knockdown by  morpholino injection has been shown to have 

an epiboly phenotype (Link et al., 2006). Myosin1b has also been implicated in membrane-

cortex interaction during zebrafish gastrulation (Diz-Munoz et al., 2010). However, injection of 

a dominant negative form of ezrin or a morpholino against myosin1b did not produce any 

macroscopic epiboly  phenotype (data not shown). We finally  interfered with another potential 

candidate gene to link acto-myosin contraction, ripple formations and endocytosis in the YCA, 

sh3yl1 (SH3 and SYLF domain containing 1). We first became interested in this gene by its 

restricted expression pattern in the E-YSL (see section 2.5, Thisse et al., 2001). Interestingly, 

this gene has been implicated in dorsal ruffles formation (Hasegawa et al., 2011) and its 

homologous in yeast (Ysc84) together with WASP homologue, Las 17, promote actin 

polymerization and control fluid phase endocytosis (Dewar et al., 2002; Robertson et al., 2009). 

To confirm the published expression pattern (Thisse et al., 2001) we checked its expression by 

in situ hybridization. We detected an ubiquitous expression during early development and a 

Figure. 2.62 - ankfy1 mRNA expression during early development
a-d) Expression pattern of ankfy1 mRNA detected by whole mount in situ hybridization at 4 cell stage, oblong, 55 
% epiboly and 75% epiboly. 
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strong expression in the YSL during epiboly  but not restricted to the E-YSL (fig. 2.63). Full or 

yolk morpholino-mediated knockdown for this gene did not produce any macroscopic epiboly 

phenotype however a late gastrulation phenotype was observed. Still, it is possible that  for both 

sh3yl1 and ankfy1 a not well annotated extra copy (paralogue) of these genes is present in 

zebrafish genome. In summary, we were unable to functionally  explore the role that actin-

membrane interaction could have during epiboly.

Figure. 2.63 -sh3yl1 mRNA expression pattern during early development
a-e) Expression pattern of sh3yl1 mRNA detected by whole mount in situ hybridization at 4 cell stage,  oblong, 55 
% epiboly 75% epiboly and 1dpf. 
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2.4- Role of small RhoGTPases in epiboly progression
Contractility  and endocytosis in the YCA seem to be essential for epiboly progression, pulling 

on the adjacent epithelial layer. Still, the regulation and coordination of this activity with the 

change of shape of the adjacent tissue and the global movements during gastrulation is 

unknown. Amongst the potential elements that could participate in coordinating the changes in 

the EVL and the YCA are the family  of small RhoGTPases. These GTPases have been shown to 

regulate many  aspects of epithelial morphogenesis. In particular, RhoA, Cdc42 and Rac have 

been shown to be important for adhesion, cytoskeleton and polarity regulation (see introductory 

chapter). To determine which role these RhoGTPases play during EVL expansion we analyzed 

the consequences of interfering with their function during epiboly progression.

2.4.1- RhoA/Rock
Five RhoA homologous genes have been found in zebrafish genome: rhoaa, rhoab, rhoac, 

rhoad, and rhoae (Salas-Vidal et al., 2005). Due to this high number of genes, interfering with 

RhoA function during epiboly  was challenging. Per contra, ROCK2b, a main RhoA effector  

was reported to be expressed during epiboly  (Marlow et al., 2002; Wang et al., 2011) and 

particularly restricted to the EVL (Wang et al., 2011). ROCK is the main RhoA effector 

controlling myosin phosphorylation and activity (see introduction). There is 3 annotated ROCK 

isoforms in zebrafish (rock1, 2a and 2b) homologs to mammals ROCKI and II (Chu et al., 

2012). The overexpression of a truncated form of ROCK2b, that acted as a dominant negative 

form, was reported to produced a convergence and extension phenotype but no epiboly 

phenotype was observed (Marlow et al., 2002). Morpholino knockdown of this gene did not 

produce any apparent epiboly phenotype (data not  shown) but the overexpression of the 

dominant negative form for this gene (Marlow et al., 2002) produced a clear change in EVL 

cells morphology  (fig.2.64). In ROCK2b-DN condition EVL cells lost their epithelial-like 

morphology  and acquired an ellipsoidal apical shape (fig. 2.64). A concomitant delay in overall 

epiboly was also observed in these embryos (compare fig. 2.64a to b)
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2.4.2- Cdc42
Three Cdc42 homologs genes have been identified in zebrafish genome: cdc42, cdc42like and 

cdc42like2, also named cdc42a, cdc42c and cdc42b, respectively  (Salas-Vidal et al., 2005). At 

the protein level, cdc42 is the most similar to human CDC42 (99% homology, Salas-Vidal et 

al., 2005), while cdc42like and cdc42like2 are more divergent (see protein sequences alignment 

in annex 6.5). As both cdc42 and cdc42like have been reported to be expressed during epiboly, 

we designed morpholinos to interfere with their function but no epiboly phenotype was 

observed in single or combined injection (data not shown). The overexpression of a cdc42-

dominant negative form (Cdc42N17) neither produced an epiboly phenotype (fig. 2.65b), in 

accordance with Tay and collaborators results (Tay et al., 2010). Only the overexpression of the 

constitutively active form of this protein (Cdc42V12) produced a mild EVL phenotype (fig.

2.65c,d).

Figure. 2.64 -Lost of EVL epithelial morphology in rock2b dominant negative overexpression
a-a’,b-b’) Sibling control and ROCK2b dominant negative embryo injected with 40 pg of the respectively mRNA 
and fixed when control embryos riches 85-90% epiboly. F-actin and nuclei staining are shown (upper and lower 
panel,  respectively).c-c’,d-d’ and e-e’) Sibling control and rock2b dominant negative embryo injected with 80 pg 
of the respectively mRNA and fixed when control embryos finished epiboly. F-actin and nuclei staining are shown 
(upper and lower panel, respectively). F-actin was stained with Phalloidin-TRITC (upper panels) and nuclei with 
DAPI (lower panels). Scale bar 100µm.
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2.4.3- Rac 
In zebrafish, 5 putative Rac homologues (rac1a, rac1b, rac2 and rac3) have been reported 

(Salas-Vidal et al., 2005). We found one additional putative full rac1 gen (named also rac1b) 

and one additional rac3 gen, (see annex 6.5 for protein sequence alignment). The high number 

of Rac orthologous made the use of morpholinos challenging. Still, as Rac1a showed the 

highest homology to human RAC1 (annex 6.5 and Salas-Vidal et  al., 2005) and it has been 

shown to be expressed during epiboly (Leskow et al., 2006; Salas-Vidal et  al., 2005) it appeared 

as the best target candidate. We confirmed by in situ hybridization the maternally inheritance 

and ubiquitously expression of rac1a throughout epiboly (fig. 2.66). 

Figure. 2.65 -Cdc42 constitutively active overexpression phenotype
a,a’-d,d’) Macroscopic phenotype of control embryos and sibling embryos overexpressing a cdc42 dominant 
negative or constitutively active forms (Cdc42N17 and Cdc42V12, respectively). F-actin (Phalloidin-TRITC) and 
nuclei staining (DAPI) are shown (upper and lower panel, respectively). Scale bar 100µm.. Sibling control 
embryos were injected with H2B-EGFP.

Figure. 2.66- rac1a expression during early zebrafish development
a-e) Expression pattern of rac1a mRNA detected by whole mount in situ hybridization at 8 cell-stage, dome, 60% 
and 80%epiboly and tail bud stages, respectively.
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To interfere with rac1a function, since this gene showed a very high homology with both 

annotated rac1b genes (see annex 6.5), we used one morpholino specific for rac1a (rac1a-

MO1) and a second one that recognized the three paralogous (rac1a-MO2). Still, none of the 

morpholinos produced any macroscopic epiboly phenotype. However, the overexpression of a 

dominant negative form of rac1 (Rac1N17) produced a characteristic epiboly phenotype (fig.

2.67). As a control, we overexpressed the wildtype form of rac1 that did not produce any 

epiboly phenotype (fig. 2.68).

Three main features could be distinguished in Rac1N17 overexpressed (Rac1N17-OE) embryos: 

an uncoupling of EVL-DC epiboly (arrowhead in fig. 2.67b’), a cell shape change in some 

EVL cells position ahead of the DCs margin (red arrow in fig. 2.67b) and an asymmetrical 

shape of the yolk plug during closure (green arrow in fig. 2.67b, and fig. 2.70). In these 

embryos, despite the shape transformation of some EVL cells the layer managed to expand 

around the yolk to finally enclose the exposed yolk. In Rac1N17-OE embryos, not all EVL cells 

positioned ahead of the DC’s margin became transformed but they rather appeared in clusters 

(red arrow in fig. and fig.2.67). The strength of both the EVL cell shape transformation and the 

delay in DC’s epiboly (uncoupled with EVL epiboly) were dose dependent (fig. 2.70), while the 

difference in the yolk plug closure morphology appeared to correlate with the position of the 

transformed EVL cells clusters (fig. 2.70, 2.71 and 2.72). The lowest concentration of the 

overexpressed mutant form where we could observe the three main feature was 60-80pg per 

embryo. 
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Figure. 2.67 -Rac dominant negative overexpression phenotype
(a-a’’,  b-b’’) Control and RacN17 sibling embryo, respectively. Embryos were injected with an injection marker 
alone (kaede mRNA, control embryo in a) or with the injection marker together with 80pg of the Rac1 mutant 
form (Rac1N17 embryo in b).  Embryos were fixed when control embryos reached 90% epiboly. Phalloidin TRITC 
(F-actin), DAPI (nuclei) staining and the injected marker distribution are shown (upper, middle and bottom panels, 
respectively).  Maximum confocal z-stacks projection of the whole embryo are shown. Red and green arrow 
highlight the EVL cell shape transformation and yolk plug closure “protrusions-like” closure,  respectively, while 
arrowhead points at the delayed DCs margin in mutant embryos. Scale bar 100µm.
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Figure. 2.68 - Injection of Rac1 wildtype did not affect epiboly 
a,b) Embryos injected with 40pg of mRNA for a dominant negative form of Rac1 (Rac1N17) and 120pg of rac1 wt, 
respectively. F-actin was stained with Phalloidin (red). Nuclei are shown in magenta for a (H2B-RFP and DAPI) 
and blue for b (DAPI). Scale bar 100µm.

Figure. 2.69 - Main features of Rac1 dominant negative overexpression phenotype 
Percentage of embryos showing DCs anormal retardation during epiboly, yolk altered morphology or transformed 
EVL cell’s shape in embryos injected with control mRNA or mRNA encoding for a rac1 dominant negative form 
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As mentioned, shape-transformed EVL cells in Rac1N17 embryos appeared only in that area 

ahead of the delayed DC’s margin. They always appeared in clusters and they showed a smaller 

apical areas compared to flat looking control/wildtype EVL cells (arrow in fig.2.71). More 

precisely, two kind of EVL cell populations usually co-existed in the area ahead of the DC’s 

margin: one with cells with smaller apical area (Rac1N17 shape-trasnformed cluster) and 

another with EVL cells with bigger apical area than that of controls (arrow and arrowhead 

respectively in fig. 2.71). The cells in the clusters were more columnar in comparison to the 

adjacent flat EVL population (orthogonal view in fig. 2.72 and movie 2.33). These columnar 

cells also appeared to have higher levels of actin, adhesion and polarity markers than adjacent 

flatter cells (i.e., phalloidin, zo-1, aPKC and β-catenin, e.g in fig. 2.71).

Figure. 2.70 -Dose-dependent Rac1 dominant negative phenotype
a-c) Injection of increasing concentrations of Rac1N17 mRNA produced higher retardation of DCs and an increased 
number of transformed EVL cells. F-actin staining and injection marker in fixed embryos are shown (upper and 
lower panel,  respectively). F-actin was stained with Phalloidin-TRITC. H2B-EGFP was used as injection marker. 
Maximum projections of confocal z-stack is shown. Scale bar 100µm. 

RESULTS

133



Figure. 2.71 -Rac1N17 overexpressed embryos contained two populations of transformed EVL cells
a-d) Control and Rac1N17 overexpressed embryos at low (a and c, respectively) and high magnification (b and d, 
respectively).  F-actin (Phalloidin-TRITC, upper row),  nuclei staining (DAPI, second upper row), β- catenin 
immunostainig and the injection marker distribution (H2B-EGFP, lower row) are shown for each condition. All 
images shows confocal z-stacks maximum projections. Scale bar, 100µm in a and c and 50µm in b and d. Arrows 
highlight the columnar cells while arrowheads highlight the flat EVL population. The signal for both F-actin and 
β-catenin in the control has been enhance to visualize it as it was lower than the Rac1-N17-OE embryos.
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In wild-type conditions, when the EVL margin perimeter decreases (after 50% epiboly), the 

EVL cells at the margin elongate and progressively lose contact with the yolk. Concomitant, the 

yolk plug become progressively smaller but maintaining an oval shape morphology during the 

process. On the contrary, in Rac1N17 overexpressed embryo, shape transformed EVL cells 

(columnar) positioned at the margin with the YCA appeared unable to detach from the yolk 

margin as the yolk plug gets smaller resulting in an asymmetric yolk plug morphology (fig. 

2.73, fig. 2.74 and movie 2.34). To better understand the phenotype, we injected Rac1N17 

together with a fluorescent marker in one of the two blastomeres present at the two-cell stage, 

resulting in an embryo with half wildtype uninjected side and half mutant overexpressed side 

(fig.2.75a). As suggested by previous experiments, we observed two morphologically different 

EVL populations in the Rac1N17 overexpressed side of the embryo (white and red arrow in fig. 

2.75b): a population of smaller and more columnar EVL cells and a population of flatter EVL 

cells (compared with counter wildtype side cells, fig 2.75). In this mosaic embryos, yolk plug 

closure happened in an elongated manner with one side still attached to the columnar 

population (arrowhead in figure 2.75d), further suggesting that the columnar Rac mutant 

clusters are unable to lose contact with the diminishing yolk plug.

Figure. 2.72 - Rac-N17 overexpression produced clones with columnar morphologhy
a-c) Confocal maximum projection of a Rac1-N17 overexpressed embryo stained for F-actin (Phalloidin-TRITC). 
Doted lines in a shows the positions were the orthogonal views were made for b and c. In both orthogonal views 
the existence of some really flat EVL cells adjacent to some columnar cells can be appreciated. d-f) Confocal 
maximum projection of a Rac-N17 overexpressed embryo stained for F-actin (red, phalliodin-TRITC), β-catenin 
(green,  anti-β-catenin antibody) and DAPI (blue). Doted lines in d shows the positions were the orthogonal views 
were made for e and f. Note the basolateral distribution of β-catenin compared to the apical accumulation of F-
actin. Scale bar 50µm-
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Figure. 2.73 - Rac-N17 yolk plug closure spike morphology  
a-c) Control, Rac-N17 overexpressed embryo and detail of this, respectively, showing the morphology of the yolk 
plug at 98% epiboly. F-actin staining (phalloidin-TRITC) and nuclear staining (DAPI) are shown in upper and 
lower panel, respectively. All images are maximum z-stack projections.scale bar 100µm. Arrow highlight the 
correlation between the yolk plug tips position and the columnar EVL cells clones.

fig. 2.74- Relation between the yolk plug and the columnar EVL clones  
a-c) Detail of the contact area between the yolk plug and the EVL margin in an embryo overexpressing Rac-N17 
(80pg). F-actin (Phalloidin-TRITC), β-catenin staining (β-catenin antibody) and injection marker (H2B-GFP) are 
shown respectively in each panel. Scale bar, 50µm. Note the remaining adhesion between the columnar clones and 
the yolk plug (red arrows).
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Figure. 2.75- Rac1 dominant negative mosaic expression
a-d) Confocal z-stack maximum projection of an embryo injected with Rac1N17 mRNA (40pg) in one of the two 
blastomeres present at two cell stage.Actin-GFP was used as an injection marker (a). F-actin staining( Phalloidin-
TRITC), nuclei marker (DAPI) and β-catenin staining (β-catenin antibody) are shown respectively in b, c and d. 
The Rac-N17 overexpressed half (right side in each image) shows two populations of cells: a columnar population 
(white arrow in b) with higher staining of F-actin and β-catenin and another population with bigger apical area (red 
arrow in b) and lower level of both F-actin and β-catenin. Both compared to wildtype contralateral side (left side in 
each image). Note that the elongated yolk plug closure is still in contact with the columnar population (red 
arrowhead in d). Scale bar, 100µm.

Interestingly, in these mosaic embryos yolk plug closure was displaced from the wildtype 

position and happened near the columnar EVL cluster (arrow in fig.2.76b’’ and movie 2.35). 

In vivo we could also observed that in Rac1N17 embryos some columnar EVL cells clusters 

apically constrict until they lose contact  with the surface (extrusion) but remaining attached to  

margin (arrow in fig. 2.6b’ and movie 2.35). The same was observed when reanalyzing the fix 

preparations (e.g., fig 2.73b’).
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Figure. 2.76-Extrusion of Rac1N17 mutant columnar clusters from the epithelia
a,b-a’’-b’’) Snapshots of movie 2.35. Confocal maximum projection of an embryo injected with Rac1-N17 
mRNA (30pg) in a single blastomeres at 2 cell stage (b) and a control injected sibling embryo(a). H2B-RFP was 
used as an injection marker. A group of invaginated EVL cells at the margin with the yolk is observed in Rac1-N17 
embryos (arrow in b’). Yolk plug closure happens in these embryos not at its normal vegetal position but tilted 
towards the marginal EVL columnar clones. Scale bar, 100µm.Time, hh.mm:ss.

As columnar clusters were only  found in that area devoid of DCs, a delay in epiboly  of this 

layer seem to be a prerequisite for the EVL columnar transformation. The opposite scenario, 

were DCs delay  is caused by the appearance of the columnar clones seems less probable as DCs 

delay also happened below the more flatten population (fig. 2.75). In addition, injection of low 

doses of the Rac1 dominant negative mutant form in full or 2 cell stage mosaic injection 

produced a DCs delay with a mild transformation of the whole EVL layer ahead of the DCs 

(fig. 2.77), reinforcing the idea that DCs delay could be independent of the presence of the 

columnar transformed EVL cells.
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Cross-sectional view allowed us to get a deeper understanding of the relation between this two 

layers in Rac1N17 OE embryos. We observed an abnormal clustering of DCs cells, even without 

an apparent transformation of the adjacent EVL cells (mild phenotype, arrow fig. 2.78b and 

movie 2.36). In embryos with an strong delay in DC’s epiboly columnar transformation of 

EVL cells could be observed ahead of the DCs margin (arrow in fig. 2.78d and movie 2.33). 

These EVL were now basally in contact with the underlying yolk surface (I-YSL surface, arrow 

in fig. 2.78d’). Recently, it  was reported that the overexpression of RacN17 (50pg) caused a 

severe epiboly  arrest phenotype (Yeh et al., 2011). However as only a low magnification 

brightfield image was shown, we are unable to appreciate if the epiboly arrested phenotype 

reported was, as in our case, just of the DCs layers or of both adjacent layers. 

Figure. 2.77 -DCs delay in Rac-N17 overexpression mutants
a-b) Control and Rac-N17 overexpression phenotype at low doses in whole embryo injection (60pg/embryo). c-d) 
control and Rac-N17 overexpression low dose phenotype in two cell stage mosaic injection (30pg/embryo). For 
each condition, F-actin staining (Phalloidin-TRITC), nuclei staining (DAPI) and injection marker (Kaede) is 
shown in upper, middle and lower row, respectively. All images are confocal z-stacks maximum projections. Note 
the apparent absence of EVL columnar clones population in the area devoided of DCs. Scale bar, 100µm.
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In summary, we found that both Rac1 and ROCK2b are important for EVL cells shape during 

epiboly. Rac1 dominant negative overexpression phenotype suggested that Rac1 activity is 

necessary  for DCs epiboly, EVL cell shape changes (i.e., flatening) as well as EVL cells 

detachment from the yolk margin. However further experiments will be need to clarify the 

autonomous versus non-autonomous effect in both populations. Finally, the dominant negative 

Figure. 2.78 -DC clustering in Rac1 dominant negative overexpressed embryos
a,b-a’,b’) Snapshot of movie 2.36. Mild Rac-N17 phenotype. Confocal cross-sectional image of control and Rac-
N17 injected embryos, respectively (H2B-RFP, 80pg mRNA of Rac-N17/embryo),  at two different timepoint (T1 
and T2, upper and lower panel). Arrow highlight the accumulation of DCs cluster in the Rac-N17 OE mutant 
embryo.  c,d-c’,d’) Snapshot of movie 2,33.  Strong Rac-N17 phenotype. Confocal cross-sectional image of control 
and Rac-N17 injected embryos (80pg mRNA of Rac-N17/embryo), at two different timepoint (T1 and T2, upper 
and lower panel). Arrow highlight the columnar transformation of EVL cells ahead of the DCs layer. Scale bar, 
100µm.Time, hh:mm:ss.
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phenotype further support the idea that the YCA is the main driving force for epiboly, while the 

EVL cells passively change their shape due to its pulling.

RESULTS

141



2.5- Development of tools for target gene expression during 

epiboly
Most genes and signaling pathways involved in gastrulation/epiboly have been identified by 

forward-genetic screens. However, little is known on how the function of these genes is 

integrated and coordinated in the different layers to produce a global change in the embryo 

shape. Likewise, the function of a particular gene during the process can be hidden by a more 

global or early  mutant phenotype. Our understanding of the relation between the three layers 

during epiboly has also been hampered by the inability to interfere with main cellular 

mechanisms (e.g., acto-myosin contraction or cell adhesion) exclusively in one of the layers. As 

seen earlier, the use of late yolk injection has enabled us to interfere with gene function in the 

yolk however there were no tools available to interfere with gene function in the EVL or in the 

DCs population. To overcome these limitations we tried to generate transgenic tools that 

allowed target gene expression during zebrafish early development using the yeast Gal4/UAS 

binary  system (Brand and Perrimon, 1993). This binary  system was implemented to zebrafish 

some years earlier (Asakawa et al., 2008; Davison et  al., 2007; Grabher and Wittbrodt, 2004; 

Koster and Fraser, 2001; Scheer and Campos-Ortega, 1999; Scheer et al., 2002; Scott et al., 

2007). 

