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Summary 

Understanding the robust control mechanisms that steer the development of a single cell 

into a complex organism remains one of the most central challenges in developmental 

biology. A crucial factor for the coordination of cell fates in the developing embryo is the 

intercellular communication mediated by different signaling pathways and their respective 

activity levels. The complex interplay of these pathways successively determines distinct 

cell fates. However, the mechanisms that control signal dispersal in the embryo are not 

fully understood. 

In vertebrates, the Nodal signaling pathway is crucial for mediating germ layer patterning. 

The secreted transforming growth factor beta (TGF-β) ligand Nodal activates downstream 

transcriptional regulation by recruiting a receptor complex comprised of Type I and Type 

II Activin receptors and an EGF-CFC co-receptor. Previous studies in human, mouse, 

Xenopus and zebrafish have identified several of these receptors that mediate Nodal 

signaling. While in mouse several Nodal receptor mutants show severe developmental 

defects, in zebrafish only mutants of the co-receptor one-eyed pinhead (oep) recapitulate 

a Nodal loss-of-function phenotype. Here, I systematically identified and characterized 

three Type I and four Type II Activin receptor homologs in zebrafish. Temporal and spatial 

expression analysis demonstrated that, except for the Type I receptor acvr1c, all 

investigated putative Nodal receptors are maternally deposited and continuously 

expressed during germ layer patterning. To assess the role of the putative Nodal 

receptors during germ layer patterning in zebrafish, I generated receptor mutants and 

used them in a combinatorial knockdown assay with receptor targeting morpholinos. 

Using this approach, I could show that the two Type I receptors acvr1b-a and acvr1b-b 

redundantly mediate early Nodal signaling in zebrafish. 

Measurements in zebrafish suggest that the secreted Nodal ligands have a lower 

diffusivity and a shorter range than their long-range antagonist Lefty. Both, Nodal and 

Lefty belong to the TGF-β superfamily and are similar in size and structure. Interaction of 

Nodal with extracellular binding partners, so called diffusion regulators, has been 

proposed to explain their different mobility. To elucidate whether the Nodal receptors can 

function as such diffusion regulators, I used quantitative approaches to analyze their 

effect on Nodal distribution and diffusion. My results show that range and shape of the 

Nodal distribution gradient can be influenced by receptor and co-receptor levels. These 

findings highlight the potential of Nodal-receptor interaction as a mechanism for restricting 

Nodal dispersal during germ layer patterning. 

In summary, my thesis contributes to a more detailed understanding of the role of Nodal 

receptors during early germ layer patterning in zebrafish. My findings emphasize the 

importance of receptor redundancy in zebrafish and reinforce the ability of receptors to 

influence signal propagation in ways that go beyond signal transduction.  
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Zusammenfassung 

Eine der zentralsten Herausforderungen der Entwicklungsbiologie ist die Frage, wie die 

Entwicklung einer einzigen Zelle zu einem komplexen Organismus robust gesteuert wird. 

Für die Koordination der Zelldifferenzierung im sich entwickelnden Embryo ist die 

interzelluläre Kommunikation, die durch verschiedene Signalwege und deren jeweilige 

Aktivitätsniveaus vermittelt wird, essenziell. Die Mechanismen, die die Signalverteilung 

im Embryo steuern, sind jedoch noch nicht vollständig verstanden. 

Bei Wirbeltieren ist der Nodal Signalweg entscheidend für die Vermittlung der 

Keimblattentwicklung. Der sezernierte Transforming growth factor beta (TGF-β) Ligand 

Nodal rekrutiert zur Signaltransduktion einen Rezeptorkomplex aus Typ I und Typ II 

Aktivinrezeptoren und einem EGF-CFC Korezeptor. Obwohl Rezeptormutanten in der 

Maus schwere Entwicklungsstörungen aufweisen, zeigt im Zebrafisch nur die Mutante 

des Korezeptors one-eyed pinhead (oep) einen Nodal Knockout Phänotyp. In dieser 

Arbeit identifiziere und charakterisiere Ich systematisch drei Typ I und vier Typ II 

Aktivinrezeptor-Homologe in Zebrafisch. Die zeitliche und räumliche 

Expressions-analyse zeigt, dass alle untersuchten mutmaßlichen Nodal-Rezeptoren, mit 

Ausnahme des Typ I Rezeptors acvr1c, maternal vorhanden und während der Keimblatt-

entwicklung weiter exprimiert sind. Zusätzlich habe ich mehrere Rezeptormutanten 

generiert und sie mit Morpholinos in einem kombinierten Rezeptorknockdown-Assay 

verwendet, um die Rolle der mutmaßlichen Nodal-Rezeptoren während der 

Keimblattentwicklung zu bewerten. Hierdurch konnte ich zeigen, dass im Zebrafisch die 

beiden Typ I Rezeptoren acvr1b-a und acvr1b-b redundant Nodal Signal vermitteln. 

Messungen in Zebrafisch haben gezeigt, dass sekretiertes Nodal eine geringere 

Diffusionsfähigkeit und eine kürzere Reichweite aufweist als sein Antagonist Lefty. Nodal 

und Lefty gehören beide zur TGF-β Superfamilie und besitzen ein ähnliches 

Molekulargewicht. Man vermutet, dass ihre unterschiedliche Mobilität durch die 

Interaktion von Nodal mit extrazellulären Bindungspartnern zustande kommt. Um zu 

untersuchen, ob Nodal-Rezeptoren als Diffusionsregulatoren fungieren können, habe ich 

den Verteilungsgradienten und die Diffusion von Nodal unter manipulierten Rezeptor 

Dosis quantifiziert. Meine Ergebnisse zeigen, dass die Menge an vorhandenem Rezeptor 

und Co-Rezeptor die Reichweite und Form des Nodal-Gradienten beeinflussen können. 

Dies unterstreicht das Potenzial der Nodal-Rezeptor-Interaktion zur Steuerung der Nodal 

Ausbreitung im Embryo während der Keimblattdifferenzierung. 

Zusammenfassend trägt meine Arbeit zu einem detaillierteren Verständnis der Rolle von 

Nodal-Rezeptoren während der frühen Keimblatt Differenzierung im Zebrafisch bei. 

Meine Ergebnisse betonen die Rolle von Rezeptorredundanz im Zebrafisch und machen 

deutlich, dass Rezeptoren die Ausbreitung von Entwicklungssignalen auf eine Weise 

beeinflussen können, die über die reine Signalübertragung hinausgeht.  
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2. Introduction 

2.1 Historical perspective on embryonic development 

During development, cells differentiate into specialized cell types and organize into 

intricate tissues that form functional organs and make up whole organisms. 

Understanding how complex multicellular organisms develop from a single cell has been 

a major question in the field of developmental biology for centuries. Already in ancient 

Greece, philosophers like Hippocrates and Aristotle studied animal embryogenesis. 