As the transposition system Tol2 showed high rate of integration (Kawakami et al., 2000) we 

made used of this system to generate the Gal4 driver lines. We took two different approaches to 

generate the driver lines. First, we searched for genes showing restricted expression during 

epiboly to generate specific transgenic lines with isolated defined promoter. Second, as not 

many specific promoters were identified and characterized in zebrafish early developmental 

stages, we performed a small enhancer trap screen using the Gal4/UAS system to fish 

enhancers with restricted expression during early development. In first place, to test the 

effectiveness of the Gal4/UAS binary system in these early  stages, we injected in the yolk at 

256 cell-stage a plasmid carrying both components of the binary system: the Gal4-VP16 under 

the control of an ubiquitous promoter and two fluorescent markers which expression was 

controlled by a multimeric (14xUAS) Gal4 responsive element (e.i., pBEF-1a:Gal4-VP16-14 

xUAS:membGFP-14xUAS:H2BGFP, Koster and Fraser, 2001). Already during doming, both 

fluorescent UAS reporters (membrane and nuclei) were strongly expressed in the yolk (fig. 

2.79) suggesting that the Gal4 binary system could be used in this early developmental stages.
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Figure. 2.79 - Transient expression of a Gal4 binary plasmid during epiboly
a) Lateral view of a zebrafish embryo at 40% epiboly injected in the yolk at 256 cell-stage with a circular plasmid 
carrying a Gal4VP16 sequence under the control of an ubiquitous promoter followed by two fluorescent markers, 
membrane-GFP and a H2B-GFP, driven by 14 repeat of the Gal4 responsive element UAS. Expression of both 
markers was detected in the yolk already during doming.  b) Lateral view of a zebrafish embryo at 1dpf that was 
injected in the yolk (256 cell-stage) with the above mention Gal4 plasmid. The injected embryos still showed 
restricted expression of both fluorescent markers in the yolk at 1 dpf.

2.5.1- Keratin line
We employed the zebrafish expression database (http://zfin.org) to search for genes with 

spatially  restricted expression during epiboly. Among the genes found, different keratins and 

claudins displayed restricted expression in the EVL, while, apolipoproteins and sh3yl1 showed 

restricted expression to the yolk (see anne 6.6 for a full list). 

Keratin genes, in particular, appeared as good target  candidates to generate an EVL expressing 

driver line. Keratin family members are fibrous proteins mainly  expressed in epithelial cells 

where they  form intermediate filaments cytoskeleton structure (Wang et al., 2006b) . Keratin4, 

previously  known as keratin8 (ENSDARG00000017624), has been reported to be expressed in 

the EVL at around 4hpf by  transient expression of a GFP reporter construct  (Ju et al., 1999). 

However, in a stable transgenic line carrying the same reporter, GFP fluorescence was not 

detected until 9-10hpf in the EVL (Gong et al., 2002). We re-tested its expression by transiently 

expressing the reporter (Gong et al., 2002; Ju et al., 1999) and found mosaic expression during 

epiboly in the EVL and some scattered DCs (fig. 80).
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We generated a keratin 4 Gal4 construct [pT2(2,3kb-krt4:Gal4VP16pA)] and injected it together 

with a transposase mRNA into UAS:GFP transgenic embryos to generate the krt line. This 

embryos (transient expression) did not show any  epiboly expression but displayed late GFP 

fluorescence in the epidermis and some scattered muscle cells (fig. 2.81).

The late pattern observed was similar to that described by Zeng and collaborators for the GFP 

reporter line (Gong et al., 2002). We also generated a second line (KGC) with a variant of the 

same construct [pT2(p2,3kb-krt4:Gal4VP16IREScaaxEGFPpA-GC)] carrying a bicistronic 

internal ribosomal entry site (IRES), linking the Gal4VP16 to a membrane-EGFP (caaxEGFP) 

(Kwan et al., 2007). This system would enable to follow the Gal4 expression and compare it to 

Figure. 2.80 - keratin 4 GFP reporter plasmid transient expression  
(a-b) Brightfield and fluorescent image, respectively, of and embryo at 45% epiboly injected with a fluorescent 
reporter keratin 4 plasmid (2,3kb-keratin4:Gal4VP16pA).  Fluorescent was detected scattered in both in the EVL 
and the DCs.

Figure. 2.81 -Keratin Gal4 line transient expression
a) Lateral view of the middle trunk area of a UAS:GFP transgenic embryo Tg(12xUASGFP) injected with the 
keratin4-Gal4-tol2 plasmid [pT2(2,3kb-keratin4:Gal4VP16pA)] together with the mRNA for the tol2 transposase 
and observed at 2dpf. Expression was detected in mosaic pattern in the epidermis and some scattered muscle cells. 
b) High magnification of the same fluorescent image as in a where the expression of the reporter in some 
epidermal cells is observed. In both images anterior is to the left.  
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that driven by the Gal4 responsive element to asses the time delay of the binary system. A heart 

fluorescent reporter (EGFP driven by a cardiac myosin light chain 2 regulatory  element, 

cmlc:EGFP) was also added in this variant  to facilitate the selection of the positive founders. 

Transient expression of this new construct displayed mosaic membrane EGFP fluorescence 

during epiboly, suggesting that the Gal4 protein expressed by the krt4 promoter was already 

present during epiboly. Embryos injected with this new variant presented however a high rate of 

early lethality, with a characteristic black yolk at 3-4dpf just before their early death. These 

embryos showed high levels of membrane GFP fluorescence in the yolk suggesting that the 

high transient expression of this protein in the yolk may  be the cause of the unexpected early 

lethality. 

We grew the injected embryos for both construct to adulthood and screened for possible 

founders by crossing them to UAS:GFP transgenic fish. The rate of insertion of the Tol2 was, as 

previously  reported (Kawakami, 2005), very high (table 2.1) and we found 6 founders from 15  

fish analyzed for the krt construct  [pT2(p2,3kb-krt4:Gal4VP16pA)]. For the IRES variant 

(KGC), possibly  due to the lethality of the embryos carrying the insertion, we found a lower 

rate, 5 founder from 32 adults analyzed. As the germ line of founder’s fish (GO) is in most 

cases highly mosaic, we raised F1 embryos to be able to analyze the lines in more detail.

Name Construct injected G0 Potential founders 
analysed

Positive 
founders

Krt pT2(pkrt4:Gal4VP16pA) 250 15 6

KGC pT2(pkrt4Gal4VP16IREScaaxEGFPpA)CG 160 32 5

Different founders for the same krt construct showed a great variability in the expression levels 

(fig. 2.83) suggesting that the krt4 promoter was highly influenced by the genomic region 

surrounding the insertion. The progeny of the same founder (F2) also give rise to embryos with 

different expression levels, suggesting the presence of more than one insertion per line that 

segregated independently (fig. 2.82). Up to 4 insertions have been reported in transgenics 

embryos generated with similar concentrations of the transposase mRNA and Tol2 plasmids 

(Kawakami et al., 2004). For four independent Krt founders we analyzed the pattern of 

expression of both Gal4 and GFP by whole mount in situ hybridizations and subsequent 

Table 2.1-Summary of the rate of positive animals for each keratin line
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cryosectioning of the embryos (fig. 2.83). Both GFP and Gal4 mRNAs were detected in the 

EVL in a mosaic pattern and occasionally in some DCs (arrow in fig.83a).

Figure. 2.82 -
a) Low magnification fluorescent image of F2 sibling embryos for the krt#10 line at 1 dpf.  b) GFP expression for 
this line at 2dpf. c) GFP expression in a F2 embryo for a different line Krt#6, at 2dpf. Lateral view of the embryos 
with anterior to the left is shown in b and c.
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In parallel to the above mentioned keratin4 Gal4 lines we aimed to generate a Gal4 driver line 

driven by  the keratin 18 (krt18) regulatory  region. Keratin18 is maternally inherited (Wang et 

al., 2006a) and showed strong expression during epiboly, as detected by in situ hybridization 

(Pei et al., 2007). We had some cloning problems with this promoter but in the meantime 

another laboratory succeed in generating a Gal4 driver line with the same regulatory region 

[Tg(krt18:Gal4FF); Masa Tada, personal communication]. However in this line UAS driven 

EGFP expression can only be detected after 80% epiboly.

Apolipoproteins has been reported to be strongly  and restrictedly  expressed in the yolk during 

epiboly (see annex 6.6 and Hong et al., 2010). To generate a transgenic line that could drive 

expression in the yolk we searched for conserved non-coding elements (CNEs) in the different 

zebrafish apolipoproteins genes but we did not find any clear CNEs. Still, we checked the 

Figure. 2.83 - Expression of Gal4 and GFP mRNAs in different Krt founder lines
a-d) Whole mount in situ hybridization for Gal4 and GFP mRNAs in four different Krt founder lines. Cryostat 
sections of these embryos are shown below. In most cases both mRNAs are detected exclusively in the EVL. 
However some embryos presented expression in the DCs (arrow in a). Each line showed different mRNA levels 
and different degree of mosaicism in the EVL.
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expression of a reporter transgenic line containing the full apoE BAC (bacterial artificial 

chromosome, Peri and Nusslein-Volhard, 2008). The yolk of these embryos expressed high 

levels of the fluorescent protein at 1dpf but we could not detected an early epiboly expression.

In summary, we found that neither keratin 4 or apoE regulatory  regions can be used to spatially  

restrict gene expression during epiboly using the Gal4 binary system. 

2.5.2- Enhancer trap screen
For the enhancer trap  screen, we made used of the transposition system Tol2 (Kawakami et al., 

2000) to generate random insertions of the Gal4 construct throughout the genome. The inserted 

Gal4 construct carried a minimal promoter that would drive expression only if inserted in a 

region under the influenced of a nearby  enhancer (e.i., enhancer trap). As a minimal promoter 

we used the heat-shock protein 70 (hsp70) promoter (Asakawa et al., 2008; Halloran et al., 

2000; Scott et al., 2007). This promoter showed some leakiness (heart at 1dpf and heart and 

skeletal muscle at 5dpf) but had been successfully used in other enhancer trap  screens 

(Asakawa et al., 2008; Scott et al., 2007).

We first tested the transient expression of the enhancer trap (HSP) construct [pT2(600bp-

hsp:Gal4-VP16pA)] by injecting it into Tg(UAS:GFP) embryos. Equivalent to the results 

obtained with the keratin promoter, we did not observed any GFP expression during epiboly. 

Similarly, when we induced the expression of the Gal4 by heat-shock (Halloran et al., 2000) in 

embryos expressing a heat-shock inducible Gal4 (Tg[hsp70l:Gal4-VP16], Inbal et al., 2007) 

and a stable UAS’s driven GFP [Tg(UAS:GFP)] we did not observed GFP fluorescence during 

epiboly. Heat-shock was performed in these embryos at the onset  of epiboly  (see M&M). by 

immunohistochemistry  Nonetheless, we could detected the presence of GFP in these embryos 

in late epiboly stages by immunohistochemistry (fig. 2.84). Therefore, the failure to detect GFP 

fluorescent seem to be a time related problem (time to proper fold or be accumulated above a 

detectable threshold).
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Figure. 2.84-GFP fluorescent signal can be detected by immunohistochemestry during epiboly
a-d) Fluorescent maximum projection images of whole embryos (a,b) or close ups (c,d) of immunostaining against 
GFP (anti-GFP antibody) in embryos expressing Gal4VP16 under a heat shock promoter (hsp70) and UAS’s 
driven GFP and heat shocked at 37ºC for 30 min just before epiboly (oblong stage).  Expression is detected in many 
EVL cells at the end of epiboly. 85% epiboly stage embryo in a and at closure in b to d. Embryos were obtained 
from the cross of two stable transgenic lines [Tg(hsp70l:Gal4-VP16) and Tg(UAS:GFP)].

As for the keratin, we built a IRES membrane-EGFP variant, ET, [pT2(1.5hsp:Gal4VP16 

IREScaaxEGFPpA)] to follow the Gal4 expression and to compare it  to that driven by the Gal4 

responsive element. We injected this variant into Tg(UAS:kaede) and although we detected 

membrane fluorescence in a mosaic pattern during epiboly  (fig. 2.85) we could only detect 

expression driven by the UAS sequence (i.e., cytoplasmic Kaede) after epiboly (data not 

shown).

The IRES membrane-EGFP variant of the enhancer construct (ET), also produced high lethality 

of the injected embryos. The early  lethality of the IRES variants may be linked to the strong 

transient activation of both promoters (keratin and hsp) in the yolk upon injection and to the 

toxicity  of high expression of a membrane tagged fluorescent protein in this layer. To our 

knowledge no leaking has been reported for the hsp70 minimal promoter in the yolk and we did 

not observe yolk expression in the keratin stable lines (fig. 2.82, 2.83).

We also generated a third variant, ETCG, carrying in addition to the IRES membrane-GFP the 

reporter gene in the heart (cmlc:EGFP). For the three variants, the offspring of each potential 

founder was analyzed at the end of gastrulation and at 1 to 4 dpf. For the ET variants we also 

searched for any expression during epiboly. As expected, for both IRES variants (ET and 

ETCG) the ratio of positive fish with restricted expression was, in relation to the number of fish 

analyzed, much lower than for the HSP variant (table 2.2). 

Figure. 2.85 - Transient expression of the IRES variant of the enhancer trap construct 
a-c) Brightfield, fluorescent and composite image, respectively of an embryo injected with the IRES variant of the 
enhancer trap plasmid, ET [pT2(1.5hsp:Gal4VP16IREScaaxEGFPpA)] together with the transposase mRNA into 
UAS:Kaede transgenic fish [(Tg(UAS:kaede)]. b) High magnification image of the same embryo. Expression is 
detected in these embryos in a mosaic pattern in both the EVL and the DCs. Scale bar 100µm.
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Name Construct injected F0
Founders 
analysed

Positive 
founders

HSP pT2(hsp600bp:Gal4VP16pA) 175 30 12

ET pT2(1.5hsp:Gal4VP16IREScaaxEGFPpA) 350 70 11

ETCG pT2(1.5hsp:Gal4VP16IREScaaxEGFPpA)CG 187 40 3

From the screen, we identify several interesting patterns (fig.2.86 and annex section 6.7) but 

none showing any  discernible expression during epiboly. The early  expression we could detect 

was at 10-12 somite stage (fig.2.86).

Some positive embryos displayed more than one expression pattern. In most cases these 

expression patterns segregate independently indicating an independent insertion origin (e.g., 

ET1, fig. 2.87). We found lines with expression in the nervous system (e.g. in fig 2.90 and 2.97 

and table in annex 6.7), in the vascular system, in a subset of organs/tissues progenitors (e.g., 

pronephros, table in annex 6.7) or in the yolk or EVL/epidermis after epiboly  (e.g. 2.96 and 

table in annex 6.7). In many cases, we could follow the evolution of an expression pattern over 

days (fig. 2.89 and 2.90). The expression of the membrane fluorescent marker (ETs) allowed a 

high definition of the morphology of single cells being specially  useful for the neuronal patterns 

(e.g., in fig.2.97).

Table 2.2-Summary of the rate of positive founders for fish analyzed for each enhancer trap construct .

Figure. 2.86 - Enhancer trap line with early expression pattern
a) Lateral view of an embryo from the HSP10 enhancer trap line at 10 somite stage (10ss). Fluorescent image 
superposed to the brightfield image. b) Dorsal view of GFP fluorescence for this line at the same stage.
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Figure. 2.87 -Different expression patterns from a single founder fish
a-b) Fluorescent images of an embryo from the ET1 enhancer trap line showing expression in the EVL at 1 dpf (a) 
and in the epidermis at 4 dpf (b). c-d) Fluorescent image of a sibling embryo showing expression in the posterior 
part of the trunk musculature and the hatching gland at 1 dpf (c) and expression in the posterior trunk musculature 
at 4 dpf (d). These two patterns segregate independently suggesting that they arise from different insertions. The 
positive expression in the crystalline is due to a marker inserted in the UAS reporter lines for selection purposes.

Figure. 2.88 -ET20 line expression progression during development
a-b) Fluorescent images of an embryo of the ET20 line showing expression in a region in the telencephalon and 
around the notochord at 1 dpf (lateral and rostral view respectively in a and b).  c,d) Expression of the same line 
(ET20) at 2 and 9 dpf, respectively, in what appear as the vascular system. At these stages some signal in the more 
anterior part is also observed. Similar expression in these enhancer trap lines at different stages could be the result 
of a single insertion.
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In situ hybridization analysis of some of these lines revealed an early expression of the Gal4 

and GFP mRNAs not detected with the fluorescent  reporters (fig.2.91). However, when 

Figure. 2.89 -ET30 line expression progression during development
a) Expression pattern of the ET30 enhancer trap line at 22 somite stages. The yolk and a discrete region in the 
brain (telencephalon) shows GFP fluorescence.  b) Expression pattern of the same line at 1dpf showing similar 
pattern of expression. c) Dorsal view of the head region highlighting the expression in the telencephalon. d-e) 
Fluorescence and brightfield images, respectively of the lateral view of the head in the same embryo at 1dpf.  f-g) 
Two different expression patterns found in the same line at 2 dpf, both embryos had expression in the head (single 
insertion) but differed in the trunk and pectoral fins expression. h) Ventral view of an embryo at 4dpf. Expression 
in the dorsal fins, some ventral areas of the head and trunk musculature is observed. Lateral view with anterior to 
the left is shown in d to g.

Figure. 2.90 -Expression of the ET32 enhancer trap line at different stages
a) Fluorescence image of an embryo from the ET32 enhancer trap line showing expression in a discrete pattern in 
the neural tube at 22 somite stage. b) Same line at 24hpf showing expression in a discrete pattern in the neural tube 
and the retina. c,d) Fluorescence expression pattern of the same line (ET32) at 1 and 2 dpf, respectively, with 
sustained expression in a subpopulations of neurons in the neural tube and retina. Lateral view with anterior to the 
left is shown in all images. e) Detailed expression in some neurons with long axonal protrusions at 1 dpf.
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analyzed (e.i., F1), many of these lines still carried more than one insertion making it difficult 

to correlate the in situ hybridization results with the late fluorescence expression. In some cases 

early and late expression correlated (e.g., ET30 line, where the expression in the anterior part of 

the embryo at tailbud stage correlated with the later expression in the head, compare fig 2.89a 

to 91c). Correlations in other lines were more difficult to find. 

In zebrafish, a reduction or complete silencing of genes driven by a UAS sequence has been 

reported (Akitake et al., 2011; Goll et al., 2009). The reduction in expression increased with 

each new generation and it has been shown to correlate with an increase level of methylation of 

the UAS sequence (Akitake et al., 2011; Goll et al., 2009). Indeed, after three generations of the 

enhancer trap lines we found that many of these lines showed a weaker expression patterns 

(example in fig. 2.92). 

Figure. 2.91 - Gal4 and GFP mRNA early expression pattern in the enhancer trap lines
a-d) Whole mount in situ hybridization against Gal4 and gfp mRNA in some enhancer trap lines.  Note the 
expression in the YSL for both GFP and Gal4 in E20 line and the anterior expression in ET32 line.
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Our reporter line carried 14 tandem repeats of the upstream activator sequence (UAS, Inbal et 

al., 2006). As it  was reported that transgenic line with less tandem repeats were less susceptible 

to methylation (Akitake et al., 2011), we started using reporter lines with 4 or 5 UAS tandem 

repeats [Tg(5xUAS:GFP) and Tg(4xUAS:cherry)]. As the methylation could also vary between 

sibling embryos (Akitake et al., 2011; Goll et  al., 2009), we adopted the method used by other 

laboratories (heisenberg laboratory, personal communication) to select for less methylated 

embryos among the progeny to establish the next generation (see M&M). We recovered the 

expression patterns in the gal4 lines (e.g., fig. 2.93) but still even with selection some of the 

reporter lines became weaker in the next generations [e.i., Tg(5xUAS:GFP)].

Figure. 2.92 -Weaker expression pattern of the enhancer trap lines over generations
a,b) Fluorescence image of an embryo of the ET32 enhancer trap line at 1dpf from a F1 generation and F3 
generation, respectively. Expression in the nervous system in F3 embryos was weaker than in embryos from F1. 

Figure. 2.93 -Expression pattern recover using less methylated UAS lines
a) Expression pattern of a ET32 enhancer trap line embryo at 2dpf from F1 generation crossed to a still responsive 
(low methylated) 14 repeats UAS line. b) Expression pattern of a ET32 enhancer trap line embryo at 2dpf from a 
F4 generation crossed to a UAS reporter line with less UAS repeats, that was selected for high expression levels 
over the progeny. 
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We have just  started to characterize in deep some of these lines. In a collaboration with Elisa 

Martí laboratory, Andreas Ritter, a master student in her laboratory, started under my 

supervision a more in deep characterization of some of these lines. 