Aristotle’s observations of chicken embryo development gave rise to his theory of 

epigenesis, the formation of plants and animals from a seed, spore or egg following 

hierarchical steps of differentiation (Horder 2010). This theory persisted throughout 

antiquity and the Middle Ages. Observations that were made possible by the invention of 

microscopy in the 17th century led to the formulation of the preformationist theory of 

development. Antoni van Leeuwenhoek, one of the first microscopists to observe 

spermatozoa, described seeing vessels resembling nerves, arteries, and veins in the 

spermatozoa. This led to the idea that the embryo grows from miniature humans, so called 

homunculi, which are already present in the father’s semen. Although preformism became 

the dominant theory for almost 200 years, detailed embryological studies in the 18th 

century by Caspar Friedrich Wolf and the investigation of successive leaf development in 

flowering plants by Johann Wolfgang von Goethe reintroduced epigenesis as a theory of 

development. 

While preformism seems to offer a clear explanation for how different cells, organs and 

tissues are formed, this was less well described by the epigenesis theory. At the end of 

the 19th century, August Weismann proposed two theories that had a major impact on 

developmental biology. With his theory of germ plasm, he distinguished between somatic 

cells and germ cells. Only germ cells can pass on hereditary information to the next 

generation, while information acquired by the somatic cells will not be inherited 

(Weismann 1890, 1892). Weismann’s other theory of mosaic development was one of 

the first theories to address early embryonic patterning. He suggested that nuclear 

determinants in the cell are unevenly split between the two daughter cells during division, 
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specifying different cell fates. Experiments by Wilhelm Roux supported this theory. Roux 

ablated one cell in a two-cell stage frog embryo, which resulted in only half an embryo 

being formed during later developmental stages. However, similar experiments by Hans 

Driesch in sea urchin larvae produced conflicting results: Driesch separated embryonic 

cells at the two-cell stage and found that, while often only one cell survived, embryos still 

developed into smaller, but perfectly normal larvae (Driesch 1891). Driesch’s results later 

also were reproduced in frog embryos, showing that the development of sea urchin and 

frog embryos is guided by similar principles. The discrepancy between Roux’s and 

Driesch’s finding was probably due to an inhibitory effect that resulted from the fact that 

Roux ablated one of the first two cells embryo and left the destroyed cell in place 

(McClendon 1910). These experiments gave some of the first compelling examples that 

not only cell-intrinsic factors determine correct embryonic development, but that extrinsic 

regulation also plays a pivotal role during embryogenesis (Morgan 1924). 

Another key discovery for developmental biology was published in 1924 by Hilde Mangold 

and Hans Spemann. Using transplantation experiments in amphibians, they showed that 

specific cells from donor embryos could induce the formation of a secondary axis in host 

embryos (Spemann & Mangold 1924). For these regions, which drive the development of 

the surrounding tissue, they coined the term “organizer”. With the advent of molecular 

biology methods, we now know that these findings also emphasize that the differentiation 

of cells in a developing embryo is highly dependent on cell-cell communication through 

secreted signaling factors. 

At the same time as the experiments by Mangold and Spemann, the theory of 

chromosomal inheritance was established and the term “genes” was designated to 

describe the fundamental physical and functional unit of heredity (Johannsen 1909). One 

of the first theories to accommodate the roles of genes and organizers was suggested by 

Conrad Waddington (Waddington 1940). He proposed that cells and tissues can react to 

an inducing signal, and that, during differentiation, cells undertake several 

path-determining decisions that are genetically controlled. Together, the inducing factors 

and genes determine the epigenetic landscape of cellular differentiation (Waddington 

1957; Slack 2002). With the decryption of DNA in the 1950s and advances in molecular 
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biology, research started to focus on identifying and understanding the impact of 

individual genes on morphological changes during development.  

Developmental biologists also began to consider the mechanisms underlying the 

patterning of the early embryo, and how this patterning is regulated during the major 

changes that happen during early development, such as cell divisions and movement. At 

the beginning of the 20th century, molecular gradients were proposed that span the 

developing tissue and coordinate development (Morgan & Moszkowski 1901; Boveri 

1902). This idea was expanded by Albert Dalcq, who came up with the concept of a 

threshold mechanism by which cells interpret the graded distribution of a material and 

differentiate into different cell fates (Dalcq 1938; Thieffry 2001). The British 

mathematician, computer scientist and theoretical biologist Alan Turing coined the term 

“morphogen” for substances which function as such “form producing” materials in the 

developing tissue (Turing 1952). 

 

2.2 Morphogen-mediated embryonic patterning  

To explain, how a non-uniform distribution of morphogens during morphogenesis arises, 

Alan Turing proposed a mathematical model that describes how a periodic pattern can 

emerge within a field of cells. Turing’s idea was that initially homogeneously distributed 

substances can generate a pattern or structure due to randomly introduced small 

disturbances in the system. He showed that for such a patterning to occur, two or more 

morphogens need to be able to diffuse through the system at different speeds and 

undergo chemical reactions with each other. He therefore provided one of the first 

mechanistic explanations for pattern formation (Turing 1952). Turing’s reaction-diffusion 

model was further developed into an activator-inhibitor reaction-diffusion system by Hans 

Meinhardt and Alfred Gierer in 1972. In their proposed system of two morphogens, which 

has a higher biological relevance than Turing’s original model, one morphogen functions 

as an activator and the other one as an inhibitor. For pattern formation to occur, it is crucial 

that the short-range activator can activate itself as well as the production of its long-range 

inhibitor, fulfilling the rule of local self-activation and lateral inhibition (Gierer & Meinhardt 

1972). 
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In 1969 Lewis Wolpert also worked on differential cell differentiation. To visualize this 

concept, he suggested to think of a field of cells which assume different colors, thereby 

recreating a flag pattern, memorably naming it the “French Flag” problem (Figure 1) 

(Wolpert 1969). By first defining the question, he came up with mechanisms allowing for 

cells to know what color to adopt. In his most famous “gradient” model he introduced the 

concept of positional information. This proposed that cells in a tissue obtain a “positional 

value” relative to one or more points in the embryo. Depending on this value they then 

differentiate into specific cell fates. Cells obtain the positional information by a spatial 

gradient over the tissue and positional information is dependent on different concentration 

thresholds in the spatial gradient (Sharpe 2019).  

To explain the formation of such a spatial gradient, Francis Crick later proposed the 

source-sink model, in which a morphogen is produced by a localized source and spreads 

from there into the surrounding tissue (Crick 1970). Importantly, diffusion needs to be 

coupled with molecular decay or clearance of the morphogen by a “sink”, so that a stable 

gradient forms and the morphogen does not spread uniformly over the whole embryo 

(Kicheva et al. 2007; Lander et al. 2007; Wartlick et al. 2009; Drocco et al. 2011; Rogers 

& Schier 2011). 

 

Figure 1: Positional information model illustrated by the “French Flag” problem. A morphogen is 

produced by a source (green), and from there forms a graded distribution over a field of cells. Cells interpret 

their positional information within the tissue by differentiating into different cell fates (blue, white and red) 

depending on the morphogen concentration exposure above or below different thresholds (Figure based 

on (Rogers & Schier 2011)). 
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One of the first morphogen gradients to be discovered is the Bicoid protein gradient in 

Drosophila melanogaster (Driever & Nüsslein-Volhard 1988a, 1988b). In this case, bicoid 

mRNA is maternally deposited in the anterior tip of the D. melanogaster oocyte and is 

then transcribed during development. It subsequently forms an anterior-posterior gradient 

in the embryo (Driever & Nüsslein-Volhard 1988b; St Johnston et al. 1989). Today, many 

more molecules have been suggested to act as morphogens, for example protein ligands 

like fibroblast growth factor (FGF), sonic hedgehog (SHH), Wnt and the TGF-β factors 

Activin, bone morphogenic protein (BMP) and Nodal, but also small molecules like retinoic 

acid (Wolpert 1989; Nellen et al. 1996; Zecca et al. 1996; Neumann & Cohen 1997; 

Strigini & Cohen 1997; Gurdon et al. 1999; Briscoe et al. 2001; Chen & Schier 2001; 

Müller et al. 2003; Shen 2007; Schier 2009; Umulis et al. 2009; Kam et al. 2012; 

Shimozono et al. 2013; van Boxtel et al. 2015). 

 

2.3 Morphogen propagation in the embryo 

During development, morphogens are generally thought to be produced by a local source 

from where they spread into the surrounding tissue by diffusion. The diffusion of 

morphogen’s resembles a more or less random walk, based on Brownian motion, until 

the morphogens are cleared from the extracellular space, either by decay or cellular 

uptake (Crick 1970; Lander et al. 2007; Rogers & Schier 2011; Müller et al. 2013). The 

activity range of a morphogen strongly depends on its diffusivity and stability. The lower 

a morphogen’s diffusivity and stability are in its environment, the shorter their activity 

range. And, vice versa, the activity range of a morphogen increases with increased 

diffusivity and stability (Rogers & Schier 2011). 

To describe morphogen behavior, several studies have measured the diffusion constants 

of potential morphogens (Gregor et al. 2007; Kicheva et al. 2007; Müller et al. 2012; Wang 

et al. 2016; Pomreinke et al. 2017; Almuedo-Castillo et al. 2018; Mörsdorf 2019). To 

determine the diffusion coefficient of a morphogen, fluorescence correlation spectroscopy 

(FCS) measurements provide a suitable tool (Magde et al. 1972; Magde et al. 1974; 

Schwille et al. 1997; Haustein & Schwille 2007; Müller et al. 2013). FCS assesses the 

mobility of fluorescently tagged molecules in very small volumes, and can determine their 
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unhindered diffusivity, the so-called “free diffusivity”. However, in a complex biological 

environment such as that of a living embryo, propagation over longer distances often 

appears to be much slower than would be expected from the free diffusivity (Müller et al. 

2013; Bläßle et al. 2018). Measurement of this “effective diffusivity” in the tissue context 

is possible through a technique called fluorescent recovery after photobleaching (FRAP) 

(Poo & Cone 1973; Liebman & Entine 1974; Müller et al. 2012; Bläßle et al. 2018). In this 

technique, the fluorescent signal in a region of interest is bleached using a strong laser. 

Then, the subsequent restoration of fluorescent signal in this area is measured, which 

stems from fluorescently tagged molecules from unbleached regions that diffuse into the 

area of interest. The resulting recovery curve can then be used to calculate the effective 

diffusivity. The difference between free and effective diffusivity can arise from several 

factors, such as tortuous movements of the molecule due to the tissue architecture (Müller 

et al. 2013; Bläßle et al. 2018). For example, recombinant GFP has a diffusion coefficient 

of approximately 90 µm2/s in water, but its diffusion coefficient decreases to 

approximately 40 µm2/s in the extracellular space of zebrafish embryos (Müller et al. 

2013; Bläßle et al. 2018). The propagation of a morphogen through a tissue can also be 

hindered by transient interactions with immobilized extracellular binding partners, 

so-called diffusion regulators (Crank 1975; Miura et al. 2009; Müller et al. 2013). Several 

components of the extracellular space have been proposed to play a role in constraining 

and modulating the signaling range of morphogens in a tissue. Likely candidates are 

Heparan sulfate proteoglycans, membrane-bound receptors, and other components of 

the extracellular matrix (Lander et al. 2007; Shorten et al. 2007; Miura et al. 2009; 

Müller et al. 2013; Wang et al. 2016). 

Protein stability can be accessed using the fluorescence decay after photoconversion 

(FDAP) technique (Zhang et al. 2007; Müller et al. 2012; Bläßle & Müller 2015; Rogers et 

al. 2015). In FDAP, the protein of interest is tagged with a photoconvertible fluorescent 

tag, such as Dendra2 (Gurskaya et al. 2006). Dendra2 is a green fluorescent protein, 

which upon exposure to a strong UV light pulse can be photoconverted from green to red 

fluorescence. Changes in the intensity of the red fluorescent signal over time then directly 

correspond with the decay of the photoconverted molecules, without any interference 

from the fluorescence that is emitted by newly produced tagged proteins of interest, which 
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have not been photoconverted. Measurements of the red fluorescent signal can then be 

used to calculate protein half-live and clearance rate (Bläßle & Müller 2015; Rogers et al. 

2015). 

 

2.4 Nodal signaling in zebrafish germ layer patterning 

One of the first and most central steps during vertebrate embryonic development is the 

patterning of the germ layers into endoderm, mesoderm, and ectoderm. The formation of 

mesoderm and endoderm (collectively called mesendoderm) is mediated by the highly 

conserved TGF-β superfamily member Nodal (Shen 2007; Schier 2009; Hill 2017). Upon 

secretion, the Nodal pro-protein is proteolytically cleaved by convertases (Constam 2014; 

Tessadori et al. 2015). Its mature form needs to form heterodimers with the TGF-β ligand 

Vg-1/Dvr1/Gdf3 in the extracellular space for functional Nodal signaling (Bisgrove et al. 

2017; Montague & Schier 2017; Pelliccia et al. 2017). Nodal signaling is mediated through 

a heteromeric complex of Type I and Type II Activin receptors (Wrana et al. 1992). In 

contrast to other members of the TGF-β superfamily, Nodal signaling additionally requires 

the presence of an EGF-CFC co-receptor to activate signaling (Gritsman et al. 1999; Yan 

et al. 1999; Reissmann et al. 2001; Shen 2007; Schier 2009). The assembled receptor 

complex phosphorylates the signal transducer Smad2/3 (pSmad2/3), which then 

associates with Smad4 and subsequently translocates into the nucleus. There, it interacts 

with other transcription factors to induce Nodal target gene expression (Figure 2 A) 

(Dick et al. 2000; Bennett et al. 2007; Ross & Hill 2008; Hata & Chen 2016).  
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Figure 2: Nodal signaling pathway. (A) Upon the formation of a heterodimer with Gdf3, Nodal recruits 

the heteromeric Activin receptor complex consisting of Type I and Type II receptors. The activated receptor 

complex phosphorylates the signal transducer Smad2/3, which translocates into the nucleus after binding 

to Smad4, where it induces target gene expression. Amongst others, Nodal induces its own expression. 

During secretion, the pro-domain of the Nodal protein is cleaved off by convertases. The TGF- β superfamily 

member Lefty antagonizes Nodal signaling and its transcription is also induced by Nodal signaling. (B) 

Comparison of wild type and Nodal loss-of-function phenotype in one day old zebrafish embryos. Loss-of-

function zebrafish mutants for Nodal signaling (here MZoep mutants) exhibit disruption of mesoderm and 

endoderm development, missing notochord, somites, heart, pronephros, blood, and gut. Arrow marks 

fusion of the eye fields, arrowhead indicates the otic vesicle, which is located far more posteriorly in the 

mutant embryo compared to the wild type. (C) Overview of Type I and Type II Activin receptor structures. 