We first tried to map the insertion location for each line from genomic DNA of a pool of GFP 

positive sibling embryos. However we obtained many amplified genomic regions. With similar 

amounts of transposase mRNA and plasmid DNA (Tol2) to the ones used, an average of 4 

insertions per embryo has been observed (Kawakami et al., 2004). Although we separate the 

different expression patterns for each line, our fish could still carry  silent insertions (not under 

the influence of a nearby  enhancer) that would be amplified from the genomic pools. To 

overcome this problem, we extracted genomic DNA from single embryos (n=5), amplified the 

region surrounding the insertion for each individual embryo and compared the amplified bands 

between the different embryos. We purified and sequenced only the common amplified regions 

(bands). In principle, as the five embryos were selected for a specific expression pattern the 

common amplified band was expected to be that given the expression while the silent insertions 

should have been segregated differently in each embryo. This technique gave better results. In 

particular, for the ET32 line we found the insertion to be near the bhlhe22 gene (also called 

Bhlhb5). Similar to bhlhe22 gene (Thisse and Thisse, 2004), ET32 line showed expression in a 

subset of neurons in the neural tube and in the retina (fig. 2.90) The resemblance in the 

expression pattern was more evident when similar stages were compared (fig. 2.94). In 

addition, the ET32 line showed expression in two rows of neurons in the spinal cord and the 

same kind of expression has been reported for the bhlhe22 homologous genes in other species 

(fig. 2.95 and Skaggs et al., 2011).
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Figure. 2.94 -Expression pattern resemblances between bhlhe22 gene and the ET32 line  
a-c) Whole mount in situ hybridization against bhlhe22 at around 13 somite stage (ss), 18 and 24hpf. Modified 
from Thisse and Thisse (2004).  d-f) ET32 expression pattern at comparable stages, 14ss, 18hpf and 24hpf 
respectively. g) Detailed dorsal view of the bhlhe22 expression pattern in the head at approximately 31hpf. 
Modified from Thisse and Thisse (2004). h) Detailed ET32 expression pattern in the head at 24hpf. Lateral view 
with anterior to the left i) Detailed bhlhe22 expression pattern in the head at 72hpf. Lateral view with anterior to 
the left. Modified from Hortopan and Baraban (2011).

Figure 2.95 - ET32 spinal cord expression pattern compared to mouse Bhlhe22 spinal cord expression.
a) Spinal cord cross-section in an ET32 embryo at 36hpf. GFP fluorescence signal from the enhancer trap line and 
a nuclei marker (DAPI) are shown. Two stripes of both progenitors and postmitotic neurons seem to be expressing  
the transgene. b-d) Co-staining of Bhle22 and Olig2 expression in the chick spinal cord at different developmental 
stages. Arrows and numbers indicate different postmitotic neurons. Modified from Skaggs et al., 2011. The 
restricted expression of the fluorescent reporter in ET32 line is similar to that of Bhlhe22 in chick spinal cord.
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In summary, we were not able to generate transgenic lines to target gene expression in one of 

the three layers during epiboly  with neither approaches. Although some lines seem to have early 

restricted expression of the Gal4 and the gfp mRNA, the Gal4 system may need more time to  

express proteins driven by  a Gal4 responsive element (UAS). Therefore, the Gal4/UAS binary 

system does not seem to be a useful tool to missexpress genes in a spatially restricted way 

during epiboly. Nonetheless, we found many interesting enhancer trap lines that could be of 

interest for other zebrafish laboratories (e.g. fig. 2.96 and fig. 2.97 and annex 6.7). 

fig. 2.96- Expression pattern in the EVL and the epidermis of ET1 pattern 1 line
a,b) Expression pattern of Et1 pattern 1 line in the head at 1dpf, lateral and rostral view respectively. c,d) Detail of 
the expression signal in the same line in the yolk in what appeared to be the peridermal cells. Low and high 
magnification , respectively in c and d.
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Figure. 2.97- Detailed expression pattern of ETCG40 line 
a,b) Expression pattern of ETCG40 line in the anterior region at 2dpf. Fluorescence image superposed to 
brightfield images. Neurons innervating the anterior and posterior lateral line can be observed. b) Expression in the 
same line and anterior region at 4dpf c-d,f) Detail of this region at 4dpf. The area where the anterior and posterior 
lateral line converge can be distinguished (c) as well as secondary posterior line of neurons that innervate the 
periphery of the embryo (f). e) Detail of the innervation of a single neuromast. f) Expression at 4dpf of this line in 
the tail region. The innervation of the two more posterior neuromast and the projection of neuronal protrusion at 
the caudal fin can be observed.
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3

DISCUSSION

In the early eighties J.P. Trinkaus summarized the key  points involved in Fundulus epiboly in: 

expansion of a cohesive epithelial layer, the EVL; expansion of a syncytial layer beneath and 

beyond the blastoderm, the YSL; reduction and final disappearing of the YCL, confluent to the 

YSL; and movement of DCs within the expanding cavity between the overlying EVL and the 

underlying YSL (Trinkaus, 1984). This description, also valid for zebrafish epiboly, should 

incorporated the passive movement of the yolk granules. All these events happen 

simultaneously  and must be understand in relation to the whole embryo dynamical equilibrium 

with volume conservation and an invariable embryo shape being essential to understand these 

changes. As mentioned in the introduction, different evidence pointed at the yolk actomyosin 

ring as main driving element for epiboly progression (e.g. Cheng et al., 2004; Koppen et al., 

2006; Trinkaus, 1984). However, an active role for the EVL (e.g., by cell rearrangement or cell 

division) or a contribution from DC’s radial intercalation or doming has not been discarded 

(Cheng et al., 2004; Lepage and Bruce, 2010b; Rohde and Heisenberg, 2007). Our results point 

at the YCA as the main driving element for epiboly  progression with a passive response of the 

EVL (cell shape changes), but more importantly, they  provide us with a clear and global 

understanding of the cellular mechanisms and mechanics driving the process.

3.1- Mechanism for EVL expansion
The contractile activity at the YCA generates stress at both of its adjacent structures, the EVL 

and YSD (fig. 3.1). The EVL is easily deformed by this pulling force and passively expands 

(cell flattening). On the opposite side, the thin YSD can not deform in response to this 

contraction. Contraction and membrane removal in the YCA together with the expansion of the 

EVL and the continuity between the YCA and the YSD displace the YCA towards the vegetal 
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pole. Progressively, adjacent domains belonging to the YSD (unfolded membrane) will become 

part of the YCA (compare red, green and blue area in T1 to T3, respectively in fig. 3.1).

For an easy representation of this model one could picture a man pulling a rope from its middle 

(i.e., the YCA, grey  person in fig. 3.2). In one end of the rope, adjacent to the man pulling the 

rope, there is an elastic spring (i.e., the EVL, spring in fig. 3.2) while, on the other side, after 

some meters of rope, the rope is tied to a lamp post (i.e., the vegetal YSD). The man tries to 

collect more rope by pulling towards him from both sides (i.e., contraction and endocytosis in 

YCA). As a result, the elastic spring will deform and this enables the man to advance towards 

the fixed side of the rope (lamp post) while pulling more rope (transformation of YSD in YCA 

as membrane is removed). The rope can not be stretch (no deformation of YSD) but still tension 

is generated in the rope by  the the man pulling and collecting the rope. Gradually  the man 

pulling the rope will approach the lamp post (i.e. vegetal pole, fig.3.2b) expanding the spring 

(EVL) with him. 

Figure 3.1-Model for epiboly progression
The YCA (red line in T1) contracts pulling in both adjacent domains, the EVL (grey cells) and the YSD (green and 
blue line). Due to this adjacent pulling force the EVL expands (passive cell flattening) while the YSD can not 
deform. Contraction in the YCA coupled to endocytosis in this area (yellow dots) and the deformation of the EVL 
generates the transformation of the adjacent YSD into YCA domains (green and blue line in T2 and T3). 
Abbreviations: YCA, yolk convoluted area; YSD, yolk smooth domain; T1-T3, time 1 to 3.
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The proposed model to explain the expansion of the EVL is based on the pattern of stresses 

obtained by the HR method (AV stress distribution), the yolk membrane kinematics (no 

movement of YSD) and the EVL response to an increase in contraction at the adjacent YCA 

(more deformable than vegetal yolk domains).

3.1.1 From an isotropic contraction to a directional movement
Based on the pattern of stresses obtained by the HR method and the different response of the 

EVL and the yolk to an artificial increase in contraction in the YCA cortex we proposed that 

during epiboly the YCA actomyosin is exerting an isotropic contractile force at the YCA (planar 

2D contraction, fig. 3.3) and it is the differences in the mechanical properties of the adjacent 

tissue/domains (EVL and YSD) that generate a positive movement in the AV direction. In other 

Contraction
& Endocytosis

Cell flattening &
tissue area expansion

Tension

Tension

YCA Vegetal PoleYSDEVL

Epiboly progression

Contraction
& Endocytosis

Tension

Tension

YCA Vegetal PoleEVL YSD

Figure. 3.2- Parallelism between epiboly progression with a man pulling a rope 
The YCA is represented by a man pulling a rope.  The rope is attached to a spring in one side (the EVL) and tied to 
a lamp post in the other end (vegetal YSD). The man pulls the rope towards him (contraction plus endocytosis in 
YCA) producing a deformation of the spring. This in turn enables the man to advance while pulling more rope 
from the other side (YSD transformation into YCA) until it finally reaches the end of the rope (vegetal pole) 
brining with him the deformed spring (EVL expansion).
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words, the isotropic actomyosin contraction in a defined point in the YCA has: in the CC 

direction, the same material at both sides (YCA, green line in fig. 3.3); while, in the AV 

direction, this particular point has the EVL in one side (deformable) and the yolk vegetal 

domain on the other side (none deformable). YCA endocytosis and the conversion of the 

adjacent YSD into YCA are also essential to produce a net movement towards the vegetal pole 

by an isotropic contraction.

3.2- Volume redistribution 
3.2.1- Epiboly phases: YCA narrowing and doming relation

There is clearly  two different periods during epiboly progression in regard to the perimeter of 

the marginal EVL cells imposed by the spherical geometrical constrains. One before the cells  

at the margin reach the equator, when the perimeter of the EVL margin increases and one after 

the equator, when the perimeter of the EVL margin decreases. The differences observed in the 

EVL margin before and after the equator (unaligned margin with cells displaying filopodia 

versus aligned margin with no cell protrusions) and the yolk (distinguishable actin belt after the 

equator) has fed the idea that the geometry is linked to a two phases mechanism involved in 

epiboly (e.g., Cheng et al., 2004; Köppen et  al., 2006; Rohde and Heisenberg, 2007). Similar to 

that described for Fundulus (Betchaku and Trinkaus, 1978; Trinkaus, 1984) we found two 

different phases in regard to the YCA dynamics during zebrafish epiboly. A first phase, when 

YCA in Surface Plane

EVL

Yolk vegetal membrane

Actomyosin ring Actomyosin ring 

Figure 3.3- An isotropic contraction can generate an anisotropic stress distribution and movement
Schematic representation of an isotropic contraction generated in the cortex by myosin. If we considered that 
myosin is contracting just in-the plane of the surface (membrane plus cortex) and all the cortex is mechanically 
coupled, the stress and deformations that develops at the surfaces will only depend on the mechanical properties of 
the adjacent cortical areas and not in the geometry of the cortex. In the case of planar contraction at the YC, in the 
AV direction (red line) the adjacent areas have different mechanical properties. While in the CC direction (green) 
they do not. The deformation of the EVL coupled to membrane removal in the YCA allow the movement towards 
the vegetal pole of this contractile area.

DISCUSSION

162



the YCA narrows and a second phase when its width remains approximately  constant and the 

whole folded area moves towards the vegetal pole replacing the static YSD. However, if we 

compare zebrafish and Fundulus epiboly, these two phases do not correlate with the geometry 

(i.e., increase or decrease of the EVL margin perimeter) but they associate better with the space 

of the sphere occupied by the blastoderm at the beginning of the process (percentage of the 

embryo covered by the blastoderm cap) and the extent to which the yolk domes on the 

subsequent stages to fill the blastoderm space. In Fundulus, at  the onset of the process (st.13, 

fig. 3.4a), the blastoderm occupies around 18-19% of the sphere while in zebrafish it occupies 

around 30% of the sphere (fig. 3.4b). Accordingly, yolk doming is, in relation to its embryo 

volume, smaller in Fundulus than in zebrafish. In correlation with this difference, the narrowing 

of the YCA/E-YSL ends in Fundulus before the cells reach the equator, at around 42% epiboly 

(stage 15-15.5, Betchaku and Trinkaus, 1978; Trinkaus, 1984) while, in zebrafish, it  finishes 

after the equator, at around 60% epiboly (fig. 2.16 in section 2.1).

The idea that YCA narrowing and yolk doming could be linked events was already proposed by 

Trinkaus and colleagues for Fundulus epiboly based on the results obtained from mechanical 

perturbed embryos (fig. 3.5 and pages 416 and 677 in Betchaku and Trinkaus, 1978; Trinkaus, 

Figure. 3.4- Blastoderm relative size and it relation to doming
a) Camera lucida drawings of the Fundulus embryo at the beginning of epiboly (stage 13), during doming (stage 
14) and at the end of the first phase of epiboly. The E-YSL narrowing finishes at stage 15-15,5 in these embryos. 
Adapted from Armstrong and Child, 1996. b) Camera lucida drawings of a zebrafish embryo at sphere stage, 
during doming and at shield stage. Adapted from Kimmel et al.,  1995. The percentage of the sphere occupied by 
the blastoderm at the beginning of epiboly and the subsequent yolk bulging to occupy this space is different in 
both species,  finishing before the EVL margin reach the equator in Fundulus (approximately at 40% epiboly) and 
after the marginal cells pass the equator in zebrafish (60% epiboly) coinciding with the end of YCA narrowing.

DISCUSSION

163



1984, respectively). In these experiments, they severed the EVL-E-YSL attachment before the 

onset of epiboly (st. 11), releasing the yolk from the adjacent blastoderm cap  (named denuded 

yolk, fig. 3.5a-b). The denuded yolk immediately and precociously  domed. Interestingly, this 

precocious doming was accompanied by the precocious narrowing of the YCA/E-YSL 

(Trinkaus, 1951), suggesting a direct relation between these two events. Additionally, both 

doming and E-YSL narrowing took place faster in denuded eggs than in intact embryos10 (fig. 

3.5 and pages 416 and 677 in Betchaku & Trinkaus, 1978; Trinkaus, 1984, respectively), also 

suggesting that the blastoderm cap  provides some resistance to the premature start  of these two 

processes and epiboly of the denuded yolk.  

Overall the comparison between zebrafish and Fundulus together with the results from 

Fundulus mechanical perturbed embryos suggest that there is a link between yolk doming and 

YCA narrowing. We propose that the change in“behavior” of the YCA during epiboly is not 

related to the geometry but to the space of the sphere occupied by  the cells. In relation to this, 

yolk narrowing during the first phase of epiboly would be driven by yolk doming and volume 

Figure 3.5 -Precocious epiboly in denuded yolk
Camara lucida drawings of Fundulus embryo: a) Just prior to epiboly,  at stage 11; b-d) at consecutive timepoints 
after removal of the blastoderm cap (denuded yolk). e-f) sibling unperturbed embryo (with blastoderm on top). 
Compared to siblings, the denuded eggs domes and narrows the E-YSL precociously. Adapted from Trinkaus, 
1984.
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redistribution and not due to a different mechanism driving epiboly  in the first phase. 

Actomyosin contraction and endocytosis in the YCA would drive EVL expansion in both 

phases of epiboly and the differences observed would be due to the dynamic balance between 

the three layers and volume redistribution (e.i., dome in first phase) and not to the geometry.

3.2.2-Passive YSN movement during doming

Narrowing of both the YCA and the space occupied by  the YSN (movie 1.1 and Solnica-Krezel 

and Driever, 1994) coincide with the movement of the I-YSN towards the animal pole and  

doming of the yolk (movie 1.1 and 2.4). These correlation together with our model for epiboly 

suggested that the narrowing of the area occupied by the yolk nuclei, the formation of the I-

YSL and the temporal disappearance of the E-YSN from the surface (Solnica-Krezel and 

Driever, 1994) is simply the passive flow of the whole syncytium cytoplasm during doming 

towards the animal pole. This passive movement of the yolk nuclei and cytoplasm would be 

triggered by  the doming of the yolk that in turn will be due to the contraction of the YCA. Still, 

it will be interesting to inject fluorescent beads in the syncytium and follow its dynamics to 

confirm this hypothesis. This experiments should also highlight the different behavior of the E-

YSL cytoplasm during the two phases of epiboly.

3.2.3- Positive feed-back loop hypothesis

The rab5ab yolk-knockdown phenotype suggested that the activity at the YCA or at least 

endocytosis there is needed for epiboly initiation. In this scenario, contraction in the YCA 

would be the triggering force for epiboly initiation. The cortical activity in the YCA 

(contraction plus endocytosis) would pull the EVL and would generate the passive flow of the 

adjacent yolk granules. As both volume and shape are constant during epiboly  and yolk 

granules behave as incompressible fluids, this would generate an overall volume redistribution 

of the internal part of the embryo. Yolk granules will flow towards the centre and animal-wards, 

pushing on the basal side of DCs layer (fig. 3.6a). When the force generated by the yolk 

granules in the DC’s basal side would be bigger than the resistance generated by these cells, 

doming and DCs displacement to higher layers would take place (fig.3.6b). However, DCs are 

spatially  constrained at the surface by  the EVL and at their vegetal margin by the EVL-YSL 

circumferential attachment (EVL-YCA). Thus, yolk doming and DCs displacement to higher 

layers would generate an extra pushing force in the basal surface of the EVL and in the EVL-

YCA attachment (fig. 3.6b). Radial intercalation (lengthening) of DCs has been observed 

during doming (Bensch et al., 2013; Warga and Kimmel, 1990). This DCs radial lengthening 
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could then be able to generate a positive feedback loop in the process by  pushing vegetally  the 

EVL-YSL attachment favoring epiboly and the narrowing of the YCA (arrows in fig.3.6b). 

The relative position of the EVL/DC margin in the first phase of epiboly  (DCs vegetal margin 

ahead of the EVL-YCA attachment, green dot compared to blue dot in fig. 3.7 and movie 3.1) 

support the idea that the DCs could be generating a vegetal-wards pushing force in the EVL-

YCA attachment during the first phase of epiboly. As mentioned before, DC’s radial 

intercalation during doming could also favor EVL cell shape changes (i.e., flattening) by 

generating an additional pushing force at the EVL basal side, also helping the movement. 

Pushing 
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Passive flow 

Contraction 
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            loop
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Figure 3.6 -Positive feedback loop hypothesis
a-b) schematic representation of a cross-section of an embryo at the beginning of doming, just after sphere stage 
(a) and during doming (b). Contraction in the YCA would produce the yolk granules passive flow. These, in turn, 
will push the DC basal margin (upwards). If the resistance of the blastoderm is smaller than the force generated by 
the passive flow, DCs will move to higher layers. As DCs space is spatially constrained by the EVL and the EVL-
yolk attachment, this will generate a radial intercalation and an elongation of the DCs layer in the A-V direction. 
That in turn would generate an extra pushing force in the EVL basal side and in the EVL-YCA attachment 
favoring epiboly of the EVL and the YCA narrowing, generating a positive feedback loop in the system.
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If indeed this positive feedback loop contribute to the first phase of the process, a small increase 

in the contraction of the YCA could be sufficient to start the expansion and therefore our 

mesoscopical mechanical analysis could be not sensitive enough to detect the start of this loop 

based on the flow pattern observed (egg-hen problem) possibly explaining the absence of 

positive power in the YCA obtained with the HR method in the first phase of epiboly. Later, 

during the second phase of epiboly, this positive feedback loop between the three layers would 

be highly  reduced (no significant doming in the second phase) and the mesoscopic HR method 

would be able to predict  with high confidence the area responsible for epiboly and the passive 

yolk granules flow. (i.e., the YCA with its positive power). Philippe-Alexandre Pouille, a 

physicist involved in this project, used the fluid droplet analytical solution to model doming 

(fig. 3.8). He drew a line of points simulating the separation between the DCs and the yolk at 

sphere stages (fig.3.8a) and let this line of points deform by  the flow inside the droplet (fig. 

3.8a’-a’’’). If we now compare the progression of this line of points to the morphology of the 

DCs layer during epiboly they strongly resemble (fig. 3.8c-c’’’ compare to a and b), suggesting 

that a flow from the yolk and a positive feedback flow from the DCs into the yolk could be 

important for the morphological changes of the DC’s layer during epiboly and for the overall 

movement. 

Figure 3.7-DCs vegetal margin positioned ahead of EVL margin during doming 
Close up (a-d) and full embryo (a’-d’) snapshots of movie 3.1. Two-photon microscopy time-lapse of the medial 
plane of a membrane labelled transgenic embryo [Tg (β-actin:mGFP)] during doming. The DCs and EVL vegetal 
margin are highlighted by a green and blue dot, respectively. At the beginning of the process the DCs vegetal 
margin is found ahead of the EVL (green and blue dot, respectively).
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The morphology at the more vegetal side of the DC’s layer (arrowhead in fig. 3.8c’’ compared 

to 3.7b’’) was not faithfully simulated with this modified fluid droplet simulation suggesting 

that DC ingression could be important for the differences in this area. It will be interesting to 

generate a similar simulation using the observed yolk flow pattern (displacement of vortex’s 

center) and not the fluid droplet flow pattern to analyze in more detail the contribution of the 

positive feedback loop at each stage. Reducing DC’s layer volume (e.g., by suctioning) should 

also be informative as, in principle, it should have an effect on the feedback loop mechanism. 