Both, Type I and Type II receptors possess a transmembrane domain, an extracellular receptor domain 

and an intracellular serine/threonine kinase. Type I receptors additionally possess a GS domain, which is 

the proposed phosphorylation site for phosphorylation and activation of the Type II receptor mediated by 

Type II receptors. The N-terminal signal sequence is cleaved of during protein maturation. 

In zebrafish, the two Nodal ligands Squint and Cyclops mediate induction of 

mesendoderm starting approximately 5 hours post fertilization (hpf) at 40% epiboly of 

zebrafish development (Feldman et al. 1998; Rebagliati et al. 1998a; Dougan et al. 2003; 

Shen 2007; Rogers & Müller 2019). While squint transcripts are maternally deposited, 

cyclops expression is induced by signals from the yolk syncytial layer (YSL), an 

extraembryonic structure, after the mid-blastula transition. Cyclops expression peaks at 

the shield stage at approximately 6 hpf (Erter et al. 1998; Rebagliati et al. 1998b; Hong 

et al. 2011; White et al. 2017). In zebrafish, both squint and cyclops are first expressed in 
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the dorsal margin of the embryo and are thought to spread from there into the embryo 

during gastrulation, resulting in a Nodal short- to mid-range signaling gradient 

(Rebagliati et al. 1998a; Chen & Schier 2001; Müller et al. 2012). 

Due to its localized expression, its non-uniform distribution, and its ability to induce 

different cell fates during germ layer patterning, Nodal was proposed as a classical 

secreted morphogen (Chen & Schier 2001; Schier 2009; Müller et al. 2012; Wang et al. 

2016). Specifically, the Nodal gradient is thought to be translated into different 

mesendodermal cell fates depending on the signaling level and duration (Dubrulle et al. 

2015). For example, experiments using ectopic Nodal expression from a localized source 

showed that target gene expression can be induced in tissue surrounding the source 

(Chen & Schier 2001; Jing et al. 2006; Tian et al. 2008; Müller et al. 2012).  

However, recent experiments have shown that both, the distribution of the activated Nodal 

signal transducer pSmad2/3 and a Nodal-specific transcriptional reporter, show a strong 

overlap with the endogenous Nodal expression domain. Instead, mesoderm induction 

outside of this domain seems to be at least partly mediated by FGF signaling, (Rodaway 

et al. 1999; van Boxtel et al. 2015; van Boxtel et al. 2018). Therefore, it is currently under 

debate whether Nodal propagation via extracellular diffusion is indeed needed for the 

induction of a mesendodermal cell fate in target cells, which would be described by the 

concept of diffusion driven patterning (Figure 3 A) (Chen & Schier 2001; Müller et al. 

2012). The alternative mechanism would be a relay mediated patterning, meaning that 

secreted Nodal only induces mesendodermal fate in directly adjacent cells, and that mid-

range mesoderm induction instead is mediated by Nodal-induced FGF signaling (Figure 

3 B) (van Boxtel et al. 2015; Hill 2017; van Boxtel et al. 2018).  
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Figure 3 The two proposed modes of mesendodermal cell fate induction by Nodal signaling (A) In 

the diffusion driven patterning model, Nodal ligand (green dots) spreads from a source (green cell) into the 

embryo and forms a distribution gradient. This gradient then gets translated into a mesendodermal cell fate 

(orange and yellow cells). (B) In the relay mediated patterning model, Nodal ligand only induces an 

endodermal cell fate (orange cell) in directly adjacent cells, and activates long-range FGF signaling (black 

dots) that induces mesodermal cell fates (yellow cells) in cells further away. 

While the mode of Nodal signal propagation is under debate, the secreted Nodal 

antagonist Lefty is well known to play a pivotal role in the regulation of the Nodal signaling 

domain (Rogers et al. 2017; Almuedo-Castillo et al. 2018). Lefty ligands act as long-range 

inhibitors of Nodal signaling and restrict Nodal signaling in the embryo (Chen & Schier 

2002; Sakuma et al. 2002). Because Nodal signaling induces both, its own transcription 

and that of its antagonist Lefty, an auto-induction and feedback regulation of the Nodal 

signaling pathway exists (Meno et al. 1999; Bennett et al. 2007; Dubrulle et al. 2015). 

Therefore, the Nodal-Lefty signaling system has been proposed to form an 

activator-inhibitor reaction-diffusion system (Chen & Schier 2002; Nakamura et al. 2006; 

Marjoram & Wright 2011; Müller et al. 2012; Sekine et al. 2018). The longer range of Lefty 

was attributed to its almost 5- to 6-fold higher diffusivity compared to that of Nodal in 

zebrafish embryos (Sakuma et al. 2002; Müller et al. 2012). Since mature Nodal and Lefty 

proteins both belong to the TGF-β superfamily and have similar molecular masses, the 

cause of their differing diffusivity is unclear. It might however be due to binding 

interactions between Nodal and diffusion regulators in the extracellular space, hindering 

Nodal diffusion while Lefty protein can move more freely in the extracellular space 

(Müller et al. 2012; Müller et al. 2013; Rogers & Müller 2019). 
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2.5 The role of receptors in Nodal signaling 

Nodal is thought to directly bind to Type II receptors and the EGF-CFC co-receptor, which 

in turn mediates the recruitment of the Type I receptor. Upon oligomerization of the 

receptor complex, the Type II receptors are thought to phosphorylate the Type I receptors 

in their GS-domain (Figure 2 C), which in turn leads to the recruitment of the receptor-

regulated Smad proteins Smad2 and Smad3 and phosphorylation of their C-terminal 

SSXS motif by the Type I receptor (Wrana et al. 1992; Attisano et al. 1996; 

Attisano & Wrana 2002; Groppe et al. 2008). The activated pSmad2/3 proteins associate 

with the co-factor Smad4 and translocate into the nucleus where they, in combination with 

other transcription factors, activate target gene expression (Figure 2 A) 

(Macias-Silva et al. 1996; Dick et al. 2000; Yeo & Whitman 2001; Shi & Massague 2003; 

Bennett et al. 2007; Ross & Hill 2008; Hata & Chen 2016). 

Even though the importance of Nodal signaling for early embryonic patterning was 

already shown shortly after its discovery (Conlon et al. 1991; Zhou et al. 1993; Conlon et 

al. 1994; Jones et al. 1995; Toyama et al. 1995; Lowe et al. 1996; Erter et al. 1998; 

Feldman et al. 1998), the identity of Nodal receptors was unclear initially. Even though 

the Type I receptor Acvr1b and the Type II receptor Acvr2b were known to induce 

mesoderm when overexpressed, or hinder mesoderm induction when truncated, their role 

in Nodal signal transduction remained elusive (de Vries et al. 1996; De Winter et al. 1996; 

Renucci et al. 1996; Armes & Smith 1997; Chang et al. 1997; Peyrieras et al. 1998). Only 

with the identification of the one-eyed pinhead (oep) mutant in zebrafish, which 

recapitulates the Nodal phenotype (Figure 2 B), the EGF-CFC co-receptor of Nodal was 

discovered (Hammerschmidt et al. 1996; Schier et al. 1997; Strähle et al. 1997; Zhang et 

al. 1998). Subsequently, using in vitro binding and target-induction assays in mouse and 

Xenopus, the Type I receptors Acvr1b and Acvr1c as well as the Type II receptors Acvr2a 

and Acvr2b were identified as transmitters of Nodal signaling (Table 1) (Gritsman et al. 