Similarly, it would be interesting to increase the resistance of the DC’s layer to deformation by 

introducing a more viscous or more elastic material in the cavity, and check the effect on 

epiboly and the possible effect on the positive feedback loop  mechanism. The opposite 

experiment where yolk granules mechanical properties (e.g., its viscosity or resistance to shear 

stress and capacity to transmit forces) is modified would be also attractive. Finally, as it has 

been reported that  E-Cadherin mutant embryos have radial intercalation problems but epiboly 

Figure 3.8 - Simulation of DC’s layer changes during epiboly by an internal hydrodynamic flow
a-a’’’) Snapshots of movie 3.2 Fluid droplet simulation where a line of points mimicking the separation between 
the DCs and the yolk at the beginning of epiboly, has been added (a). This line of point was allowed to deform in 
response to the droplet flow. b-b’’’) Snapshots of the same simulation, as in a, showing only the deformed line. c-
c’’’) Brightfield images of a zebrafish embryos at different stages during epiboly,  lateral view. The morphological 
changes of the DC’s layer during the process resemble the deformation of the line of points moved by the droplet 
internal flow in the simulation. Compare a and b to c. Arrowhead points at some difference between the DC’s layer 
morphology and the simulation at the DCs margin with the yolk where ingression takes place. Scale bar, 100µm.
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of the EVL and the yolk is unaffected (Kane et al., 1996; Kane et al., 2005; McFarland et al., 

2005; Shimizu et al., 2005), it will be interesting to reanalyze these mutant embryos and 

compare them to wildtype and rab5ab yolk-depleted embryos in regard to volume redistribution 

and the dynamic relation between the three layers during the process. 

In summary, we propose a model where the YCA contraction coupled with endocytosis and the 

continuity  with the YSD (membrane plus cortex) is responsible for the EVL expansion during 

epiboly (passive shape change, flattening).The activity at  the surface generate a passive flow of 

the yolk granules that, in turn, is responsible for doming and most morphological changes in the 

DC’s layer. Finally, the spatial constrain of DCs by the EVL and the EVL-YCA attachment 

generates a positive feedback loop  in the system (DC’s flow) that acts mainly during the first 

phase of epiboly. We propose that volume redistribution is an important  aspect to understand 

epiboly and the relation between the three layers during the process and it could be important to 

understand the mechanical equilibrium in other morphogenetic events (e.g., Drosophila 

gastrulation).

3.2.3- DCs contribution to the flow

It could be argued that yolk granule’s flow is generated by  the blastoderm vegetal displacement. 

As mentioned before, in the first phase of the process it  is possible that DCs contribute to the 

overall movement by a positive feedback loop mechanism. However, after DC’s invagination, a 

GAP between the E-YSL and the DCs appeared being unlikely  that  they  further contribute to 

the expansion (fig. 2.17 section 2.1). In addition, DCs in contact with the I-YSL move animal-

wards (e.i., ingression) while yolk granules at the surface move vegetal-wards also suggesting 

that they do not contribute to the yolk granules flow. The comparison of the internal flow 

pattern on wildtype conditions to that of E-cadherin mutants or Rac-N17 over-expressed 

embryos, where DCs do not progress in epiboly while EVL does, would clearly discern the 

contribution of DCs to yolk granules flow and EVL expansion.

3.3.5- Lost of sphericity

In wildtype conditions the embryo maintains a spherical shape during the whole expansion. 

However, in rab5ab yolk-depleted embryos the spherical shape is lost before the EVL cells 

reach the vegetal pole (fig.2.54, 2.57 in section 2.4). Knockdown of other genes that produced a 

delay in EVL epiboly also showed this elongation phenotype (e.g., fig. 3.9b,c, Ahn et al., 2010; 

Pei et al., 2007) suggesting that the embryo elongation could be related to the delay in EVL 

epiboly. 
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The vegetal displacement of the EVL-YCA attachment during epiboly allows the expansion of 

the DCs in between the internal yolk surface and the EVL. However, in rab5ab yolk-depleted 

embryos or any other alteration that delays EVL epiboly without affecting DCs movement, 

DC’s are unable to expand in the vegetal direction because their movement is halted by the 

static or slow moving EVL-YCA attachment. We propose that in this scenario, the spherical 

dynamic equilibrium between the three layers is lost and an elongation of the embryo takes 

place by an extra pushing force generated by the constrained and folded DC’s layer against the 

EVL.

In summary, the expansion of the EVL and the I-YSL, the disappearance of the external yolk 

surface together with DCs radial intercalation and other gastrulation movements with their 

associated volume redistribution are tightly coordinated to maintain an spherical shape of the 

embryo during epiboly. Affecting any of the 3 layers will generate an effect on the other two 

layers and only by analyzing the dynamic equilibrium between the three layer taking into 

account volume conservation we were able to understand epiboly and the different phenotypes 

obtained.

3.4- The yolk as main driving force for epiboly
3.4.1- Contraction in the YCA, what we learned from Rac mutant phenotype

Rac dominant negative overexpression phenotype indirectly demonstrated that EVL expansion 

is a passive change of shape driven by the contraction at the adjacent YCA. In these embryos, 

despite the presence of some EVL cells that  are unable to flatten or lose their attachment to the 

yolk, the YCA continues pulling/deforming the rest of the EVL cells. This generates an 

asymmetric yolk plug closure (spiky exposed yolk,fig. 2.74 in section 2.4). In this situation the 

other EVL cells compensate and expand to a greater extent being able to finally unclose the 

Figure 3.9 -Embryo elongation phenotype
a) Brightfield lateral view images of a sibling control embryo (a),  a FoxH1 morphant (b) and an embryo injected 
with a mixture of morpholinos against different keratin genes (Cyt1,  Cyt2, Keratin 4, Keratin 8 and Keratin 18). 
Red dotted line are positioned at the Animal and Vegetal margin of the control embryo for comnparison.  Modified 
from Pei et al., 2007.
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whole yolk (full and half embryo injection). Yolk plug closure occurs in these embryos not at 

the vegetal pole but near the “columnar cells” that can neither deform or lose their attachment 

to the YCA (fig.2.73 and 2.76 in section 2.4). This situation is reminiscence to results reported 

for Fundulus mechanically  perturbed embryos (Trinkaus, 1984). In these embryos, when the 

EVL-YSL circumferential attachment was partially severed (30-50%), the free detached YCA/

E-YSL progresses faster in epiboly than that part still attached to the EVL cells. Yolk plug 

closure happens in these embryos not at the vegetal pole but more near the region still attached 

to the EVL. This situation is opposite to that observed in Rac1-N17 overexpression. In 

summary, YCA attachment to the EVL generates a resistance force for its progression and any 

irregular resistance to yolk contraction, either stronger (Rac1-N17phenotype) or weaker (partial 

wound experiment) will change the position of yolk plug closure. YCA contraction and 

movement will continue until opposite sites converge (disappearance of all external yolk 

surface) independent of the embryo location. The cell shape compensation mechanism observed 

in Rac1-N17 experiments (cells with bigger apical area) further suggest that the yolk is 

generating a pulling force on the EVL and that EVL cells passive cell shape change is not a 

limiting factor for epiboly.

3.4.2- Increase contraction in the YCA

When we artificially  increased the contraction in the YCA (wound healing response), the 

nearby  EVL cells deformed to a greater extent than that far away  from the wound, 

demonstrating that EVL cells at the margin are attached to the yolk and that they can passively 

expand by an increase in contraction in the adjacent YCA. In addition, the kymograph 

highlights the difference behavior at opposite sites of the contractile ring (A-V), suggesting that 

the YSD is less deformable than the EVL under the same increase in adjacent pulling 

(contraction). Still, a direct prove for the role of actomyosin in the YCA during epiboly  is 

missing. To address this, some better tools and candidates has arisen. A photo-reactive myosin 

inhibitor, azidoblebbistatin, has been developed (Kepiro et al., 2012) enabling the possibility of 

inhibiting myosin activity in a desired region (e.g., the YCA). In addition, the reported 

restricted expression of both myh9a and b gene in the yolk (Huang et al., 2013) makes them 

good target candidates for morpholino mediated knockdown of myosin activity in the yolk.

3.4.3- Membrane removal in the YCA

As mentioned above, the external yolk membrane needs to progressively disappear for epiboly 

to proceed. The bleaching experiments confirmed that EVL cells do not slide over the yolk and 
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that membrane removal during epiboly happens inside the YCA. Rab5ab yolk knockdown 

phenotype demonstrates that endocytosis in the yolk is important for epiboly progression. 

Knockdown of rab5ab function produced a delay in doming with the development of a space 

between the DCs and the yolk. This phenotype suggest that the mechanical activity at the YCA 

or at least endocytosis there is necessary for doming of the yolk and when rab5ab activity is 

reduced the removal of the spatial constrain (e.i., the blastoderm) is not sufficient to induce 

doming. In rab5ab mild epiboly phenotypes embryo elongation can compensate for DCs 

pushing force. However, the situation with high doses of rab5ab morpholino is quite different   

as the yolk burst early in epiboly with no compensation mechanism. In these embryos there is 

nearly no vegetal displacement. The yolk is unable to redistribute its membrane to advance 

vegetally but may still have contractile capabilities. We hypothesize that contraction in the 

YCA together with the space generated between the blastoderm and the internal part of the yolk 

(asterisk in fig. 2.57 in section 2.3) generates a ring-like contraction in the middle of the 

embryo and a fast volume redistribution to the animal pole, producing the burst of the yolk. In 

the low dose phenotype this may be avoided by the slow but still significant advance in epiboly.

Although we see a strong reduction of endocytosis in rab5ab yolk knockdown, we can not 

discard that this phenotype is secondary to another rab5ab-dependent function in the yolk that 

would also stop epiboly  progression and membrane removal. EVL margin perimeter changes 

might involve cell-cell adhesion remodeling between the EVL and the YCA. Since Rab5 has 

been shown to be involve in cell-cell junctions remodelling, rab5ab phenotype could be due to 

an increase life time of cell-cell adhesion molecules at the membrane of the yolk and the 

inability of the yolk in this situation to progress in epiboly. However, if that was the case one 

would expect some similarities to Rac1-N17 phenotype (cells unable to loose attachment to the 

YCA) that were not observed. These together with the unaligned margin observed in some 

rab5ab yolk morphants (e.g., fig. 2.54) rather favor the bulk membrane removal cause of the 

phenotype but further experiments would be need to narrow the cause of the phenotype. To 

further test  the cell adhesion possibility, the injection of a constitutive active form of a tight 

junctional protein in the yolk, mimicking the possible role of rab5ab yolk knockdown in cell-

cell adhesion remodeling, could be performed. Whole embryo knockdown of the main adaptor 

molecule for clathrin mediated endocytosis (ap2a1) produces a similar epiboly arrest phenotype 

(fig. 3.10a, Umasankar et al., 2012) while other clathrin mediated components do not 

(Umasankar et al., 2012), suggesting a contribution of ap2a1 for membrane endocytosis in the 
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yolk. It will be interesting to check the yolk knockdown phenotype of these endocytic related 

genes and to analyze its relation to rab5ab function in the yolk. The knockdown phenotype of 

an atypical RhoGTPase, Chp, also resembles rab5ab knockdown phenotype (fig.3.10c, Tay et 

al., 2010). In addition, its restricted yolk knockdown was reported to produce a similar 

phenotype (Tay et al., 2010) hinting for a role of this atypical RhoGTPases in YCA activity. 

3.4.4-Membrane-cortex attachment

Myosin recruitment in response to laser microsurgery is associated with the formation of 

membrane folds in that area (fig. 2.36 in section2.2) suggesting that membrane folds are induce 

by actomyosin contraction in that area. In the same way, YCA membrane folds can also reflect 

the contraction of the underlying actomyosin cortex. Membrane and cortex simultaneous 

displacement upon cortex laser cut (supplementary file S2) support also the idea that membrane 

and cortex in the yolk are coupled together. Interestingly, if we compare the normalized myosin 

intensity distribution in the yolk surface at  different epiboly stages (fig. 3.11a, Behrndt, 2012) 

with the membrane velocity distribution they  display a similar profile (fig.3.11) further 

supporting the relation between these two cellular elements and our model for epiboly. In 

agreement with this, the stress distribution obtained from the regression analysis is opposite to 

myosin distribution; low in regions with high myosin (folded area, YCA) and high in region 

with low myosin (smooth domains, YSD). Contractile surfaces in other model organism also 

display  membrane folds (fig. 3.12) suggesting that membrane topology  could be a good readout 

of the surface stress pattern and the associated actomyosin activity  with smooth membrane 

Figure 3.10- Knockdown phenotypes with similarities to rab5ab-YMo 
a) ap2a1 knockdown phenotype. Brightfield image of an embryo injected with a morpholino against ap2a1 (whole 
injection). Modified from Umasankar et al., 2012. b,c) Uninjected control and Chp morphant, respectively. Nuclei 
(blue, Dapi) and actin (red, Phalloidin staining) labeling are shown. Modified  from Tay et al., 2010. 

DISCUSSION

173



defining regions with high tension and folded membrane found in areas of active contraction 

(less tension).

3.4.4- Actomyosin contraction and endocytosis link

Actomyosin contraction drives cell shape changes in many morphogenetic events. However, as 

mentioned above, a tight regulation of plasma membrane remodeling is also necessary for cell 

shape changes to take place while maintaining cell-cell adhesion with adjacent tissues. During 

epiboly, actomyosin contraction and endocytosis coincide in the YCA and a possible link 

between these two processes is likely  to exist. Already in the nineties, a correlation between 

Figure 3.11- Myosin and membrane velocity spatial distribution 
a) Normalized myosin distribution at different epiboly stages.  Modified from supplementary figure 1 in Behrndt et 
al.,  2012. b) Normalized membrane velocity measured at different epiboly stages in the φ axis (lectin-TRITC 
marker).  Both myosin intensity distribution and membrane velocity show similar profiles and dynamics over 
epiboly.

Figure 3.12- Folds in apical constricting surfaces
a,) Transmission electron micrographs of bottle cells during Xenopus gastrulation. Note the fold membrane (black 
arrows) and underneath thick cortex .Abbreviations: m, mitochondria; P, pigment granule; Y, yolk platelet. Vesicles 
are pseudocolored in blue. Scale bars, 0.5 mm.Modified from Lee, and Harland (2010) b,c).  Scanning electron 
microscope images of the ventral surface of the wild-type Drosophila embryo, Enlarged view of the boxed regions 
in c.Membrane protrusions are observed in mesodermal invaginating cells. Scale bar,  50  µm (b) and 10  µm (c). 
Modified from He et al., 2014.
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surface tension, endocytosis and cortex contractility was observed in the egg of another teleost 

fish, the loach egg ( Ivanenkov et al., 1990). Similar to the YCA, they found that actomyosin 

cortex was thicker in folded areas and folded areas correlate with areas of high endocytosis (fig.

3.13, Ivanenkov et al., 1990). Particularly, when the egg became polarized, folded area showed 

high levels of fluid phase endocytosis while smooth membrane domain showed lower levels of 

endocytosis (fig. 3.13, Ivanenkov et al., 1990). In theory, higher membrane curvature should 

reduce the tension at the membrane for a given transmembrane pressure and facilitates plasma 

membrane endocytosis (Sheetz and Dai, 1996). A relation between membrane remodeling and 

surface tension has already been observed in cells, where it  was proposed that  low tensions 

would stimulate endocytosis and high tensions would stall the endocytic machinery (Dai et al., 

1997). Similarly, yolk volume reduction in loach egg induced radial folds and most likely 

actomyosin contraction and endocytosis to restore cell turgor (fig.3.14). Membrane remodeling 

has been shown to be important in other morphogenetic events (Fabrowski et  al., 2013; Lee and 

Harland, 2010; Mateus et al., 2011; Pelissier et al., 2003) but its relation to actomyosin 

contraction has not been investigated in detail. We propose that actomyosin contraction drives 

membrane folds and this promotes endocytosis by  lowering membrane tension. Myosin 

contraction could be activated by  a mechanical cue (e.g., to restore cell turgor in loach egg 

experiments) or downstream of a signaling network to generate intrinsic or extrinsic cell shape 

changes during morphogenesis (e.g., yolk during epiboly  or apical constriction in many other 

models). 

To further prove the contraction-membrane remodeling link, it will be interesting to analyze if 

upon an increase of actomyosin contraction in the yolk (induced by laser cuts) we also observe 

an increase in endocytosis in that area. Reducing the hydrostatic pressure (surface turgor) by 

yolk granules suctioning could also show which areas of the whole embryo are able to response 

to a decrease in surface turgor (Ivanenkov et al., 1990). We anticipate that zebrafish epiboly and 

in particular the big yolk cell will become a great model to further assess the relation between 

hydrostatic pressure, membrane tension, contractility and membrane remodeling.
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Figure 3.13- Membrane folds, contraction and endocytosis
1a) Low magnification view of a loach embryo at one cell stage (20 minuts post fertilization). Rectangles highlight 
the area shown in 1b-e.1b-e) Scan electron microscopy details of different area of the loach egg embyo at 1 cell 
stage.  Scale bar 500µm. Note the difference between the animal and the more vegetal areas, more and less folded 
surface respectively. 2a,b) Lateral view of a loach embryo at one cell stage (50 minuts post fertiliation). 
Brightfield and fluorescent image, respectively. Rectangles highlight the area shown in 2c and d. 2c,d) Fluorecent 
signal of incorporated fluid phase prove (Lucifer yellow, LY) at the animal pole and in the yolk.  3a) Brightfield 
images of an embryo at two cell stage. Rectangles highlight the area shown in 3b-d. 3b,d) Scan electron 
microscopy details of different areas at this stage . Note the differences in membrane folds in each area. 4a,b) High 
magnification and detail,  respectively, of the LY incorporation at two cell stage. Modified from Ivanenkov et al., 
1990
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3.4.5- Parallelism between epiboly and apical constriction

Apical constriction is the shrinkage of the apical side of an epithelial cell. It can drive the 

extrusion of the constricting cell and the bending or expansion of the surrounding tissue. 

Actomyosin contraction is the main motor for this cell shape change but its location seems to  

differ depending on the model; both circumferential actomyosin networks or apically  located 

actomyosin have been implicated on it (fig.3.15, reviewed by Martin and Goldstein, 2014). In a 

reductionistic way, epiboly could be view as the apical constriction of the yolk, becoming 

extruded from the surface and finally  surrounded by the adjacent tissue (fig. 3.15). In relation to 

this simile, it will be interesting to asses the polarity of the yolk. A priori, one would expect that 

the exposed part of the yolk will contains apical markers and the internal surface basolateral 

ones. If that is the case, these could be a new mechanism to drive apical constriction (apical 

contraction and endocytosis at the apical side near the adhesion sites, i.e., the YCA) and maybe 

Figure3.14- Contraction response of the egg to the decrease of surface tension by yolk granules suction s
a,) Schematic representation of the yolk granules suction experiments.  b,c,d) Tension reduction by suction 
produced the formation of cluster folds in the blastodisc.  SEm images of full developed folds in b and d and folds 
formation in c. Scale bar 10µm. Modified from Ivanenkov et al., 1990.  
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other morphogenetic events use the same mechanism. Shroom (Shrm) family  of proteins are 

cytoskeletal adaptor proteins that bind to Rho-kinase (Rock) and F-actin and control the sub-

cellular distribution of myosin contraction (Hildebrand, 2005; Hildebrand and Soriano, 1999; 

Mohan et al., 2012; Nishimura and Takeichi, 2008). In vertebrates, shroom3 is, so far, the only 

member able to drive apical constriction. It localizes to tight junctions and it  has been 

implicated in neural tube closure (Haigo et al., 2003; Hildebrand, 2005; Hildebrand and 

Soriano, 1999; Nishimura and Takeichi, 2008), lens placode invagination (Plageman et al., 

2011; Plageman et al., 2010) and guts morphogenesis(Das et al., 2014). Interestingly, the 

drosophila Shroom gene expresses two Shroom isoforms, dShrmA and dShrmB, with one 

localizing to adherent junctions while the other having an apical membrane localization 

(Bolinger et al., 2010). In zebrafish shroom3 has been implicated in proneuromast assembly in 

the lateral line (Ernst et  al., 2012) but is role during early development has not been analyzed. It 

would be interesting to check its role during epiboly as a possible regulator of the contraction in 

the YCA.

 

3.3- EVL expansion
3.3.1- EVL resistance to yolk pulling

In Fundulus the “partial wound” of the EVL-yolk attachment (1/8 of the circumferential 

attachment, Betchaku and Trinkaus, 1978) produced the retraction of the EVL and the 

acceleration of the adjacent E-YSL/YCA suggesting that  EVL cells were exerting some 

resistance against YCA pulling and therefore slowing the YCA movement. Similar experiments 

Figure 3.15-Parallelism with apical constriction
a) Mechanism of apical constriction. Schematic representation of the apical constriction of an epithelial cell where 
the two spatial localization of acto-myosin network found in different models are highlighted. Cortical 
medioapical myosin contraction (pink and orange) and circumferential actomyosin contraction (purple) are the two 
main mechanism found to drive this process. Modified from Martin and Goldstein (2014). b) Upside down 
(vegetal pole up) representation of a zebrafish embryo during epiboly. c) Flat view of epiboly from the vegetal 
pole. The actomyosin  of the YCA is shown in red.
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were recently performed in zebrafish obtaining equivalent results (Behrndt et al., 2012). In both 

cases, the partial detachment experiments were performed in the second phase of epiboly when 

there is no narrowing of the YCA, yolk doming or DC’s radial intercalation. It will be 

interesting to perform this experiment during the first phase of epiboly to further confirm the 

EVL pulling by the YCA during the first phase of epiboly. 

3.3.1- EVL cell shape change, a source for expansion

The correlation between EVL cell height reduction and the overall increase in the layer during 

epiboly (both of around 33%) suggested that EVL cell-shape changes (cell flattening) is the 

main mechanism responsible for the increase of the layer during epiboly. Morgan, more than a 

century ago, studying the development of another teleost species (Ctenolabrus), observed an 

extensive thinning of the EVL cells11 during epiboly with a concomitant expansion of its apical 

area (Morgan, 1895) already suggesting that  epiboly was not a problem of growth but 

redistribution of mass (i.e., shape changes, Trinkaus, 1951). Some years later, Trinkaus and 

colleagues quantified EVL cells flattening (thinning and expansion) during Fundulus epiboly 

and proposed that EVL expansion could be explained mainly  by these cell shape changes 

(Betchaku and Trinkaus, 1978; Lentz and Trinkaus, 1967). However, a possible role for EVL 

cell division/growth and EVL cell rearrangement during epiboly were still considered 

(Campinho et al., 2013; Rohde and Heisenberg, 2007). EVL cell volume was recently found to 

be constant during the first stages of zebrafish epiboly (fig. 3.16, Campinho et al., 2013)12. As 

not many  division are observed at later stages (Campinho et al., 2013; Kane et al., 1992; 

Kimmel et al., 1990), cell volume is expected to keep  constant for the rest of the process. The 

increase in apical area and the decrease of cell height at these early stages was also carefully 

quantified (Campinho et al., 2013). These as well as our height measurement support the early 

idea that epiboly  was not a problem of growth but area redistribution (Betchaku and Trinkaus, 

1978). 
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In Rac1-N17 overexpression, some EVL cells increase its apical area greater than in wildtype 

conditions to compensate for the columnar clusters, suggesting that EVL cell shape change is 

not a limiting factor for epiboly  progression (fig. 2.75 page 2.4). The elongated phenotype in 

rab5ab yolk-depleted embryos also inforce the idea that the EVL is easily deformed by  any 

external applied force (basal pushing by the DCs or YCA pulling).

Fink and Cooper found that  membrane incorporation to the apical side of EVL cells was higher 

during Fundulus epiboly and particularly  high in the marginal EVL cell at the side in contact 

with the yolk (fig. 3.17). When post-gastrulation embryos were subjected to mechanical 

compression (i.e. increase tension, fig. 3.17a-c, Fink and Cooper, 1996) the addition of new 

membrane also increased suggesting that also Fundulus EVL cells passively increase their 

apical area in response to any external mechanical forces (YCA pulling in wildtype conditions 

or compression in the mechanical perturbed embryos). 

Figure 3.16-EVL cell shape changes during zebrafish epiboly 
a) Volume of individual EVL cells both before and after cell division (solid and dotted lines respectively) as a 
function of time after sphere stage (4 hpf). Vertical lines (dashed) indicate cell divisions; plotted values, mean ± 
s.e.m. normalized to the average value at T=120 min (volume120 min=6,536 ± 600 µm3). b) Normalized apical cell 
area and cell height (apical-basal) for individual EVL cells as a function of time after sphere stage (4hpf); Graph 
shows the mean ± s.e.m; values normalized to the average values at  T=120 min (area120 min= 838± 9 µm2, 
height120 min = 9±0,29 m). For number of cells adn embryos per time-point for each experiment see 
supplementary table 1 in Campinho et al., 2013. Adapted from Campinho et al., 2013
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3.3.2- Cell division and cell division orientation

Early studies in Medaka and Fundulus, reported that cell division was not  required for EVL 

expansion (Betchaku and Trinkaus, 1978; Kageyama, 1980, 1982; Keller and Trinkaus, 1987; 

Kessel, 1960). In Fundulus, after stage 14 no much division were observed (Keller and 

Trinkaus, 1987) and egg treatment with a mitotic inhibitor (colchicine) was reported to have no 

effect on epiboly  progression (Kessel, 1960; Trinkaus, 1984). In zebrafish, early clonal analysis 

suggested that EVL cells divided only  one time during epiboly  (Kane et al., 1992; Kimmel et 

al., 1990). Recently, these results were confirmed and the number of EVL cells was found to 

approximately double from sphere to 55% epiboly (fig. 3.18a,b and Campinho et al., 2013) with 

only scattered cell division after this stage (see also, Kane et al., 1992). Inhibition of cell 

division during epiboly have a really  mild epiboly phenotype (fig.3.18c and Campinho et  al., 

2013), demonstrating again that cell division is not  a major factor for epiboly  progression. 

Recently, it was proposed that tension-oriented cell division limits anisotropic tissue tension in 

Figure 3.17-EVL apical membrane addition increases with tension 
a-c) Post-epiboly embryos stained with fluorescent lectin subjected to compression (inset in d). Cells near the 
curvature (right bottom angle) are subjected to more tension and show increase adhesion of unlabeled membrane 
to the apical side.d) Uncompressed embryo at mid-epiboly showing high membrane addition (unlabeled) in the 
edge in contact with the YCA. Adapted from Fink and Cooper, 1996.
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the EVL during epiboly promoting tissue spreading during epiboly. However, when oriented 

cell division was inhibited (dynein antibody, fig. 3.18c and Campinho et al., 2013) no 

macroscopic epiboly phenotype was observed, neither a significant differences in the overall 

EVL tension (AV or CC, fig. 3.18d, Campinho et al., 2013). Tension-oriented cell divisions was 

also proposed as a mechanism to prevent ectopic EVL fusions. However the number of fusions 

when division was inhibited in comparison with the total number of cells seems not that 

important for the process (2 from around 1000 cells at 55% epiboly stage). Besides, when 

anisotropic tension in the marginal EVL cells is higher (late epiboly), not many cell divisions 

occur but neither many  cell fusions are observed further suggesting that oriented cell division is 

not an important factor for epiboly. Nonetheless and as mentioned above, Rac1-N17 results 

suggested that EVL cell shape change is not a limiting factor for epiboly.

Figure 3.18- No big role for orientated cell division during epiboly
(a) Percentage of dividing cells at different distance from the animal pole in the Animal vegetal direction. (I-V) at 
different epiboly stages; values plotted, mean ± s.e.m. After 55 % epiboly no much cell division are observed (e.g. 
<0.26% cell division at 60% epiboly. (b) Total number of EVL cells at sphere, 30% and 55% epiboly stage. 
Plotted, mean ± s.e.m (c) Quantification of epiboly progression in embryos with inhibited cell division or with 
misoriented cell division (dynein antibody injection). Plotted, mean epiboly percentage ± s.e.m.; scale bar 100µm 
d) Quantification of laser cuts initial recoiled velocity for parallel and perpendicular cuts in embryos with inhibited 
cell division or misoriented cell division (dynein antibody injection) at 50-60% epiboly. n, number of embryos for 
each condition. Adapted from Campinho et al., 2013.
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3.3.3- EVL expansion and it relation to the stress pattern obtained 

Recently, the stress distribution obtained for the EVL applying the HR method were confirmed 

by independent laser cut experiments (Campinho et al., 2013). Equal to the result obtained with 

the HR method they  found that the estimated tension in orthogonal directions (CC and AV) in 

the marginal EVL cells was equal at the beginning of the process (red bar CC stress and green 

bar AV stress in fig. 3.19) and an anisotropy generates over time in these marginal cells 

(increasing in the AV direction, green line in fig. 3.19). At the animal cap, the estimated tension 

was similar to the CC tension in the marginal cells and both were approximately constant  over 

the process (blue and red bars, respectively in fig. 3.19). These results perfectly fit with the 

stress distribution obtained with the HR method (fig. 3.19c,e)13. Still, they observed a reduction 

in the anisotropy in the marginal EVL cells in the last stages of epiboly (70-80%) that we did 

not observe. However both the embryo geometry and the change in the EVL marginal cells 

shape (increase in length/width ratio) suggest an increase in the AV tension and anisotropy in 

this area at this late stages. In the nineties, Weliky and Oster (1990), generated a numerical 

simulation to model EVL expansion during Fundulus epiboly (i.e., cell shape changes and cell 

rearrangement). They  modeled the EVL as a 2D sheet considering the balance between elastic 

forces and internal pressure (hydrostatic/osmotic pressure) for each cell (fig. 3.20). By altering 

this balance a cell could have a contractile (higher elastic force) or protrusive (lower elastic 

tension than internal pressure) behavior. Cell were represented by  polygons, whose side were 

shared with neighboring cells (fig. 3.20). To reproduce the experimental cell shape and cell 

rearrangement changes observed during Fundulus epiboly, marginal EVL cells mechanical 

properties were such as to generate a net protrusive force at nodes along the margin with the 

yolk (purple color in fig. 3.21). That is to say, that their circumferential tension at the boundary 

with the yolk was smaller than that in the interior boundaries. This constrain was compatible 

with the EVL leading edge cells being actively expanding but also with the YCA pulling at the 

margin, transmitting the stress into these nodes. From the margin, if the rate at  which the 

mechanical stress was dissipated through the epithelial was smaller to the strength of the 

external force applied (e.i.,YCA pulling), a gradient of stress would be generated. And this 

seem to be the case in the EVL during epiboly  in both zebrafish and Fundulus (Campinho et al., 

2013; Keller and Trinkaus, 1987). Still, the geometry and the location of the applied pulling 
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force (e.i., the YCA) seem to be the main responsible for the difference in shape observed 

(Weliky and Oster, 1990). Cells in different regions in regard to the fi axis will experience 

different azimuthal (AV) and circumferential stress. Particularly, cells at the animal pole will be 

stretch equally in the two orthogonal directions, while cells near the margin will have different 

stresses in both orthogonal directions. After crossing the equator (vegetal hemisphere) cells near 

the margin will be moving from domains with higher circumferential perimeters to smaller 

ones, relaxing their medio-lateral stress while still having a strong azimuthal stress (yolk 

pulling). Stress dissipation in relation to the pulling force will determine the gradient of the cell 

shape anisotropy (from the margin towards the Animal pole). Interestingly, in rab5ab yolk-

knock-down embryos the AV cell shape elongation at the margin is clearly reduced (movie 2.32 

and fig 2.61 in results) suggesting that the stress dissipation in relation to the force applied is 

higher in these embryos (reduce pulling, slower epiboly). In these embryos, EVL cells at the 

margin not just showed a reduction in AV elongation but progressively elongate in the opposite 

direction (CC, fig. 2.61 and movie 2.32 in section 2.3) hinting for a pulling force in the CC 

direction upon epiboly arrest. In summary, we propose that cell shape anisotropy in the 

marginal cells observed at the end of epiboly is due to the geometry  but it  also depends on the 

rate of stress dissipation in relation to the rate of deformation. 
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Figure 3.20- Force balance at epithelial cells node
a) Adjacent cells in an epithelia share a common vertex node. The internal pressure (P) and the surface elastic 
tension of each cells influence the force balance at a vertex node.When pressure and elastic forces from all cells 
are balance the vertex node is in mechanical equilibrium b) When the pressure force is bigger than the elastic force 
a protrusive behavior occurs. Adapted from Weliky and Oster, 1990.

Figure 3.19 -EVL cells tension anisotropy validation
a) Schematic representation of the laser cuts performed in the marginal EVL cells (red and green line) and in the 
animal pole at different stages of epiboly by Campinho et al., 2013. Snapshots of the different cuts in the right 
panel.b) Initial recoiled velocities of perpendicular (red, CC tension) and parallel (green, AV tension) laser cuts at 
the cells in the margin with the yolk and in the animal pole (blue).  Adapted from Campinho et al., 2013 c) Surface 
stress distribution obtained with the HR method at 40, 60 and 80% epiboly. See figure X in results for further 
details.
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3.3.4- EVL boundary cells morphological variability 

We and others observed that some EVL cells at the margin with the yolk exhibited a high 

elongated shape and got extruded from the margin while others maintained a big contact area 

with the YCA. Weliky and Oster (1990) proposed that  due to the behavior of the EVL cells at 

the margin with the yolk (internal pressure dominant,”protrusive behavior” fig. 3.22b), cells 

that made an acute angle with the margin (cell 1 and 3 in fig. 3.22a-c) will be favor to remain at 

the boundary  (larger horizontal component of this vector) displacing cells making an obtuse 

angle (cell 2 in fig. 3.22a-c). This will explained why some cells maintain a high contact 

surface with the yolk while others become extruded. In zebrafish, a correlation between actin 

accumulation in the yolk and marginal EVL cells length/width ratio has also been observed (fig.

3.22b, Koppen et al., 2006). Although this correlation could be acting at  the beginning of the 

extrusion, Weliky and Oster model seems to explain better the variability in the contact area 

with the YCA observed.

Figure 3.21-Theoretical model for EVL expansion during Fundulus epiboly
a-d) Model simulation of EVL epiboly in Fundulus embryos. Color represents the balance of pressure (osmotic/
hydrostatic) and circumferential elastic tension forces within each cell, being green/blue when force are 
equilibrated, red when cells are under elastic tension and purple when nodes has a protrusive behavior (higher 
pressure than elastic tension). Forces are calculated by the sum of forces at edge node (scheme in fig.3.20). At the 
beginning of the process most cells show low tension but a stress gradient develops over epiboly from the EVL 
boundary towards the animal pole (b,c).  Cells closer to the yolk experience a higher mechanical stress (red color) 
than cells near the animal pole (green/blue color). To reproduce the experimental cell shape and cell 
rearrangements changes, cells at the boundary with the yolk needed different properties (protrusive activity in the 
nodes in contact with the yolk, purple color). Adapted from Weliky and Oster, 1990.
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3.5 Comparison with other proposed models
As mentioned before, the idea that the EVL was passively expanding by a contractile ring 

generated in the adjacent E-YSL has been considered for many years (e.g. Cheng et al., 2004; 

Koppen et al., 2006; Trinkaus, 1984). Recently, Behrndt and colleagues re-analyzed this idea  

and proposed a model for epiboly progression different from the one we are proposing (Behrndt 

et al., 2012). Before discussing the differences between both models I will briefly summarize 

the main assumptions and results obtained by Behrndt  and collegues (Behrndt et al., 2012). 

They  first considered the actomyosin belt in the yolk (YCA) as a pure contractile ring 

(circumferential contraction coupled to the embryo geometry). To functionally check if the ring 

was involved in EVL expansion they  locally disrupted the actomyosin ring. Similar to what was 

reported for Fundulus (Betchaku and Trinkaus, 1978; Trinkaus, 1951, 1971, 1984), the adjacent 

EVL cells showed a delay in the expansion. However, due to the geometry, the contractile ring 

model (cable constriction motor, fig 3.23a) could only work as a main motor for epiboly 

progression after the equator. In the pure contractile ring model, due to the spherical geometry, 

the AV tension in the ring is expected to be really  small, increasing during epiboly but reaching, 

at maximum, 20% of the CC tension at 80% epiboly. To check if this was the case, they 

performed laser cuts in the ring in opposite perpendicular directions (20µm-long line 20 µm 

Figure 3.22- EVL exclusion from the boundary 
(a) Schematic representation of the pressure vectors acting in a node of two EVL cells at the boundary with the 
yolk, making an obtuse and acute angle respectively. The horizontal component of the resulting pressure (resultant 
force) is shown.  The EVL at the boundary are considered to have a protrusive activity (due to pulling from 
adjacent tissue or active migration). (b) Schematic representation of three EVL cells at the boundary with the 
YCA, making acute angles (cell 1 and 3) or obtuse angles at the boundary (cell 2). (c) The difference in the 
resultant horizontal fore will produce the intercalation of cell 2 (obtuse angle) as the perimeter gets reduce 
favoring cells with accute angles to remain at the boundary. Adapted from Weliky and Oster (1990) (d) Relation 
between between EVL cells length/width ratio (L/W) and YSL phalloidin density. Adapted from Koppen et al., 
2006.
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away from the EVL/YSL border, fig.3.23a) and estimated the circumferential (CC) and Animal-

Vegetal (AV) tension during epiboly from the initial cortex recoiled velocity (fig. 3.23b). 

The estimated tensions obtained were similar to the ones we obtained (compare fig. 3.23b to 

fig. 2.47 in section 2.2). However, the estimated AV tension in the YCA (in relation to the CC 

tension, fig. 3.23b) was much higher than that expected from a pure contractile ring moving 

along a sphere (almost double at 50-60% epiboly). These together with the inability of the 

circumferential contractile ring to work before the cells reach the equator made them reasoned 

that another mechanism should be working together with the circumferential contraction for 

epiboly progression. As they  also observed the actin and myosin retrograde cortical flows, they 

wondered if the additional AV tension observed in the ring could be generated by a flow-friction 

mechanism generated in the ring by this retrograde flow (flow friction motor, fig. 3.24a left). A 

friction force would be generated if the velocity of the flow was different from that on the 

adjacent layers (i.e., yolk cell membrane or cytoplasm). To support that, they measured the 

microtubules flow velocity in the external yolk surface and found it to be difference to that of 

actin (Behrndt et al., 2012). They generated a theoretical model with the cable constriction and 

the friction mechanism as main motors for epiboly progression. The actomyosin ring and the 

EVL were modeled as compressible isotropic thin-film fluids (viscous fluids), taking into 

Figure. 3.23 - YCA tension anisotropy
a) Snapshots of the progression of the wound opening in the YCA in Tg(actb1:myl12.1-eGFP) embryos after 
Perpendicular (red line) and parallel laser cuts (green line). Scale bar,  10 µm. b) Initial laser cut recoiled velocities 
for each type of cut at different stages during epiboly obtained by fitting and exponential.  Error bars represent 95% 
confident interval of the fitting. Adapted from Behrndt et al., 2012. 

DISCUSSION

188



account the force generated by the moving fluid (shear and bulk viscosity) and considering an 

additional active tension generated by the actomyosin network in both structures (i.e., 

contraction). As boundary conditions they assumed that the ring had a mechanically free 

interface as its vegetal side (tension normal to interface being zero). This assumption was, in 

their opinion, further supported by the absence of recoiled velocity of the cortex at the vegetal 

pole after laser microsurgery  and the decrease of myosin intensity at  the vegetal side of the ring 

(exponential decrease, fig. 3.24). Based on the myosin profile, they assumed an exponential 

decrease of active tension inside the ring in the vegetal direction. The active tension profile was 

indeed considered to be equal to the myosin intensity  distribution at each stage (fig. 3.24d). 

Finally, the ring width was also estimated from experimental measurements of actin and myosin 

distribution. With this theoretical model they were able to fit the experimental flow profile in 

both the EVL margin and the actomyosin ring, the ring velocity during epiboly and the tensions 

in the ring (CC and AV) obtained by  laser cuts (fig.3.24f,g and h, respectively). To further 

support this model they  inserted an embryo into an agarose cylinder to elongate it and therefore 

inhibit the action of the circumferential actomyosin cable (equal to the situation at the equator 

in a spherical geometry). The elongated embryo was able to undergo epiboly (fig. 3.25) 

suggesting that the circumferential contraction of the ring was indeed dispensable for epiboly 

progression.
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Figure 3.24- Theoretical description of EVL epiboly and fitting results
a,b) The diffuse broad band of myosin narrows to finally form a distinct cable at 70% epiboly. Whole embryo 
confocal images projection of a transgenic embryo labeling myosin II [Tg(actb1:myl12.1-eGFP)] at 40% epiboly 
and 70% epiboly , respectively. Scale bar, 100µm. c) Quantification of myosin 2-eGFP peak fluorescence intensity 
(purple) and the width of the actomyosin ring (grey) at different epiboly stages. d) Active tension profile within the 
ring used for the fitting based on the myosin intensity distribution profile obtained experimentally. e) Schematic 
representation of the theoretical model. The EVL and the actomyosin ring were modeled as two thin compressible 
viscous fluid mechanically connected between them and with an internal active tension. Both lying on a sphere. A 
circumferential tension in a sphere will move the ring to the nearest pole (i). The myosin-dependent retrograde 
flow coupled to friction against the underlying substrate will generate a pulling force in the EVL (ii).  f,g.h) Global 
fit of the model predictions for: flows (blue line, f), the ring advancement velocity (blue line, g) and the tension in 
the ring (green and red dots, h); to the experimental data (grey). Adapted from Behrndt et al., 2012.
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The main difference between both model is that we considered the continuity  between the EVL, 

the YCA and the YSD to be, together with membrane removal, essential for the vegetal 

displacement of both the YCA and the EVL. While they considered the YCA to be mechanical 

free as its vegetal edge. Although their model could fitted the experimentally measured tension 

and flow parameters and explained the vegetal propulsion of a ring in a sphere it can not 

explain how epiboly proceeds as the ring is not mechanically separated from the rest of the 

yolk. In particular, the friction mechanism is, to my knowledge, unable to explain how the 

external yolk membrane disappears or the conversion of the YCA in YSD. The circumferential 

contractile ring model first tested did not much the tension pattern obtained neither could work 

in the cylinder because they just considered a ring generating contraction in the circumferential 

direction. However, our proposed model is still compatible with epiboly in an elongated embryo 

Figure 3.25- EVL epiboly in an mechanical elongated embryo
a-d) Brightfield images of an embryo inside a cylindrical agarose tube (b,d) compared to control siblings (a,c) at 
30% epiboly (a and b) and at closure (c-d). The diameter of the internal part of the cylinder is 500µm Scale bar 
100 µm. Adapted from Behrndt et al., 2012.
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or before the equator as we considered an isotropic actomyosin contraction (AV and CC) acting 

in the 2D surface plane. The geometry  of the 2D surface plane, spherical or elliptical, will make 

no much difference for the proposed model. The differences in the mechanical properties of the 

two adjacent domain (EVL and YSD) together with endocytosis will still be on work in the 

cylinder and therefore epiboly will advance similarly. 

Our AFM experiments demonstrate that  the yolk surface behave, at the time scale of interest, 

elastic but more importantly  demonstrated that there is tension at the vegetal pole. Although this 

tension may  be passive (tensile) still should be considered in a model for epiboly where surface 

disappearance is an important aspect of the process. 