1999; Reissmann et al. 2001; Munir et al. 2004). Additionally, mouse mutants for these 

putative Nodal receptors exhibit varying degrees of malformation similar to Nodal 

mutants, with some of the mutants arresting in their development as early as during 

gastrulation (Matzuk et al. 1995; Oh & Li 1997; Gu et al. 1998; Song et al. 1999). All 
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receptors that were identified in mouse and human have zebrafish orthologs, which are 

present during germ layer patterning (de Vries et al. 1996; Renucci et al. 1996; Garg et 

al. 1999; Nagaso et al. 1999; White et al. 2017). While mutations of Acvr1b, Acvr2a and 

Acvr2b in mouse phenocopy the severe phenotypes of Nodal loss-of-function mutants 

(Matzuk et al. 1995; Oh & Li 1997; Gu et al. 1998; Song et al. 1999), no zebrafish Nodal 

Type I and Type II receptor mutants exist that have a similar effect. And, although 

zebrafish is widely used to investigate Nodal signaling during development, it is unknown 

which of the receptor paralogs are the main mediators of endogenous Nodal signaling in 

zebrafish. 

Table 1: Identification and characterization of putative Nodal Type I and Type II receptors in different 

model systems. Dn: Dominant-negative; Ca: Constitutively-active. Alternative receptor names are in 

parentheses. 

Receptor 

homologs 

Zebrafish 

paralogs 

Mutant 

phenotypes 

Association with Nodal signaling 

Human ACVR1B 

(ACTRIB, 

ACVRLK4, ALK4, 

SKR2)  

(Attisano et al. 

1993) 

acvr1b-a 

(acvr1b, alk4, 

taram-a) 

(Renucci et al. 

1996) 

 

acvr1b-b 

 

 

Mouse 

(Gu et al. 1998) 

• Early 

embryonic 

lethality 

• defects in egg 

cylinder 

organization  

• gastrulation 

defects 

(Chang et al. 1997) 

• Dn-xALK4 blocks mesoderm induction 

(Armes & Smith 1997) 

• Ca-xALK4 induces mesendoderm and 

secondary axis 

(Gu et al. 1998) 

• Receptor mutant phenocopy mouse Nodal 

mutant 

(Reissmann et al. 2001; Yeo & Whitman 2001; 

Bianco et al. 2002) 

• Direct binding to Nodal co-receptor Cripto 

• Mediates Nodal SMAD2 phosphorylation 

(Sakuma et al. 2002) 

• Dn-Alk4 (mouse) inhibits Nodal signaling in 

Xenopus 

(Aoki et al. 2002) 

• Zebrafish Squint + Cyclops interact with 

Taram-a  

• Dn-Taram-a inhibits Nodal signaling 

Mouse Acvr1b 

(ActR, ActR-IB, 

Alk4) 

(Mathews & Vale 

1991) 

Xenopus acvr1b 

(xalk4, xALK4, 

alk4) 

(Chang et al. 

1997) 

Human ACVR1C 

(ALK7, 

ACVRLK7) 

acvr1c Mouse 

(Jornvall et al. 

2004) 

(Reissmann et al. 2001) 

• Ca-xAlk7 induces mesendoderm 
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(Bondestam et al. 

2001; Roberts et 

al. 2003) 

• Viable 

• Fertile 

• No left-right 

patterning 

defects 

• Alk7 + ActRIIB form functional receptor 

complex for Xnr1 and mouse Nodal signaling 

• Alk7 binds directly to Xnr1 

• Alk7 binds directly toNodal co-receptor Cripto 

 (Munir et al. 2004) 

• hALK7 + Nodal induce apoptosis and inhibit 

proliferation of trophoblast cells                   

Mouse / Rat 

Acvr1c (Alk7) 

(Ryden et al. 

1996; Tsuchida et 

al. 1996) 

Xenopus acvr1c 

(xAlk7, ALK7) 

(Reissmann et al. 

2001) 

Human ACVR2A 

(ACTRII, ACVR2) 

(Matzuk & 

Bradley 1992a) 

acvr2a-a 

(acvr2a) 

(Nagaso et al. 

1999) 

 

acvr2a-b 

 

Mouse 

(Matzuk et al. 

1995) 

• Develop to 

term 

• Hypoplasia of 

mandibles 

• Delayed testes 

maturation 

• Female sterility 

(Song et al. 1999) 

• Acvr2a/Acvr2b double mouse mutant 

phenocopy mouse Nodal mutant 

(Sakuma et al. 2002) 

• Dn-ActRIIA (mouse) inhibits Nodal signaling 

in Xenopus animal cap assay 

• Overexpression of ActRIIA can rescue lefty-

induced Nodal inhibition 

Mouse Acvr2a 

(Acvr2, ActRIIa) 

(Mathews & Vale 

1991; Matzuk & 

Bradley 1992b) 

Xenopus acvr2a 

(acvr2, actrii, 

XAR7) 

(Kondo et al. 

1991) 

Human ACVR2B 

(ACTRIIB, ActR-

IIB) 

(Hilden et al. 

1994) 

acvr2b-a 

(acvr2b)  

(Garg et al. 

1999; Nagaso et 

al. 1999) 

 

acvr2b-b 

Mouse 

(Oh & Li 1997) 

• Die postnatally 

• Defective axial 

patterning 

• Right 

isomerism 

• Cardiac 

defects 

(Song et al. 1999) 

• Acvr2a / Acvr2b double mouse mutant 

phenocopy mouse Nodal mutant 

(Nagaso et al. 1999) 

• acvr2b overexpression in zebrafish causes 

dorsalization of embryos 

(Reissmann et al. 2001) 

• ActRIIB binds directly to Xnr1 

• Alk7 + ActRIIB form functional receptor 

complex for Xnr1 and mouse Nodal signaling 

(Sakuma et al. 2002) 

• Dn-ActRIIB inhibits Nodal signaling in 

Xenopus 

• Overexpression of ActRIIB can rescue lefty-

induced Nodal inhibition 

Mouse Acvr2b 

(ActRIIB)  

(Attisano et al. 

1992); 

Xenopus acvr2b 

(actriib, XAR1) 

(Mathews et al. 

1992) 
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Receptors have also been proposed to impact signal propagation and patterning in the 

embryo beyond their role as signal transducers, for example as diffusion regulators 

(Shorten et al. 2007; Miura et al. 2009; Marcon et al. 2016). Assessment of their potential 

role as diffusion regulators for Nodal propagation during zebrafish development is 

especially important since a decrease in mobility of over 90% has been shown between 

the free (Squint-GFP: Dfree = ~39 µm2/s; Cyclops-GFP: Dfree = ~37 µm2/s) and effective 

diffusivity (Squint-GFP: Deff. = ~3.2 µm2/s; Cyclops-GFP: Deff. = ~0.7 µm2/s) of the Nodals 

Squint and Cyclops in the embryo (Müller et al. 2012; Müller et al. 2013). Furthermore, 

fluorescently tagged Cyclops forms membrane-associated clusters in zebrafish embryos, 

while tagged Squint is more diffusely distributed in the extracellular space, suggesting a 

strong interaction of Cyclops with diffusion regulators (Müller et al. 2012; Rogers 2015). 

Co-localization studies in zebrafish have shown that Cyclops-GFP can cluster with the 

membrane-localized glycoprotein Knypek, making it a likely extracellular diffusion 

regulator for Cyclops (Rogers 2015). Furthermore, co-immunoprecipitation (co-IP) assays 

have identified a secreted Lectin as a potential extracellular interaction partner for Nodal 

ligands in zebrafish; however, overexpression of this lectin does not seem to impact Nodal 

diffusivity (Mörsdorf 2019). 

Nodal receptors might also impact Nodal mobility in zebrafish. Specifically, the 

co-receptor oep has been shown to impact Nodal propagation. For example, 

overexpression of oep can decrease Squint-GFP diffusivity and causes it to form 

membrane-associated clusters similar to those of Cyclops-GFP in untreated embryos 

(Rogers 2015). Further experiments showed that the Nodal signaling range is strongly 

increased in MZoep mutants (Lord et al. 2019). However, Nodal diffusivity is not increased 

in embryos missing Oep (Rogers 2015), indicating that other mechanisms such as 

changes in degradation dynamics could also account for the increased signaling range. 

Furthermore, FCS measurements have shown that Nodal strongly binds to the Type II 

receptor Acvr2b-a in zebrafish in vivo (Wang et al. 2016), suggesting that this interaction 

could also impact Nodal propagation in the embryo. However, it is unclear whether this 

strong interaction with the receptor influences Nodal diffusion and stability in the embryo.  
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3. Aims of this work 

In my doctoral research I investigate the role of different putative Nodal receptors in germ 

layer patterning and examine their impact on the distribution of Nodal protein in the tissue. 

In the first part of my thesis, I identify and characterize several putative Nodal receptors 

in zebrafish (chapter 4.1). Nodal signaling is crucial for the establishment of 

mesendodermal cell fate during germ layer patterning (Feldman et al. 1998; Shen 2007; 

Schier 2009). Previous experiments have identified various receptors that can mediate 

Nodal signaling in mouse, rat, Xenopus and zebrafish. However, due to an additional 

genome duplication event in teleosts (Meyer & Van de Peer 2005), several 

uncharacterized paralog receptors are present in zebrafish. To determine whether the 

identified receptors play a role in mediating Nodal signaling during early embryogenesis, 

I characterize their temporal and spatial expression, their subcellular localization, and the 

effect of increased receptor levels on embryo development. Furthermore, I use 

combinatorial receptor knockdown using morpholinos and CRISPR/Cas9-generated 

receptor mutants. 

In the second part of my thesis, I include collaborative work on measuring the diffusivity 

of biological molecules (chapter 4.2). In a biological context, the spreading of molecules 

can be hindered by unspecific factors such as tissue tortuosity or by direct interaction with 

diffusion regulators (Müller et al. 2013). Diffusivity can be measured using fluorescence 

recovery after photobleaching (FRAP) assays. The publication “Quantitative diffusion 

measurements using the open-source software PyFRAP” introduces an accessible 

software that allows for the flexible analysis of FRAP diffusion measurements in different 

systems (Bläßle et al. 2018). Here, I provide several FRAP measurements of GFP-tagged 

Nodal which were used for testing software implementation and that highlight the impact 

that biological tissues can have on molecule mobility.  

Thirdly, I address the idea that receptors act as Nodal diffusion regulators in the embryo 

(chapter 4.3). In zebrafish, Nodal signaling first occurs at the boundary between embryo 

and yolk, and from there it spreads into the embryo. Currently, the mechanism that 

regulates Nodal dispersal through the embryo is being debated. However, previous 



27 
 

measurements in zebrafish have shown a clear difference between the localized mobility 

and the diffusivity of Nodal on a tissue level. This could play an essential role in 

constraining Nodal signaling to the embryonic margin (Müller et al. 2013). To determine 

whether this difference is caused by receptor interactions with Nodal ligands in the 

extracellular space, I use a direct readout of Nodal gradient formation. Furthermore, I 

measure the impact of modulated receptor levels on Nodal localization, diffusivity, and 

stability. 

In summary, my thesis will add to a better understanding of Nodal signaling during early 

embryogenesis in zebrafish. Furthermore, my research addresses the potential of Nodal 

receptors to modulate Nodal propagation into the embryo during germ layer patterning, 

elucidating the idea that the transient binding of Nodal ligand to its receptors is strong 

enough to hinder its diffusivity in the embryo.  
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4. Results and Discussion 

4.1 Functional analysis of Nodal receptors in zebrafish 

Here, I present the functional characterization of putative zebrafish Nodal receptors.  The 

following results are in part from the manuscript in preparation “Regulation of Nodal 

signaling propagation by receptor 1 interactions and positive feedback”. This applies to 

the following paragraphs: “Nodal Type I and Type II receptors have several paralogs in 

zebrafish”; “Most Nodal receptor paralogs are present during mesendoderm formation”; 

“acvr1b-a expression is regulated by Nodal signaling”; “Single receptor mutants do not 

recapitulate Nodal loss-of-function phenotypes” and “The Type I receptors acvr1b-a and 

acvr1b-b function redundantly in early Nodal signaling”. 

 

4.1.1 Nodal Type I and Type II receptors have several paralogs in zebrafish 

To systematically identify and characterize zebrafish Nodal receptors, I used the amino 

acid sequences of the human and mouse Type I receptors ACVR1B and ACVR1C and 

Type II receptors ACVR2B and ACVR2B as queries for homology searches in the UniProt 

database. In addition to previously described zebrafish Type I (Renucci et al. 1996) and 

Type II (Garg et al. 1999; Nagaso et al. 1999) receptor orthologs, our analysis identified 

additional potential paralog sequences for the receptors Acvr1b-a, Acvr2a-a and Acvr2b-

a – named Acvr1b-b, Acvr2a-b and Acvr2b-b (Funkenstein et al. 2012), respectively. 

Reconstruction of a putative phylogenetic tree shows a close clustering of the zebrafish 

receptors with their human and mouse paralogs, and the highest sequence similarity was 

found between the zebrafish Type I receptors Acvr1b-a and Acvr1b-b (Figure 4). Most 

putative receptor paralogs have the typical characteristics of Type I and Type II receptors, 

including a signal sequence, the TGF-β receptor domain, a transmembrane domain, a 

cytosolic kinase domain and, in case of the Type I receptors, a GS domain. Acvr2a-b is 

the only exception since it is missing a classical signal sequence (Supplementary Figure 

1). 
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Figure 4: Multiple putative Nodal receptor paralogs are present in zebrafish. Phylogenetic 

neighbor-joining alignment tree of Type I and Type II receptor amino acid sequences of human (Homo), 

mouse (Mus) and zebrafish (Danio). Bootstrap values are listed at the nodes, indicating relative evolutionary 

distance. 