Based on our observation (see section 2.1 and movie 2.13) and the analysis of the published 

data the retrograde flow takes place outside the ring or folded area (fig.3.26) but in their model 

the retrograde flow and resultant friction mechanism seem to be inside the ring. The 

experimental data published by  Behrndt et al., places the start  of the retrograde flow (vel=0), on 

average, at 66, 35 and 23µm ahead of the EVL-margin at 40-50%, 50-60% and 70-80% epiboly 

stages,(fig. 3.26a) and the maximum retrograde flow approximately at 98, 70 and 51µm ahead 

from the EVL margin (fig. 3.26b). The width of the YCA is on average at  the same stages 85, 

51 and 32µm (fig.3.26c), being the maximum retrograde velocity always outside the YCA/ring. 

If the friction mechanism was taking place one would expect the maximum velocity to be inside 

the ring.

Figure 3.26-Actomyosin flow velocity and its relation to the YCA width 
a-b) Normalized actomyosin flow velocity distribution at three different stages during epiboly where the change in 
direction (a) and the maximum retrograde velocity (b) points has been marked (black lines).  Modified from 
Behrndt et al., 2012.c) Quantification of myosin 2-eGFP peak fluorescence intensity (purple) and the width of the 
actomyosin ring (black) at different epiboly stages. Modified from Behrndt et al.,  2012. The comparison of these 
two graphs shows that the maximum retrograde flow happens outside the YCA as our data also points out.
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In summary, the model proposed by Behrndt and colleagues fits some parameters of the EVL 

and actomyosin ring but, to my knowledge, is unable to explain epiboly  progression. Per contra,  

the results from the HR method and our proposed model for epiboly takes into account the 

dynamic equilibrium of the whole embryo, considering the contribution from the elastic 

surface, membrane removal and the internal flow dynamics to explain the full process of 

epiboly.

3.6- In deep into Rac-N17 EVL phenotype
3.6.1- Its relation to DCs delay 

Rac1 activity seem to be important for the passive change of shape of EVL cells during the 

expansion (i.e. columnar to squamous epithelial). Inhibiting this RhoGTPase induce a columnar 

phenotype in group of EVL cells with their final basal extrusion in many  of the cases. 

Importantly, columnar clusters only appeared in Rac1 dominant negative over-expression 

situation in that area devoid of DCs (i.e., ahead of the DCs margin), suggesting that there is a 

link between the appearance of these transformed cells and having no DCsin its basal side. We 

first reasoned that these columnar clones were basally  attached to the I-YSL, blocking DCs 

advancement in between these two layers (I-YSL and EVL). However, the results from 2-cell 

stage over-expression suggested that DCs delay is independent of the appearance of these 

columnar clones (fig.2.75 in section 2.4). As one would not expect to find a DCs delay  below 

the more elongated cells, if DCs delay  in epiboly  would dependent in the present of columnar 

clone. Both transformed EVL populations presented no DCs below, suggesting that the 

presence of columnar clones was not the reason for the DC’s delay. On the contrary, DC’s delay 

seems a prerequisite for the formation of these clones. DC’s delay  in epiboly in regard to the 

EVL margin progression is found in other mutant situations (e.g. E-cadherin or Pou5f, fig. 3.27, 

Kane et al., 1996; Lachnit et al., 2008). However, no columnar clones or spiky yolk closure has 

been reported in these embryos. It is then conceivable that in Rac-N17 OE, the decrease in 

Rac1 activity  in EVL cells predispose them to get transformed to columnar cells. However, only 

if these cells are ahead of the DC’s margin they would become transformed. The presence of 

DCs below could inhibit this transformation or an attachment to the I-YSL could enhance these 

predisposed EVL cells to get transformed. In both situations, yolk pulling seems to prevent the 

transformation of all the cells ahead of the DC’s margin generating a compensatory phenotype 
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(flatten EVL cells) that compensate for the necessary  increase in surface area (fig.2.57 in 

section 2.4).

3.6.2- Rac1 activity and its relation to laterally organ formation

As mentioned in the introduction, the dorsal forerunner cells (DFCs, Cooper and D'Amico, 

1996; D'Amico and Cooper, 1997) are the precursors of the Kupffer’s vesicle (KV, the zebrafish 

laterality  organ). For many years it  was assumed that these cells arise from the DCs at the 

margin. However it was recently discovered that these cells arise from the ingression of some 

marginal EVL cells at the dorsal side of the embryo (fig. 3.28 and Oteiza et  al., 2008). Similar 

to  the cells found in Rac1-N17 OE, these cells also reduce their apical area (“apical 

constriction”), increasing their columnarity (fig.3.28) and finally  become extruded from the 

surface. As in Rac1-N17 situation these cells seem to retain the contact with the YCA margin 

during the ingression (fig.3.28a-c) and finally form a compact internalized cluster of cells (fig. 

3.28). In particular, Rac1-N17 phenotype resemble the cyclops overexpression phenotype, 

where an increase of DFCs clusters is observed (compare fig.3.28f and g). We propose that 

Rac1-N17 columnar clusters position at the margin highly  resemble DFCs ingressing cells (fig. 

Figure 3.27- DCs delay in MZspg mutant phenotype and Rac-N17 OE
a,b) Time-lapse snapshots of wildtype and MZspg embryos, respectively. Sagital view of the embryos (confocal z-
section). Embryos express membrane tagged GFP and nuclei labelled sytox green. Time zero, 60% epiboly stage. 
EVL cells with no DCs below and with its basal side in contact with the I-YSL membrane can be observed. 
Adapted from Lachnit et al.,  2008. (c) Membrane tagged GFP embryo (Tg (β-actin:mGFP) overexpressing Rac-
N17. Confocal image close to the sagital plane. Columnar clones with no DCs below and with its basal side in 
contact with the I-YSL membrane can be observed.
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3.28) and hypothesize that DFCs could arise by a reduction Rac1 activity in these dorsal 

marginal cells under the control of Nodal signaling14.

3.6.3- Cell shape regulation by Rac1

It was recently shown that inhibition of Rac1 activity in the mouse embryo unable the anterior 

visceral endodermal cells (AVE) to change location as they normally  do (fig. 3.29a,b). These 

Figure 3.28-Rac-N17vs DFCS
a,b) Snapshots of a time-lapse multi-photon confocal movie 2.and is orthogonal view where the ingression of a 
Dorsal forerunner cell (DFC) is marked (yellow dot). Modified from Oteiza et al., 2008.c,d) Notail mRNA 
expression by wholemount in situ hybridization in wildtype and embryos overexpressing Gα13a, that shows the 
separation of DFCs  from the DCs margin in these embryos. Modified from Lin et al., 2009. e,f) wildtype and 
cyclops overexpression phenotype in DFCs (green).  Cyclops induce the formation on ectopic DFCs clusters. 
Modified from (Oteiza et al., 2008).
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cells are important in A-P axis specification, (reviewed by  Stower and Srinivas, 2014). 

Depletion of Rac1 activity in the whole embryo or only  in this subpopulation of cells showed a 

similar phenotype. Interestingly depleted cells presented a columnar morphology  distinctive 

from the flatten AVE cells (fig, x and x respectively  and Migeotte et al., 2010), suggesting a 

link to our phenotype an a possible precise role of Rac1 in cells shape changes. However, 

notum mutant clones for cdc42 also seem to share some similarities with Rac1-N17 EVL 

transformed cells (fig. 3.29, Georgiou et al., 2008). Similar to Rac1-N17 phenotype, these cells 

presented smaller apical surface with apparent higher total levels of actin, adhesion and polarity 

marker but it height was not analyzed.It will be interesting to check if these clones also show a 

similar columnar cell shape transformation to that of Rac1-N17 in zebrafish. Importantly, cells 

of the notum are at the developmental stage analyzed not expanding as the EVL does. So it  is 

possible that the role of these RhoGTPases in an epithelia at equilibrium is different to that in 

an epithelia that  is passively  changing is shape. Specific RhoGTPases could have different roles 

in regard to cell shape changes in different situations. Indeed, opposite to our phenotype, Rac 

activity has been show to promote adherent junctions assembly  in different cell types. While in 

other systems seems to down-regulate E-cadherin and control apical area size and elongation 

(Pirraglia et al., 2013).
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Figure 3.29-AVE Rac1 deficiency phenotype
a,b) Schematic representation of the anterior visceral endoderm (AVE, green cells) relocation during mouse 
embryogenesis. c,d) Confocal section of a wildtype and Rac1 null mutant mouse, respectively.  AVE cells are 
marked in green (Hex-GFP transgene). e,ei) Confocal section of a wildtype and VE-Rac1-depeletd embryos, 
respectively at stage e6.5. f,fi) Confocal section of a wildtype and VE-Rac1-depeletd embryos, respectively at 
stage e7.5. AVE cells with mutant Rac1 function are unable to reach the embryonic/extra-embryonic boundary and 
do not acquire a flat shape. Adapted from Migeotte et al., 2010.

Figure 3.30-CDC42 mutant clones phenotype
a,b,c) Cdc42 mutant clones highlighted by red dashed line in the Drosphila pupa notum (~16h after pupariation) 
stained for E-Cadherin, α-catenin and Bazooka. Cdc42 mutant clones present a reduction of its apical area. 
Modified from Georgiou et al., 2008.
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3.7- Potential broader applicability of the HR method
The idea that passive flows are generated in the liquid part of the cells or embryos by the 

viscous coupling to the cortex is not a novel idea. Already in the fifties, cytoplasmic streaming 

in Nitella algae wasproposed to be driven by the activity at the surface (The sliding theory of 

cytoplasmic streaming, Kamiya and Kuroda, 1956; review in, Shimmen, 2007). Some years 

later different hydrodynamics models coupling the cytoplasmic streaming to the cortex were 

explored based on a Newtonian incompressible fluid behavior of the cytoplasm and the 

transmission of forces by  the viscous drag from the cortex (Nothnagel and Webb, 1982). The 

novelty of our method is to be able to extract the out of equilibrium mechanical activity at the 

surface by fitting the observed internal flows without many  other assumptions or constrains. 

The stress profile obtained (deviating for equilibrium) does not depend on the elastic 

characteristic of the cortex, making it an easy and robust method to be able to extract  the 

mechanical properties of a diverse range of morphogenetic events. This was possible by  linking 

the cortex stress disequilibrium to the fluid shear stress. Cytoplasmic/internal flows have been 

observed in a variety of cells and organism (see introductory chapter and Keren et al., 2009; 

Niwayama et al., 2011; Serbus et al., 2005; Sikora, 1981; Sikora et al., 1991; Wolke et al., 2007; 

Yi et al., 2011). Since the cytoplasmic flow observed in the one cell stage C.elegans embryo has 

been successfully simulated using the Navier Stokes equation (Niwayama et al., 2011) and the 

activity at  the cortex controlling this flow is well documented (Cheeks et al., 2004; Hird and 

White, 1993; Mayer et al., 2010) it appear a good candidate to further test the method and try to 

get the changes and characteristics of the mechanical properties at the surface. Recently, cell 

elongation during ventral furrow formation was shown to depend on tissue-scale hydrodynamic 

flows driven by apical constriction (He et al., 2014). An hydrodynamic simulation of the full 

process has also been generated (Pouille and Farge, 2008) making it an appealing candidate. 

Some first attempts for these model were recently carried out in the laboratory. However, none 

of the mentioned candidates have radial symmetry so a 3D PIV measurements would be need to 

apply  the method. Alternative, as the flow happens mainly in one direction, dorso-ventral in the 

ventral furrow formation and anterior-posterior in the C.elegans embryo (see page x of 

introduction), one could assume for simplicity that in the perpendicular direction (Anterior-

Posterior for Drosophila and lateral for C. elegan) the activity  at the cortex that generate this 

flow is similar in all positions. The application of the model to single cells (e.g., oocyte mouse 

embryo or diving cell) is also appealing and should be easier. 
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CONCLUSIONS

1.  Epiboly  involves not only the movement of the EVL, the DCs and the YSL but 

also the flow of the internal yolk granules.

2.  Volume conservation and invariable embryo shape are key aspects to understand 

the relation between the different layers during epiboly.

3.  The equilibrium between the three layers during gastrulation is essential to 

maintain the spherical shape.

4.  Both the active components (cytoskeleton) and the passive ones (fluid) have to 

be taken into account to globally understand epiboly.

5.  An isotropic contraction can generate a directional movement by the different 

mechanical properties of the adjacent elements.

6.  EVL area increase is mediate by cell shape changes.

7.  Interfering with EVL cell shape changes by Rac1 dominant negative does not 

blocks epiboly progression.

8. The EVL does not slide over the YCA but it is passively pulled by it.

9. Yolk membrane removal happens inside the YCA while the membrane in the 

YSD remains stationary until it is reached by the YCA.
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10. Membrane and cortex are coupled together in the YCA and an increase in 

contraction generates membrane folds.

11. Yolk granules flow at low Reynolds numbers during epiboly. 

12. The HR is able to extract the out of equilibrium stress at the surface by fitting 

the passive flow. 

13. A characteristic stress pattern distribution develops at the surface over epiboly, 

being low in the animal pole and high in the vegetal pole. 

14. A stress anisotropy develops in both the EVL marginal cells and the YCA, with 

the EVL having high AV stress and low CC while the YCA having the inverse 

anisotropy (high CC low AV). 

15. An increase of stress in the yolk towards the vegetal pole is observed both with 

laser cut and AFM indentation experiments.

16. The EVL and the vegetal domains of the yolk membrane respond differently to 

an increase of actomyosin contraction in the YCA, being the EVL more 

deformable.

17. Embryo surface tension can be asses by AFM in zebrafish embryos. 

18. The yolk surface indentation response fits with the fluid droplet model.

19. The yolk surface has an elastic solid response at the time and scale analyzed.

20. A mounting technique to measured the surface tension of the zebrafish embryo 

at different position using AFM has been developed.

21. Rab5ab-mediated endocytosis in the yolk is essential for epiboly progression.

22. Rac function is important for DCs epiboly and EVL cell shape changes.
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23. The position of yolk plug closure can varied if the resistance from the EVL to 

deformation is asymmetric.

24. The gal4 binary system is not a useful system to spatially restrict gene 

expression during epiboly. 

25. Thirty  Gal4 lines have been generated with specific restricted expression 

patterns to allow gene expression in the trapped expression pattern.
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5
Materials And Methods

Fish maintenance

Adult fish were maintained at 28’5°C on a light/dark cycle of 14/10 hours. Embryos 

were cultured in E3 medium (5mM NaCl, 0.17mM KCl, 0.33mMCaCl2, 0.33mM 

MgSO4) using standard protocols (Westerfield, 2000).

Zebrafish wildtype strains and transgenic lines

Throughout this project AB and AB x TL x Indian were used as wild-type strains. 

These wild-type lines, as well as the membrane-GFP transgenic line (Tg(β-actin:m-

GFP), Cooper et al., 2005) and the 14xUAS reporter lines [(Tg(14xUAS:EGFP) and 

Tg(14xUAS:Kaede)] were kindly provided by the laboratory  of Lilianna Solnica-

Krezel. The heatshock inducible Gal4 line Tg[hsp70l:Gal4-VP16]vu22 was provided 

by J.S. and B. Appel. The Myosin-GFP transgenic line (Tg (β-actin:MYL9L-GFP), 

Behrndt et al., 2012), the Tg(5xUAS:EGFP) and the Tg(4xUAS:mCherry) were 

provided by  Carl-Philipp Heisenberg laboratory, although the Tg(4xUAS:mCherry) 

was generated by Herwig Baier laboratory.

Embryos staging 

Initially, embryos were staged accordingly to Kimmel et al., 1995. During epiboly, 

embryos were also staged by the percentage of the sphere covered by  the cells at a 

given time-point.

Epiboly stages were calculated by the following equation:

   Epiboly stage =  h
d
×100      (1)

Where, h is the height of the expanding epithelia (namely the EVL advancement in 

relation to the z axis (see fig. 2.32 for main axis diagram) and d the diameter of the 

embryo. In time-lapse movies, we used the EVL leading edge (LE) radius as a 
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landmark to re-calculate the developing stage by  employing the following 

equations:

  Before 50%: epiboly stage = r − r2 − a2

d
×100    (2)

  After 50%: epiboly stage = r + r2 − a2

d
×100    (3)

Where r and d are the radius and diameter of the embryo and a is the radius of the 

EVL edge perimeter. These two equations are equal to equation 1 (see geometrical 

description in annex 6.1 for details and Zwillinger, 2011).

In vitro transcription of capped RNA

Capped RNA was in vitro synthesized using the µMessage Machine kit (Ambion, 

UK). In brief, 5µg of the desired plasmid DNA was linearized after the 

polyadenylation site by digestion with the appropriate restriction enzyme. Digestion 

was carried out for 2 hours or overnight at 37ºC. The linearized DNA was check in 

an agarose gel and purified by PCR purification kit (Qiagen). In vitro transcription 

with SP6/T3 polymerase (µMessage Machine kit) was carried out using the 

manufactured protocol (2-3hours at 37ºC). 1µg of Turbo DNAs (µMessage Machine 

kit) was added to the reaction after the incubation time to eliminate the linearized 

DNA. RNA was precipitated and isolated by phenol/chloroform extraction 

following standard protocol. The quality of the purified RNA was checked in an 

agarose gel and its concentration measured in a nanodrop. All in vitro transcribed 

RNAs were stored at -80ºC until used.

Constructs 

pCS2+ was used as a template vector to clone the different constructs for in vitro 

transcription (Turner and Weintraub, 1994). This vector contains a short 

untranslated regions (UTRs) of the Xenopus globin gene (Xenopus β-Globin 

5‘UTR) that enhances the biological activity of in vitro synthesized RNAs (Krieg 

and Melton, 1984) and a 3’UTR polyadenylation site (SV40). The SP6 promoter is 

used in the pCS2+ vector for in vitro transcription. 

We also employed RN3 as an alternative backbone vector for in vitro transcription 

(Lemaire et al., 1995). This vector contains a T3 promoter instead of the SP6 

promoter and an additional Xenopus globin 3‘UTR together with the globin 5‘UTR. 

MATERIALS AND METHODS 

204



RN3 vector (RN3-EGFP-F) was kindly provided by Erez Raz. We compared the 

efficiency of both backbones vectors by transcribing and injecting the same 

fluorescent construct from each vector (Lifeact-GFP). In vitro transcription from T3 

gave higher concentrations of RNA and the additional 3‘UTR seems to confer more 

stability  to the injected mRNA (stronger fluorescent signal at the same 

concentration). 

A DNA construct encoding for Lifeact-GFP (Riedl et al., 2008) and cloned into 

RN3 was provided by Erez Raz. Actin-GFP construct with human cytoplasmic β-

actin (pEGFP-actin) was purchased from Clontech (BD Biosciences, Clontech) and 

cloned into pCS2. A pCS2 plasmid containing ezrin2 dominant negative mutant 

form (T564A) as well as a plasmid containing a WASP truncation (WASP-CA, aa 

450-505 of Bovine N-Wasp) were provided by  Carl-Philipp Heisenberg with 

permission from its original authors (Rohatgi et  al., 1999). RN-tre was obtained 

from Pier Paolo Di Fiore and cloned into pCS2. The zebrafish wild type, dominant 

negative and constitutively active mutant forms for Rac and Cdc42 (RacWT, Rac-

N17, Cdc42N17 and Cdc42V12) were kindly provided by Erez Raz laboratory and 

subcloned into pCS2. ROCK2b truncation (Marlow et al., 2002) was kindly 

provided by Lilianna Solnica-Krezel laboratory. pCS2-H2B-GFP (Gong et al., 

2004) and EF-GVP-Ulyn-UH2B (Koster and Fraser, 2001) were kindly provided by 

Scott Fraser laboratory.

mRNA and morpholino injection

Both mRNA and morpholinos were injected in the yolk at 1 cell stage for whole 

injection or in the YSL at  512-1000 cell stage for yolk targeting. For mosaic 

injections, mRNAs were injected into the blastodisc at the 2-cell stage.

Morpholinos

All purchased morpholino-oligonucleotides were obtained from Gene Tools 

(Philomath, OR). Morpholinos for Rab5c and rab5ab were a kind gift from Carl-

Philipp Heisenberg laboratory. A list of all morpholinos used with their 

corresponding sequences is provided in at  the end of this chapter. For all 

experiments, a group  of sibling embryos was injected with standard control or 

mismatch morpholinos. In titration experiments we injected the following 
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concentrations of morpholinos: 0.5,2, 5, 7, 8, 9, 10 and 16nl in approximately  30 

embryos for each concentration.

Transgenesis

Transgenic lines were generated following the protocol published by Fisher., et al 

(2006). Briefly, 0,5nl of a solution containing 25ng/µl plasmid DNA together with 

20ng/µl of transposase mRNA were injected into 1 cell stage embryos inside the 

blastodisc. Injection was performed 10 to 15 min after mating when the yolk free 

blastodisc was starting to be form and the blastodisc was accessed by passing the 

injection needle through the yolk (Adi Inbal personal comunication and Fisher et 

al., 2006). Injected embryos were grown to adulthood and screened for the desired 

insertion. pKRT8-EGFP was obtained from Zhiyuan Gong (Gong et al., 2002). The 

2,3kb upstream regulatory  region of krt4 together with the Gal4-VP16 coding 

sequence was subcloned into a vector containing two short arms of the Tol2 

transposition system (KHG, Nagayoshi et al., 2008; Urasaki et al., 2006) to generate 

the plasmid pT2(2,3kb-keratin4:Gal4-VP16-pA). The pT2(600bp-hsp:Gal4-VP16-

pA) was obtained from Herwig Baier laboratory  (Scott et al., 2007). To generated 

the following construct: pT2(1.5hsp:Gal4-VP16-IRES-caax-EGFP-pA) and 

pT2(pkrt4:Gal4VP16-IRES-caax-EGFP-pA) the tol2kit entry and destination 

vectors (Kwan, 2007) and the gateway technology  (Multisite Gateway cloning, 

Invitrogen) were used. The gateway technology is based on site-specific 

recombination and allows modular assembly of different fragments (from entry 

vectors) in a desired backbone vector (destination vector). The Tol2kit (Kwan et al., 

2007) provides a set of entry and destination vectors to easy generate gateway 

modular plasmids for zebrafish transgenesis. We followed the protocol provided by 

the tol2 kit (http://tol2kit.genetics.utah.edu/index.php/Main_Page). 

Heat-shock experiments

Embryos from the cross of Tg[hsp70l:Gal4-VP16]vu22 to Tg (14xUAS:Kaede) fish 

were heat-shocked in a water-bath at 37°C for 20min or 30 min at different stages 

(oblong, sphere, dome and 30% epiboly) and further grown at 28.5ºC until the 

desired stage. 
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UAS embryos selection

To reduce silencing by methylation, Gal4FF mRNA (20pg/embryo) was injected 

into the progeny and those embryos showing stronger expression (less methylated) 

were selected to grow the next generation.

Histochemistry

Primary  antibodies used were the following: rabbit anti-phospho-myosin light  chain 

2, Ser19 (1:50, Cell Signalling); mouse Anti-GFP (1:500 dilution, Cell Signalling); 

β-Catenin, monoclonal mouse (1:1000, C7207, Sigma,), rabbit anti-aPKC (1:200, 

Santa Cruz). As secondary antibodies Alexa 488, 555 and 633-conjugated anti-

mouse or anti-rabbit antibodies (Invitrogen) were used at 1/200 dilution. 

Immunohistochemistry was performed as followed: zebrafish embryos were fixed 

overnight in 4% paraformadehyde at 4°C, washed twice in 1x PBS (pH 7.4) and 

manually  dechorionated. Embryos were permeabilized by washing 4 times in 0.3% 

Triton in PBS (PBT, 10 minutes per wash) followed by 2 hours incubation in 

blocking solution (1% bovine serum albumin in PBT) at room temperature. 

Embryos were incubated with primary antibodies diluted in blocking solution 

overnight at 4°C. After primary  antibodies incubation, embryos were washed 4 

times for 15 minutes in PBT and incubated overnight  at  4°C in blocking solution 

containing secondary antibodies. When phalloidin-TRITC (sigma) and DAPI 

(sigma) were used they  were added in the first wash after the secondary antibody at 

1/1000 dilution from the recommended stock solution (0.5mg/ml and 1mg/ml, 

respectively). Embryos were mounted in 1% or 0.8% agarose dissolved in 1xPBS 

with the same procedure as for time-lapse in vivo analysis (see following section). 

Images were acquired on a Zeiss LSM700 confocal microscope with a 10X/0.3 and 

63X/1.27 oil objectives.

Live Imaging

For confocal and spinning-disc microscopy, embryos were mounted in 0.5% low 

melting agarose (A9045, Sigma) in E3 embryo medium.To visualize the surface of 

the yolk, (Tg (β-actin:m-GFP)) embryos were imaged in a Zeiss LSM700 confocal 

microscope with a 63X/1.4 oil objective. For the YCA actin folds embryos injected 

with Lifeact-GFP at 1 or 512-cell stage were imaged in a Zeiss LSM700 confocal 

microscope with a 63X/1.4 oil objective or in a Zeiss Axiovert  200M inverted 
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microscope (PerkinElmer UltraView ERS) using a 100X/1.4 oil DIC objective. To 

visualize actin and myosin cortical flows, spinning-disc images were captured from 

embryos injected with Lifeact-GFP at 1 or 512 cell-stage or from myosin tagged 

transgenic embryos [Tg (β-actin:MYL9LGFP)]. Images were taken on either an 

Olympus X81 inverted microscope (Andor Technologies), using a 40X/0.60 dry 

objective or a Zeiss Axiovert 200M inverted microscope (PerkinElmer UltraView 

ERS) using a 100X/1.4 oil DIC objective. To simultaneously label the YCA cortical 

actin and the membrane, Lifeact-GFP mRNA was injected at 1-cell stage embryos 

and embryos were incubated in lectin-TRITC (Sigma L1261) for 5 minutes at the 

desired stage.

Endocytic vesicles labeling

Dextran and lectin internalization were monitored from dechorionated embryos 

previously  incubated in 0.05% 10000MW Rhodamine B-Dextran (Life 

Technologies) for 10 minutes or 100µg/ml lectin-TRITC (Sigma L1261) for 5 

minutes at the sphere stage, both diluted in E3 embryo medium. Fluorescent lectin 

was from Helix pomatia (Fink and Cooper, 1996), which binds N-acetyl-D-

galactosamine and N-acetyl-D-glucosamine residues of glycoproteins and 

glycolipids on the cell surface. After treatment embryos were rinsed in E3 medium, 

mounted in 0.5% low melting agarose and imaged in a Zeiss LSM700 confocal 

microscope with a 40X/1.3 oil immersion objective. A stack of 20µm, 0.39µm step 

size, was acquired every 4 minutes.

Photobleaching 

Selected ROIs in lectin-TRITC soaked embryos (see previous section for lectin 

soaking details) were photobleached using 100% power of a 555 nm laser with 100 

iterations (in the YSL at 150µm from the EVL margin) in embryos at 40% epiboly. 

A Zeiss LSM700 confocal microscope with a 40X/1.3 oil immersion objective was 

used. Images stacks of 20µm with 0.39µm step size, were acquired every 30 

seconds.

Two-photon microscopy

Sagittal sections (350µm depth from the yolk membrane surface) were collected 

from membrane-GFP tagged transgenic embryos [Tg (β-actin:m-GFP] using a 

Leica SP5 two-photon microscope equipped with a mode-locked near-infrared 
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MAITAI Laser (Spectra-Physics) tuned at 900nm, with non-descanned detectors 

and with a 25X/0.95 water-dipping objective. Images were scanned at 200Hz and 

frames were averaged three times. Stacks of 30µm, 10µm step-size, were acquired 

every 2 minutes.

Dissecting scope images 

Whole embryo images were collected from non-dechorionated animals aligned in a  

1.2% agarose mold and covered by E3 medium. Images were acquired  every 5 

minutes with an Olympus MVX10 Macroscope (4X magnification). 

Whole-mount in situ hybridization.

Total RNA was isolated from 24 hpf embryos using Trizol (Invitrogen). A reverse 

transcription reaction with SuperScript II RNase H-reverse transcriptase 

(Invitrogen) was then performed to generate cDNAs following the manufacturer’s 

instructions. Specific probes for each gene were generated from these cDNAs by 

PCR( a list of primers is provided below). PCR fragments were cloned in pGEM T-

easy vector (Promega). Digoxigenin-labeled anti-sense RNAprobes were 

synthesized by  digestion of the recombinant pGEM T-easy clones, followed by 

transcription with a T7 RNA Polymerase (Roche). Whole mount in situ 

hybridizations were carried out as described in Albalat  et al., 2010. Embryos were 

observed in an OLYMPUS MVX10 macroscope and images were taken with the 

CellD software from OLYMPUS.

Cryostat sections

Whole-mount in situ hybridized embryos were dehydrated in 10% sucrose solution 

in 1x PBS (overnight at 4ºC) followed by 20% sucrose in 1xPBS for 3 hours at 4ºC. 

Embryos were embedded in OCT medium and sectioned with a Leica cryostat (CM

1900). Cryosections were mounted on slides and images were taken in an upright 

epifluorescence microscope (Nikon E1000).

Electron microscopy (EM)

Embryos were dechorionated manually and fixed overnight at 4ºC with 2% PFA, 

2.5% glutaraldehyde in PBS. They  were post fixed in 1% osmium tetroxide with 

0.08% potassium ferrocyanide, gradually dehydrated through an acetone series, 

infiltrated in EPON resin overnight  and polymerized for 48 h at 60°C. Ultrathin 

sections (70nm thick) were cut on an ultra microtome (Ultracut UC6, Leica 
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microsystems, Vienna). Images were acquired in a JEOL 1010 electron microscope 

at 80 kV equipped with a Megaview III CCD camera. 

Rheology of the yolk measured with particle tracking.

The viscoelastic behavior of the yolk was assessed by recording thermal 

fluctuations of fluorescent nanoparticles (radius a = 100 nm, FluoSpheres F8811, 

Life Technologies) microinjected into the yolk. Two hours after microinjection, the 

embryos were placed on the stage of a confocal inverted microscope and images of 

nanoparticles were recorded for 26 s at a sampling rate of 25 Hz. The position of the 

centroid of the particles and the trajectories of the particles were computed with 

ImageJ software. The two-dimensional mean square displacement (MSD) of each 

particle was computed with custom-made software as

<Δr2 (τ)> = <[x (t + τ) - x (t)]2 + [y (t + τ) - y (t)]2>   

where t is the elapsed time and τ the time lag. In a pure viscous liquid MSD 

increase inversely with viscosity (ν) according to the Stokes-Einstein relationship

<Δr2 (τ)> = 4kB Tτ / 6 πνa  

were T is the absolute temperature. The viscosity of the yolk was computed by 

fitting this equation to the MSD data.

Atomic Force Microscopy

Embryos were manually  dechorionated and mounted for AFM  as follow: small 

holes of approximately twice the embryo size in diameter and half the embryo size 

in depth were made with thin forceps in a 2% agarose layer placed in a 35 mm Petri 

dishes. Embryos were placed in the holes made in the agarose layer and tightly held 

by surrounding them with 0.5 % low melting agarose, leaving the top  half of the 

embryo free of agarose. Embryos were rotated to access the desired region by AFM 

(e.g. YCA or the vegetal pole). 

The cortical tension of the embryos was measured with a custom-build atomic force 

microscope (AFM) attached to an inverted optical microscope (TE2000, Nikon, 

Tokyo, Japan) using a previously described method (Alcaraz et al., 2003). The 

embryos were indented with a spherical polystyrene bead (4.5 µm in diameter) 

attached to a Si3N4 cantilever with a nominal spring constant of 0.01 N/m 

(Novascan, Ames, IA). Force-indentation (F-h) curves were recorded in two 

different regions of the yolk surface. Each region was probed in five different points 
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located at  the centre and the corners of a 10 µm x 10 µm square. (see annex for 

measurement details).

Rheology of the cortex with Atomic Force Microscopy

The	   viscoelastic	   properties	   of	   the	   cortex	   were	  measured	   in	   5	  embryos	   with	  

AFM	   by	   applying	   a	   low	   amplitude	   (100	   nm)	   multifrequency	   oscillation	  

composed	  of	  sinusoidal	  waves	  of	  different	  frequencies	  15.	  An	  effective	  complex	  

modulus	  g*(ƒ)	  was	  computed	  in	  the	  frequency	  domain	  as

g*(f)	  =	  [F(f)	  /	  h(f)]	  -‐i+b

where	  i	  is	  the	  imaginary	  unit	  and	  F(f)	  and	  h(f)	  are	  the	  frequency	  (f)	  spectra	  of	  

force	  and	  indentation,	  respectively.	  The	  term	  b	  is	  the	  correction	  for	  the	  viscous	  

drag	   on	  the	   cantilever	  computed	   from	  oscillations	   applied	  above	  the	   surface.	  

g*(ƒ)	  was	  separated	  into	  real	  and	  imaginary	  parts	  as	  g*(ƒ)	  =	  g’(f)	  +	  ig’’(f).	  g’(f)	  is	  

the	  elastic	  modulus	  and	  is	  a	  measure	  of	  the	  elastic	  energy	  stored	  and	  recovered	  

per	   cycle	   of	   oscillation.	   g’’(f)	   is	   the	   viscous	   modulus	   that	   accounts	   for	   the	  

dissipated	  energy.	  The	  loss	  tangent	  was	  also	  computed	  as	  g’’(f)	  /	  g’(f),	  which	  is	  

an	  index	  of	  the	  solid-‐like	  (<1)	  or	  liquid-‐like	  (>1)	  behavior	  of	  the	  material.

Image analysis

Most image analyses and processing were performed using Fiji (http://pacific.mpi-

cbg.de) and Matlab (Mathworks). To obtain velocity  fields we applied the MatPIV 

software package written by  Johan Kristian Sveen for use with Matlab (Supatto et 

al., 2005). To measure the width of the wrinkled area, surface projections at 

different stages were obtained with Matlab and mean width and standard deviations 

were plotted (Excel, MS Office).

Laser Surgery Experiments and Retraction Analysis

Laser surgery of the actomyosin cortex was performed with a pulsed UV laser (355 

nm, 470 ps per pulse) by inducing plasma-mediated ablation as described before 

(Colombelli et  al., 2009). To compare the cortical tension in the AV and CC 

directions at the YCA at different stages, a 20 µm-laser line containing 50 pulses 

was scanned 5 times at a frequency of 800 Hz, parallel and perpendicular to the 

EVL front, centring the cut  at a distance of about 20 µm, through a 63X/1.2W 

objective lens. Fluorescence imaging was performed through a custom spinning 
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Nipkow disc unit equipped with a 488 nm laser line and a Hamamatsu ORCA CCD 

camera, acquiring at 1.5 frames per second. 

The same type of laser ablation regime (same laser line length, same pulsed UV 

laser settings) was applied to validate the AV surface gradient of tension revealed by 

the regression analysis. This time, only cuts parallel to the EVL were performed at 

0, 10, 20, 40 and 60 µm of the EVL border, and at different epiboly stages (50%, 

60-70% and 80-90% epiboly).

In all cases, to obtain tension values, we followed the accepted assumption that the 

tension present in the actomyosin cortex before the laser cut is proportional to the 

outward velocity  of the immediate recoil (Grill, 2011). Retraction analysis was 

performed as follows: first, from the microscopic video time-lapse recordings of the 

laser cuts, a region of 160 x 160 pixels was cropped and rotated so the cuts were 

centered and positioned horizontally. 160 pixels correspond to the apparent length 

of the original cuts. We then applied the same PIV algorithm (Supatto et al., 2005) 

as for the internal yolk flow to measure displacements from frame to frame. We 

applied interrogation windows of 64 square pixels with ¾ overlap generating a 7 x 7 

grid. From these grids, we averaged the vertical components of the displacement 

vectors of the three upper and lower rows and calculated the retraction speed V 

from their difference.

Quantification and Statistics

Yolk granules kinematics

From the velocity  fields measured by PIV in the medial plane of three sibling 

embryos, we measured the speed at the centre through time with averaging every 10 

frames. We also computed the vorticity of the coarse-grained velocity  field and used 

its maximum absolute value to position the vortex centre.

Kinematics of the membrane

The velocity component along the AV axis obtained from lectin-label embryos was 

averaged from parallel rows and consecutive time points at different stages. To 

compare the different movies, velocities were normalized to the velocity  of the 

margin of the EVL.
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Laser cuts

To compare the cortical tension in the AV and CC directions at the YCA at different 

stages, we calculated the mean recoil velocities for each perpendicular direction in 

each stage and tested the statistical significance of their inequality using the 

Wilcoxon rank sum test. To quantify the AV surface gradient of tension, we 

normalized the recoil velocities at each distance from the EVL margin to the recoil 

velocity  at 20 µm distance and tested the statistical significance of the gradient 

using the Wilcoxon rank sum test. 
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List of morpholinos used

Morpholino 
name Target gene Type Sequence (5’-3’)

Ankfy1e7i7MO ankfy1 S TCTTTGGCTTCTTTCACACACC
GTC

Cdc42-MO Cdc42MO T CAACGACGCACTTGATCGTCTG
CAT

Cdc42like-MO Cdc42like T CCACCACACATTTTATGGTCTG
CAT

Control MO None - CCTCTTACCTCAGTTACAATTTA
TA

Dnm2_5'UTR dnm2 T CATGGTTTCTGGCCGTCTCTCA
GCG

Dnm2ch3 dnm2ch3 T ATTCCTCCATCCCCCGGTTGCC
CAT

Rab5ab
Mismatch MO

rabab T TCCTTCCTCGACCTCTTCGTCC
CAT

Rab5ab MO1 rab5ab T TCGTTGCTCCACCTCTTCCTGC
CAT

Rab5ab MO2 rab5ab T ACCTCTTCCTGCCATGACCCAA
AAC

Rab5ab MO3 rab5ab T GACCCAAAACCCCAATCTCCTG
TAC

Rac1a-MO1 Rac1a T CTGTGTTCGTTTAGCACGCTAT
CCC

Rac1a-MO2 Rac1a & b* T CGACCACACACTTTATGGCCTG
CAT

Rock2b MO1 Rock2b S GCACACACTCACTCACCAGCTG
CAC

Rock2b MO2 Rock2b S CATTGCGGCAGCTCGGTGTCC
TTAA

sDia2 sDia2 S TGTTGTGGTGCACTTACAGATT
TGG

SH3YL1 SH3YL1 S GGTTAGCAGGAATGGGATTATT
CAT
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Morpholino 
name Target gene Type Sequence (5’-3’)

tactr2ch1 tactr2ch1 T CCACTTTTTTGCCCTGGCTGTC
CAT

*Rac1-MO2 has only one nucleotide mispaired with both rac1b annotated genes so 
it should be able to bind both and block their translation. 
Abbreviations: T, translation; S, Splicing.

List of primers used for in situ probes

Gene Primer name Sequence (5’-3’)

myl12.1 myl12.1_3UTR_Fw GGCTAGAGAAATCTTGTGCTGTCC

myl12.1_3UTR_Rev CGTGAACACATGATCCACGAGAGC

myl12.2 myl12.2_3UTR_Fw GAGGCCAAACACTGCTGAAACTAAT
G

myl12.2_3UTR_Rev CCAGAACATCATTCGTTTGACTTCAC
C

myl9a Myl9a_3UTRcommon_
Fw.

CCGCAGAAGTGTTCAGACTGAAACG

Myl9a_3UTRcommon_
Rev

GCTGAAATTACCTTCCATGGGGACC

myl9b myl9b-201_3UTR_Fw CCAGGAGAAAGAGAGTCAGCCGC

myl9b-201_3UTR_Rev GACGTCTAAGAATAGCTCATCAATGC

sh3yl1 SH3YL1_Fw CCTGCTAACCTCAAGTCTGAGGCC

SH3YL1_Rev CGCCATTGAGAATAGCAGAAGCACG

ankfy1 ankfy1_Fw GCGCACAGAGGAGGTGCAGAAAC

ankfy1_Rev GGTCAATGAGAAAGCCATCATTCCC

Rac1 5‘UTR_Rac_Fw GCTAACTTTTCTCCGTCGAGTTTG

5‘UTR_Rac_Rev TGTCCTGCTGTATCCCACAATCC
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6

Annexes

6.1- Geometrical estimation of a spherical cap expansion
In geometry, the increase in surface area of an spherical cap or segment is always 

proportional to the increase in its z axis (see fig. 6.1a for axis diagram, Zwillinger, 

2011). Accordingly, if we divide any sphere in 10 spherical segments of equal 

height (referring to the length in the z axis) they will all have the same surface area 

(shapes A and B in fig. 6.1b and c). In contrast, the relation between the z and fi (φ) 

axis varies with the angle and therefore depends on the position of the spherical 

segment in the sphere. Particularly, near the equator the progression along the φ axis 

will be similar to the one in the z axis (shape 2 in fig. 6.1b and d) while near the 

poles the progression in the φ axis will be bigger than the one in the z axis (shape 3 

in fig.6.1b and d). 

The relation between progression in the z and φ axis is:

    xϕ =
xz .ϕ

1− cosϕ             before the equator  (6.1)

and

    xϕ =
xz .ϕ

1+ cos(π −ϕ )         after the equator (6.2)

Where xφ and xz are the spherical cap length/position in the z and φ axis, 

respectively, and φ is the radial angle.
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The basal radius of an expanding spherical cap is related to the height of the cap 

and the radius of the sphere by Pythagoras's theorem (Zwillinger, 2011):

    r2 = (r − h)2 + a2      (6.3)

Being r the radius of the sphere and h and a the height and radius of the spherical 

cap  (schematic representation in fig. 6.2a). Indeed, most geometrical parameters 

related to an expanding spherical cap, like its perimeter or its surface area (fig. 

6.2b), can be calculated by knowing the height or the basal radius of the cap (h and 

a, respectively, in fig. 6.2a) and the radius of the sphere (r in fig. 6.2a, Zwillinger, 

2011). This mathematical principles can be applied to the process of epiboly  to 

obtain the main geometrical characteristics at each stage (see results section 2.1).

Figure 6.1- Embryo geometrical properties
a) Representation of the main axis of a sphere. b) Spherical segments with the same height (in z) at 
different positions in a sphere. c) Comparison between spherical segment A and B in panel b. 
Although they are at different positions as they have the same height (h) they will always have the 
same surface area (2πrh,  being h the height in the z axis and r the radius of the sphere). d) 
Comparison between spherical segments 1, 2 and 3 of panel b. The 3 segments have the same height 
(in z) however they have different arc lengths (φ axis).
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6.2- PIV
The PIV algorithm used can be found in http://folk.uio.no/jks/matpiv/index2.html. 

The basic principles of a PIV algorithm are shown in fig. 6.3. For further 

information on how we applied the PIV for the HR method see the supplementary 

file named ZebraFishFlowSimulationSuiteDocumentation_v1_0.