 

4.1.2 Most Nodal receptor paralogs are present during mesendoderm formation 

Germ layer patterning takes place during early blastula and gastrula stages. Analysis of 

the published developmental transcriptome (White et al. 2017) indicates that the 

transcripts of most receptor paralogs are present before the mid-blastula transition at 

approximately 3 hpf, suggesting that they might be maternally deposited (Figure 5 A). 

Expression of the identified receptors persists throughout larval development up until 

4 days post-fertilization (dpf), similar to Nodal expression. The only receptor without 

detectable expression during early development is the Type I receptor acvr1c, which is 

first detected at 4 dpf (Figure 5 A). 

To also determine the spatial expression patterns of the receptors, we used in situ 

hybridization in wild type zebrafish embryos. Consistent with the transcriptome analysis, 

we found that transcripts of all putative Nodal Type I and II receptors – with the exception 

of acvr1c – are present as early as the two-cell stage (approximately 40 minutes post 

fertilization) (Figure 5 B). During early gastrulation (shield stage; approximately 6 hpf), 

most receptors retain their ubiquitous expression throughout the embryo. However, 

expression of the Type II receptors acvr2a-a and acvr2a-b seems less prominent than 
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expression of acvr2b-a and acvr2b-b. While the expression of the Type I receptor 

acvr1b-a is constrained to the embryonic margin during shield stage (Renucci et al. 1996), 

acvr1b-b shows a strong ubiquitous expression similar to that of the Type II receptors 

acvr2b-a and acvr2b-b (Figure 5 B) (Garg et al. 1999; Nagaso et al.). The marginal 

expression of acvr1b-a during shield stage is very similar to the spatial expression 

dynamics of the co-receptor oep (Renucci et al. 1996; Vopalensky et al. 2018). Consistent 

with the apparent onset of acvr1c expression at 4 dpf in the transcriptome data, no 

staining was observed for acvr1c at shield stage, suggesting that this Type I receptor 

does not play a role for Nodal signaling during early development. 

 

Figure 5: Spatio-temporal expression analysis of putative Nodal receptors during early zebrafish 

development. (A) Temporal expression analysis of transcriptomic data. Zebrafish nodal (squint and 

cyclops), its co-receptor oep, and putative Nodal receptors are expressed during different developmental 

time points. TPM: Transcripts per million. Data from (White et al. 2017). (B) Spatial expression analysis of 

Type I and Type II receptors during the two-cell and shield stage using in situ hybridization. Except for 

acvr1c, all receptors are maternally deposited. During shield stage, all receptors except for acvr1c and 
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acvr1b-a are expressed throughout the embryo.  acvr1b-a is the only receptor of which the expression is 

restricted to the embryonic margin, where Nodal signaling is active. 

 

4.1.3 Putative receptors exhibit unique expression profiles after 24 hours 

At shield stage, expression of all Type II receptors and the Type I receptor acvr1b-b is 

ubiquitous in the embryo. However, the expression patterns diversify after one day 

(Figure 6). Analysis of acvr1c expression using in situ hybridization shows only light 

unspecific staining in the head region of the 24 hpf embryo (Figure 6 C), while the other 

putative Nodal receptors exhibit a strong staining in all head structures (Albertson et al. 

2005). Interestingly, the Type I receptor acvr1b-a is strongly expressed at the tip of the 

developing tail (Figure 6 A), while acvr1b-b mRNA is mainly present in the head region 

(Figure 6 B), hinting at differing roles for the receptors during later development. Previous 

studies have shown that acvr1b-a plays a pivotal role in fin regeneration (Jaźwińska et al. 

2007), it might also play a similar role during fin development. In contrast to the Type I 

receptors, the Type II receptors acvr2a-a and acvr2b-a are additionally expressed in the 

somites and the tail tip region of the embryo (Figure 6 D,E). 

 

Figure 6: Spatial expression of putative Nodal receptor expression in 24 hpf embryos. Spatial 

expression of Type I and Type II receptors in 24 hpf embryos using in situ hybridization. Arrowheads mark 

expression in the tail bud. Arrows indicate somite staining. 
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4.1.4 acvr1b-a expression is regulated by Nodal signaling 

Nodal signaling is well known to induce several of its own signaling pathway components, 

including squint, cyclops, lefty1, lefty2 and oep (Meno et al. 1999; Feldman et al. 2002; 

Bennett et al. 2007; Dubrulle et al. 2015). To systematically assess potential receptor 

regulation by Nodal signaling, I used qRT-PCR to measure receptor expression levels in 

embryos with increased (injection of 30 pg squint-GFP mRNA or 30 pg cyclops-GFP 

mRNA) or decreased (injection of 30 pg lefty2-Dendra2 mRNA or treatment with 10 µM 

of the Nodal inhibitor SB-505124 (DaCosta Byfield et al. 2004)) Nodal activity. acvr1c was 

excluded from this analysis due to its low expression level at shield stage. 

In agreement with previous studies (Dubrulle et al. 2015), Nodal overexpression led to 

increased expression of the co-receptor oep and the Type I receptor acvr1b-a (Figure 

7 A), whereas the presence of Nodal inhibitors causes decreased expression of acvr1b-a 

and oep compared to untreated embryos (Figure 7 A). While acvr1b-a mRNA is 

maternally ubiquitously deposited in the embryo, its expression domain is increasingly 

restricted to the embryonic margin during development (Figure 5 B). Upon Nodal 

overexpression, acvr1b-a expression is strongly increased throughout the embryo (Figure 

7 B), whereas treatment with the Nodal inhibitor SB-505124 leads to a loss of the marginal 

restriction of acvr1b-a expression at shield stage. In contrast, none of the other putative 

Nodal receptors exhibit a significant change in expression upon Nodal overexpression or 

inhibition in comparison to untreated embryos (Figure 7). 
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Figure 7: Nodal signaling controls the expression of acvr1b-a and oep. (A) Fold change of Nodal 

receptor expression calculated from qRT-PCR experiments comparing the injection of 30 pg squint-GFP 

mRNA, 30 pg cyclops-GFP mRNA, 30 pg lefty2-Dendra2 mRNA and exposure to 10 μM SB505124 Nodal 

inhibitor to untreated embryos at 6 hpf. Each dot is the mean fold change of an individual embryo compared 

to an individual untreated embryo. Error bars represent the standard deviation. (B) In situ hybridization 

analysis of acvr1b-a in the presence of excessive Nodal signaling (30 pg squint-GFP mRNA injection) and 

the absence of Nodal signaling (treatment with 10 µM SB505124). 

 

4.1.5 Most fluorescently tagged putative Nodal receptors localize to the cellular 

membrane 

To determine whether the putative Nodal receptors localize to the cell membrane as 

expected, we generated receptor constructs with either mCherry or GFP fused to the 

C-terminal intracellular domain of the receptor. Wild type embryos were injected with 

100 pg of fluorescently tagged receptor mRNA at the one-cell stage. Subcellular 

localization of the receptor constructs was assessed at approximately 6 hpf using 

confocal microscopy. Most receptors clearly localized to the cell membrane and some 

intracellular puncta, possibly receptor-containing vesicles originating either from the Golgi 
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complex or endocytosis (Figure 8). The only exceptions were acvr1c, which gave a weak 

intracellular signal, and acvr2a-b, which showed a lot of diffuse signal in the intracellular 

space with only little signal at the membrane, probably due to lacking a conserved 

N-terminal signaling sequence (Figure 8; Supplementary Figure 1). Interestingly, the 

Oep-RFP is not uniformly distributed across the cell membrane, but instead forms puncta 

on the membrane and within the intracellular space. However, despite the punctated 

distribution of Oep fluorescent signal, oep-RFP mRNA injection can rescue MZoep 

mutants, indicating that the construct is functional. 