Figure 6.2 Spherical cap geometrical properties
a) Spherical cap (red) main parameters, being: h, the spherical cap height (z axis); a, the radius of the 
spherical cap; r, the radius of the sphere and α the angle of the spherical cap margin with the sphere 
center. Bottom part, Pythagoras' theorem (relation between r, h) and main equations to calculate the 
angle (α) and height of the spherical cap. Note that equations change if the spherical cap has passed 
the equator and that the angle is shown in degrees. b) Main parameters of an epithelial expanding 
spherical cap than can be calculated by knowing the cap height or radius and the radius of the 
sphere. Schematic representation (top part) and equations (bottom part).
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6.3- Cortical tension measurements with Atomic Force Microscopy
The vertical displacement of the AFM cantilever (z) was measured with strain 

gauge sensors coupled to the piezo-actuators. The cantilever deflection (d) was 

recorded by a quadrant photodiode using the optical lever method. The slope of a d-

z curve obtained from a bare region of the coverslip  was used to calibrate cantilever 

deflection. The cantilever spring constant (k) was determined by the thermal 

fluctuations method. The force (F) on the cantilever was computed as F = k ·d. In 

each measurement point, five force-displacement (F-z) curves were acquired by 

ramping the cantilever at 1 Hz with a peak-to-peak amplitude of 5 µm (velocity = 

10 µm/s) up to a maximum indentation of~2 µm. The indentation of the sample (h) 

was computed as h = (z – zc) – (d – doff),where zc is the position of the contact point 

and doff is the offset of the photodiode. (Krieg et al., 2008; Lomakina et al., 2004)

Force curves acquired on embryos were interpreted in terms of a liquid-droplet 

model consisting of an elastic cortex with cortical tension Tc enclosing a viscous 

Figure 6.3- Schematic representation of Particle Image Velocimetry (PIV) algorithm 
operations
a) Each frame of a movie 2.is divided in a number of windows of the same size (interrogation 
windows). Windows size  is modified depending on the specimen and signal traced. b) For each 
window the algorithm compares consecutive time-points and it moves one respect to the other based 
on cross-correlation techniques (from particles or signal inside each window) to get a displacement 
vector (black arrow). c) From the displacement vector based on the windows size and the time 
between frames the velocity is calculated. d) The information of all the vector for each time steps is 
the velocity field.
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liquid.Assuming a small indentation compared to the size of the embryo, force 

increases proportionally with indentation  as

F = 4π Tc [(Rb / Re) +1)] h 

Where Rb is the radius of the bead and Re is the radius of the embryo. Since the 

radius of the embryos as estimated by  microscopy images (∼ 400 µm) is two orders 

of magnitude larger than that of the bead (2.25 µm), this equation can be 

approximated as

F = 4π Tc h

Tc was computed for each F-h curve by non-linear least-squares fitting (Matlab, 

MathWorks). For statistical analysis, the cortical tension in each embryo region was 

taken as the average value of Tc computed from the F-h curves recorded at the five 

different measurement points. 

The liquid-droplet model has been previously introduced (Ishihara and Sugimura, 

2012) and has been employed to estimate cortical tension of leucocytes by 

micropipette aspiration. This model has been extended to spherical cells indented 

with a microbead by  means of micropipettes (Lomakina et al., 2004), and more 

recently  applied to compute the cortical tension of spherical progenitor cells from 

gastrulating zebrafish embryos indented with spherical AFM tips 5 µm in diameter 

(Krieg et al., 2008).

Here we adapted this AFM technique to measure Tc of zebrafish whole embryos. 

Although the liquid-droplet model equation assumes small sample deformations, as 

previously  reported (Krieg et al., 2008), we found a proportional F-h relationship up 

to indentations close to the radius of the microbead. Taking into account the linear 

behavior of the force curves and the sensitivity  of parameter estimation, we fitted 

the liquid-droplet model to the whole indentation range of our measurements to 

obtain a robust estimation of Tc. The force-indentation curves recorded in each of 

the two regions exhibited a proportional relationship (Fig. 2.40), supporting the 

liquid-droplet model. The model fitted all the data very well (R2 > 0.999). To 

evaluate the dependence of Tc on the velocity of the cantilever, two additional sets 

of five F-h curves were acquired at 3 µm/s and 30 µm/s in the last measurement 

point. Although Tc increased by 13 % (p < 0.01, t-test) when the cantilever velocity 

was reduced from 10 µm/s to 3 µm/s, no significant change was observed from 10 
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µm/s to 30 µm/s. This weak dependence of Tc on cantilever velocity  provides 

further support  to the interpretation of this parameter computed by AFM as the 

cortical tension in the embryo. 

6.4- Reynolds number calculation
The Reynolds number is a non-dimensional unit  that makes reference to the 

behavior of the fluid. It serves to distinguish laminar flows (Re < 2000) and 

turbulent flows (Re>4000). When the Reynolds Number is smaller than 1, viscous 

force dominate over inertia, and we talk about a low reynolds number regime where 

inertia is negligible (Purcell, 1976). The Reynold’s number can be calculated from 

the equation:

    Re =
ρVL
µ

= inertial forces
viscous forces

            (6.6)

Where ρ is the density, v the mean velocity, µ the dynamic viscosity  and L the size 

of the embryo.

In zebrafish the yolk density is of around 1.074 g/cm3 that is 1.074.103kg/m3 

(Fujimura et al., 2007). The velocity of the yolk granules of around 200 µm/hour = 

that is 5’5.10-8m/s, and the size of the embryo of around 700µm in diameter 

(7.10-4m). Replacing these values in the equation, we obtained a Reynolds number  

for the zebrafish yolk of the order of 10-7, being in the low reynolds number regime.   

 Re =
ρVL
µ

= 1'074 ⋅10
3Kg/m3 ⋅5'5 ⋅10−8m/s ⋅7 ⋅10−4m

0'129kg/ms
= 3'2 ⋅10−7       (6.7)

6.5- Rac and Cdc42 ensembl genes ID and proteins alignment

Gene name Ensemble Chromosome

rac1a ENSDARG00000074849 ch.12

rac1b ENSDARG00000087861 ch.3

rac1b ENSDARG00000087954 ch.3

rac2 ENSDARG00000038010 ch.3

rac3a ENSDARG00000090062 ch.3
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Gene name Ensemble Chromosome

rac3b ENSDARG00000020795 ch.12

RAC1 (1 of 8) ENSDARG00000013203 ch.1

RAC1 (8 of 8) ENSDARG00000096666 ch.1

rac1like ENSDARG00000054649 ch.1

RAC1 (6 of 8) ENSDARG00000094613 ch.1

RAC1 (7 of 8) ENSDARG00000096549 ch.1

cdc42 ENSDARG00000044573 ch.11

CDC42 (4 of 4) ENSDARG00000086249 ch.8

cdc42like ENSDARG00000040158 ch.16

cdc42like2 ENSDARG00000057869 ch.23
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Zebrafish Rac proteins sequence alignment

Zebrafish cdc42 proteins sequence alignment

MQAIKCVVVGDGAVGKTCLLISYT

TNAFPGEYIPTVFDNYSANVMVDGKPVNLGLWDTAGQEDYDRLRPLSYPQT------------------DVF

LICFSLVSPASFENVRAKWYPEVRHHCPNTPIILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIG

AVKYLECSALTQRGLKTVFDEAIRAVLCPPPVKR----RRRRCLLL

MQAIKCVVVGDGAVGKTCLLISYT

TNAFPGEYIPTVFDNYSANVMVDGKPVNLGLWDTAGQEDYDRLRPLSYPQT------------------DVF

LICFSLVSPASFENVRAKWYPEVRHHCQTTPIILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIG

AVKYLECSALTQRGLKTVFDEAIRAVLCPPPVKK----RKRKCSLL

MQAIKCVVVGDGAVGKTCLLISYT

TNAFPGEYIPTVFDNYSANVMVDGKPVNLGLWDTAGQEDYDRLRPLSYPQT------------------DVF

LICFSLVSPASFENVRAKWYPEVRHHCQTTPIILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIG

AVKYLECSALTQRGLKTVFDEAIRAVLCPPPVKK----RKRKCSLL

MQAIKCVVVGDGAVGKTCLLISYT

TNAFPGEYIPTVFDNYSANVMVDSKPVNLGLWDTAGQEDYDRLRPLSYPQT------------------DVF

LICFSLVSPASFENVRAKWYPEVRHHCPSTPIILVGTKLDLRDEKETIEKLKEKKLAPITYPQGLALAKEID

AVKYLECSALTQRGLKTVFDEAIRAVLCPQPTKIRHCKKEKGTRGINWFSPINQHNMQLPYESFSSIFS

MQAIKCVVVGDGAVGKTCLLISYT

TNAFPGEYIPTVFDNYSANVMVDSKPVNLGLWDTAGQEDYDRLRPLSYPQT------------------DVF

LICFSLVSPASFENVRAKWYPEVRHHCPSTPIILVGTKLDLRDEKETIEKLKEKKLAPITYPQGLALAKEID

AVKYLECSALTQRGLKTVFDEAIRAVLCPQPTKV----KKKGCVML

MQAIKCVVVGDGAVGKTCLLISYT

TNAFPGEYIPTVFDNYSANVMVDGKPVNLGLWDTAGQEDYDRLRPLSYPQT------------------DVF

LICFSLVSPASFENVRAKWYPEVRHHCPNTPIILVGTKLDLRDDKDTIERLRDKKLAPITYPQGLAMAREIG

AVKYLECSALTQRGLKTVFDEAIRAVLCPPPVKK----RGKKCTVF

MQAIKCVVVGDGAVGKTCLLISYT

TNAFPGEYIPTVFDNYSANVMVDGKPVNLGLWDTAGQEDYDRLRPLSYPQT------------------DVF

LICFSLVSPASFENVRAKWYPEVRHHCPNTPIILVGTKLDLRDDKDTIERLRDKKLSPITYPQGLAMAREIG

AVKYLECSALTQRGLKTVFDEAIRAVLCPPPVKK----RGKRCTLF

MQAIKCVVVGDGAVGKTCLLISYT

TNAFPGEYIPTVFDNYSANVMVDGKPVNLGLWDTAGQEDYDRLRPLSYPQT------------------DVF

LICFSLVSPASFENVRAKWYPEVRHHCPNTPIILVGTKLDLRDDKDTIERLRDKKLSPITYPQGLAMAREIG

AVKYLECSALTQRGLKTVFDEAIRAVLCPPPVKK----RGKRCTLF

MQNIKCVVVGDAAVEKTALLFSYT

TGKCQDGYVPTVFDKLSVDLVVDGNAVALGLWDTAGQEDYTILRPLSYPNT------------------DVF

LVCFSCVGPQSFENVSEKWLPEVRHHCPNTPIVLVGTKLDLKNDKETIEHLKEKKQTPISFHRGLAKAEEIG

AVKYLECSAKTLKGVKTVFDEAIRAVLNPQEENI----RKRKCLIS

MQNIKCVVVGDAAVEKTALLFSYT

TGKCQDGYVPTVFDKLSVDLVVDGNAVALGLWDTAGQEDYTILRPLSYPNT------------------DVF

LVCFSCVGPQSFENVSEKWLPEVRHHCPNTPIVLVGTKLDLKNDKETIEHLKEKKQTPISFHRGLAKAEEIG

AVKYLECSAKTLKGVKTVFDEAIRAVLNPQEENI----RKRKCLIS

MQHIKCVLVGDVAADKTKLLNSYT

IGKCLNDYNHTVFHNYAATVMVNGDPVTVGLFDTAGQEDYVKLRSLSYFDM------------------DVF

LICFSLVDPQSFENVSGKWFPEVKHHCPNTPIILVGTQLDLKNDTETIKKLKEKKQTPVTFHRGLATAEKIG

AVKYVECSAETLTGVKTLFDEAVCAVLVN-ELKM-----KSKCLIS

XCVLVGDAAVEKTALLFSYT

TGKCQDGYVPTVFDKLSVDLVVDGNPVALGLWDTAGQEDYTILRPLSYPNT------------------DVF

LVCFSCVGPQSFENVSEKWLPEVRHHCPNTPIVLVGTKLDLKNDKETIEHLKEKKQTPISFHRGLAKAEEIG

AVKYLECSAKTLKGVKTVFDEAIRAVLNPQEENI----RKRKCLIS

CVLVGDAAVEKTALLFSYT

TGKCQDGYVPTVFDKLSVDLVVDGNPVALGLWDTAGQEDYTILRPLSYPNT------------------DVF

LVCFSCVGPQSFENVSEKWLPEVRHHCPNTPIVLVGTKLDLKNDKETIEHLKEKKQTPISFHRGLAKAEEIG

AVKYLECSAKTLKGVKTVFDEAIRAVLNPQEENI----RKRKCLIS

FDNYSANVMVDGKPVNLGLWDTAGQEDYDRLRPLSYPQT------------------DVF

LICFSLVSPASFENVRAKWYPEVRHHCQTTPIILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIG

AVKYLECSALTQRGLKTVFDEAIRAVLCPPPVKK----RKRKCSLL

FDNYSANVMVDGKPVNLGLWDTAGQEDYDRLRPLSYPQTTVGMRYTVTSKNKVSSCFDVF

LICFSLVSPASFENVRAKWYPEVRHHCQTTPIILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIG

AVKYLECSALTQRGLKTVFDEAIRAVLCPPPVKK----RKRKCSLL

SQFTSLSNLRLFPAPHLFVLLNYGDLLFQSELLLLSCLVKMSIGSGLSFRHVKCVLVGDAAAAQVKLLISYY

TAQCPNAYDPTVLDYFSLNIVVDGNPVILDLFDTVGPEDYNRLRPLLYSNT------------------DVF

LICFSLVDSESFENVSGKWLPEVRHHCPNTPIILVGTKLELKVDIDTTEKLKENNQTPITFHQGLAKAEEIG

AVKYVECSAETLTGVNTVFEEAVRAVLEQKP
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H R W P P V W Y L K E E D H Y Q R A R K E R E K E D Y L Y Q K R Q C K R K W L

F W N L P S S P S S P S S P G S S A V I

1 10 20 30

40 50 60 70

80 90 100 110

120 130 140 150

160 170 180 190

200 210 216

1. cdc42

1. cdc42

1. cdc42

1. cdc42

1. cdc42

1. cdc42

2. cdc42l

2. cdc42l

2. cdc42l

2. cdc42l

2. cdc42l

2. cdc42l

3. cdc42l2

3. cdc42l2

3. cdc42l2

3. cdc42l2

3. cdc42l2

3. cdc42l2

4. Hscdc42

4. Hscdc42

4. Hscdc42

4. Hscdc42

4. Hscdc42

4. Hscdc42

5. CDC42 (4of4)

5. CDC42 (4of4)

5. CDC42 (4of4)

5. CDC42 (4of4)

5. CDC42 (4of4)

5. CDC42 (4of4)
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6.6- Genes with annotated restricted expression 
a) In the YSL

Apolipoproteins apoa1a

apoa2

apoa4b.1

apoa4b.2

apobb.1

apoeb

solute carrier family slc3a2a

slc3a2b

slc6a19b

slc7a6

slc15a4

slc26a1

slc31a1

slc35f6

slc38a7

slc39a1

slc40a1

slc43a2b

Endocytosis related fcho2 FCH domain only 2

sh3yl1 SH3 and SYLF domain containing 1

lamp2 Lysosomal-associated membrane protein 2

Microtubule related mical2b
Microtubule associated monooxygenase, 
calponin and LIM domain containing 2b

micall2a mical-like 2a

camsap2a
calmodulin regulated spectrin-associated 
protein family, member 2a

signaling lmo4b LIM domain only 4b

bmp2b bone morphogenetic protein 2b
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http://zfin.org/ZDB-GENE-990415-14
http://zfin.org/ZDB-GENE-990415-14
http://zfin.org/ZDB-GENE-030131-1046
http://zfin.org/ZDB-GENE-030131-1046
http://zfin.org/ZDB-GENE-030131-1263
http://zfin.org/ZDB-GENE-030131-1263
http://zfin.org/ZDB-GENE-030131-3143
http://zfin.org/ZDB-GENE-030131-3143
http://zfin.org/ZDB-GENE-030131-9732
http://zfin.org/ZDB-GENE-030131-9732
http://zfin.org/ZDB-GENE-980526-368
http://zfin.org/ZDB-GENE-980526-368
http://zfin.org/ZDB-GENE-000831-3
http://zfin.org/ZDB-GENE-000831-3
http://zfin.org/ZDB-GENE-040122-2
http://zfin.org/ZDB-GENE-040122-2
http://zfin.org/ZDB-GENE-030131-4755
http://zfin.org/ZDB-GENE-030131-4755
http://zfin.org/ZDB-GENE-000607-21
http://zfin.org/ZDB-GENE-000607-21
http://zfin.org/ZDB-GENE-040426-1047
http://zfin.org/ZDB-GENE-040426-1047
http://zfin.org/ZDB-GENE-070112-2182
http://zfin.org/ZDB-GENE-070112-2182
http://zfin.org/ZDB-GENE-040415-3
http://zfin.org/ZDB-GENE-040415-3
http://zfin.org/ZDB-GENE-040718-297
http://zfin.org/ZDB-GENE-040718-297
http://zfin.org/ZDB-GENE-040801-266
http://zfin.org/ZDB-GENE-040801-266
http://zfin.org/ZDB-GENE-030131-9917
http://zfin.org/ZDB-GENE-030131-9917
http://zfin.org/ZDB-GENE-000511-8
http://zfin.org/ZDB-GENE-000511-8
http://zfin.org/ZDB-GENE-041212-6
http://zfin.org/ZDB-GENE-041212-6
http://zfin.org/ZDB-GENE-050522-228
http://zfin.org/ZDB-GENE-050522-228
http://zfin.org/ZDB-GENE-040128-16
http://zfin.org/ZDB-GENE-040128-16
http://zfin.org/ZDB-GENE-030729-9
http://zfin.org/ZDB-GENE-030729-9
http://zfin.org/ZDB-GENE-061207-15
http://zfin.org/ZDB-GENE-061207-15
http://zfin.org/ZDB-GENE-030131-5409
http://zfin.org/ZDB-GENE-030131-5409
http://zfin.org/ZDB-GENE-030131-3016
http://zfin.org/ZDB-GENE-030131-3016
http://zfin.org/ZDB-GENE-030131-3570
http://zfin.org/ZDB-GENE-030131-3570
http://zfin.org/ZDB-GENE-980526-474
http://zfin.org/ZDB-GENE-980526-474


gata5 GATA binding protein 5

gata6 GATA binding protein 6

dusp1 dual specificity phosphatase 1

dusp6 dual specificity phosphatase 6

mxtx2 mix-type homeobox gene 2

hnf1ba HNF1 homeobox Ba

hnf4a hepatocyte nuclear factor 4, alpha

hnf4b hepatic nuclear factor 4, beta

bcl2l10 BCL2-like 10 (apoptosis facilitator)

b) In the EVL

Cytoskeleton related Keratins krt4

krt5

krt8

krt17

krt18

Others pfn1 profilin 1

cfl1l cofilin 1l

myo5b

Adhesion related claudins cldn7b

cldnb

cldne

cldnf

Others epcam epithelial cell adhesion molecule

Membrane related annexins anxa1c

anxa2a

anxa11a

ECM laminins lama5 laminin, alpha 5
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http://zfin.org/ZDB-GENE-980526-340
http://zfin.org/ZDB-GENE-980526-340
http://zfin.org/ZDB-GENE-000622-1
http://zfin.org/ZDB-GENE-000622-1
http://zfin.org/ZDB-GENE-040426-2018
http://zfin.org/ZDB-GENE-040426-2018
http://zfin.org/ZDB-GENE-030613-1
http://zfin.org/ZDB-GENE-030613-1
http://zfin.org/ZDB-GENE-000710-6
http://zfin.org/ZDB-GENE-000710-6
http://zfin.org/ZDB-GENE-020104-1
http://zfin.org/ZDB-GENE-020104-1
http://zfin.org/ZDB-GENE-030131-1077
http://zfin.org/ZDB-GENE-030131-1077
http://zfin.org/ZDB-GENE-030131-2730
http://zfin.org/ZDB-GENE-030131-2730
http://zfin.org/ZDB-GENE-030825-2
http://zfin.org/ZDB-GENE-030825-2
http://zfin.org/ZDB-GENE-000607-83
http://zfin.org/ZDB-GENE-000607-83
http://zfin.org/ZDB-GENE-991110-23
http://zfin.org/ZDB-GENE-991110-23
http://zfin.org/ZDB-GENE-030411-5
http://zfin.org/ZDB-GENE-030411-5
http://zfin.org/ZDB-GENE-060503-86
http://zfin.org/ZDB-GENE-060503-86
http://zfin.org/ZDB-GENE-030411-6
http://zfin.org/ZDB-GENE-030411-6
http://zfin.org/ZDB-GENE-031002-33
http://zfin.org/ZDB-GENE-031002-33
http://zfin.org/ZDB-GENE-040426-2770
http://zfin.org/ZDB-GENE-040426-2770
http://zfin.org/ZDB-GENE-031219-7
http://zfin.org/ZDB-GENE-031219-7
http://zfin.org/ZDB-GENE-001103-5
http://zfin.org/ZDB-GENE-001103-5
http://zfin.org/ZDB-GENE-010328-2
http://zfin.org/ZDB-GENE-010328-2
http://zfin.org/ZDB-GENE-010328-5
http://zfin.org/ZDB-GENE-010328-5
http://zfin.org/ZDB-GENE-010328-6
http://zfin.org/ZDB-GENE-010328-6
http://zfin.org/ZDB-GENE-040426-2209
http://zfin.org/ZDB-GENE-040426-2209
http://zfin.org/ZDB-GENE-030131-5274
http://zfin.org/ZDB-GENE-030131-5274
http://zfin.org/ZDB-GENE-030131-4282
http://zfin.org/ZDB-GENE-030131-4282
http://zfin.org/ZDB-GENE-030707-4
http://zfin.org/ZDB-GENE-030707-4
http://zfin.org/ZDB-GENE-030131-9823
http://zfin.org/ZDB-GENE-030131-9823


6.7- Table of enhancer trap lines
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*Full size images and description can be view in the supplementary file S5 Table_ET.
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