 

Figure 8: Receptor localization in the embryo. Embryos were injected with 100 pg C-terminally 

fluorescently tagged receptor construct mRNA. Distribution was assessed using confocal microscopy at 

6 hpf. Intensities were adjusted for each receptor individually. Scale bars represent 20 µm. 

 

4.1.6 Receptor overexpression can phenocopy Nodal gain-of-function  

Overexpression of Nodal mRNA in zebrafish embryos leads to severe gastrulation defects 

which prevent epiboly and often result in embryo death by 24 hpf (Toyama et al. 1995). 

Mutants lacking Nodal inhibitors, like lefty1-/-; lefty2-/- mutants, have increased Nodal 
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signaling and exhibit milder, but still lethal, phenotypes (Rogers et al. 2017). While single 

Lefty mutants still develop mostly normally, lefty1+/-; lefty2-/- and lefty1-/-; lefty2+/- mutants 

show what appears to be accumulation of blood progenitors in the tail region of the 

embryo (Rogers et al. 2017). Double homozygous Lefty mutants exhibit more severe 

patterning defects, like loss of the heart, eyes and tail structures. Some mutants also 

exhibit axis bifurcations (Rogers et al. 2017). Interestingly, injection of low amounts of 

constitutively active smad2 mRNA into wild type embryos causes axis curvature, 

reduction of the eyes and an apparent accumulation of blood precursors in the tail area 

(Rogers et al. 2017). Previous characterizations of mouse, Xenopus and zebrafish Nodal 

receptor homologs of Acvr1b and Acvr2b have shown that overexpression of the 

receptors in Xenopus and zebrafish embryos can induce phenotypes that are similar to 

those caused by increased Nodal expression (Armes & Smith 1997; Feldman et al. 1998; 

Nagaso et al. 1999). 

Injection of 100 pg of putative zebrafish Nodal receptor mRNA caused a broad range of 

receptor-specific phenotypes (Figure 9). Of the Type I receptors, overexpression of 

acvr1b-a caused the most severe phenotypes, recapitulating increased Nodal signaling 

in lefty1-/-; lefty2-/- double mutants. acvr1b-b overexpression caused a range of milder 

phenotypes, with many embryos exhibiting malformations of the tail region and an 

apparent accumulation of blood next to the yolk extension. Interestingly, overexpression 

of the acvr1c receptor caused a delayed brain development in some 22 hpf embryos 

(Figure 9 B). Of the Type II receptors, acvr2b-a overexpression caused the most severe 

phenotypes with approximately 80% of the embryos dying due to problems during epiboly, 

and the surviving embryos lacking a defined body axis or mesendodermal tissue, similar 

to Nodal overexpression phenotypes. The paralog Type II receptor acvr2b-b also caused 

a wide range of Nodal overexpression phenotypes when overexpressed, such as head 

and tail defects, blood accumulation and the induction of ectopic tissue in the tail region, 

resembling the induction of a secondary axis (Rogers et al. 2017). In contrast, the 

overexpression of acvr2a-a mainly caused weak Nodal gain-of-function phenotypes, such 

as head defects and blood accumulations. The only receptor of which the overexpression 

did not phenocopy Nodal overexpression is acr2a-b (Figure 9 C). 
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Figure 9: Overexpression of receptor mRNA can phenocopy Nodal overexpression. To compare 

phenotypes, wild type embryos were either injected with 100 pg of respective receptor mRNA or with 10 pg 

of squint or cyclops mRNA. Phenotypes were assessed after 24 hpf (or 22 hpf for acvr1c mRNA injection). 

(A) Phenotype classification categories. (B) Phenotypes of 24 hpf or 22 hpf (acvr1c) wild type embryos 

injected with 100 pg of Type I receptor mRNA. (C) Phenotypes of 24 hpf wild Type II embryos injected with 

100 pg of Type II receptor mRNA. 

 

4.1.7 Single receptor mutants do not recapitulate Nodal loss-of-function 

phenotypes 

In order to better understand the role of the identified receptors in development, I used a 

complementary approach of morpholino-mediated knockdown and mutant generation 

(Rossi et al. 2015; El-Brolosy et al. 2019). I generated mutants for acvr1b-a, acvr1c and 

acvr2b-a using CRISPR/Cas9 targeting the 5’ end of the respective coding sequences. 

The specific mutations were subsequently identified by sequencing of the genomic DNA. 
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The mutations caused frameshifts through insertion or deletion of base pairs, resulting in 

premature stop codons. Sequencing of the targeted first exons showed a 4 bp deletion 

for acvr1b-a, a 2 bp deletion for acvr1c and a 4 bp deletion for acvr2b-a (Figure 10 B,C,F). 

Furthermore, I obtained acvr2a-a and acvr2a-b mutants from the European Zebrafish 

Resource Center (EZRC). These single nucleotide mutations cause alternative splicing 

and a premature stop codon for acvr2a-a and acvr2a-b, respectively (Figure 10 D,E). 

Most mutations caused the signal sequence to be incomplete, making it highly unlikely 

that the mutant protein is transported to the cellular membrane to function there as a 

Nodal receptor. 

Unlike expected, none of the single maternal-zygotic homozygous receptor mutants 

displayed obvious patterning defects at 1 dpf (Figure 10 B-G). This contrasts mouse 

receptor mutants, which exhibit severe phenotypes during early embryonic development 

(Oh & Li 1997; Gu et al. 1998; Song et al. 1999). Since the analysis of mutants can be 

impeded by genetic compensation that might mask potential patterning defects 

(Rossi et al. 2015; El-Brolosy et al. 2019), I also assessed the effect of knocking down 

gene activity using antisense morpholino oligonucleotides targeting the ATG start codons 

or splice sites of the putative receptor mRNAs. Morphants had non-specific head or tail 

defects similar to a standard control morpholino (Supplementary Figure 2), but no Nodal-

specific patterning defects typical for loss-of-function mutants of other signaling pathway 

components were observed (Feldman et al. 1998; Gritsman et al. 1999; Dubrulle et al. 

2015). 
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Figure 10: Single putative Nodal receptor mutants have no obvious patterning defects and are 

viable. (A-F) Schematic diagram of typical full-length Type I and Type II receptor proteins and predicted 

receptor protein truncations resulting from the acvr1b-at03pm, acvr1ct06pm, acvr2a-aSA34654, acvr2a-bSA18285, 

and acvr2b-at08pm alleles. Mutated nucleic acid sequence and resulting protein length in amino acids (aa) 

are indicated. Lateral views of 1 dpf embryos are shown for wild type and single receptor maternal-zygotic 

homozygous mutants. Scale bars represent 250 µm. Uppercase letters indicate exon sequences; 

lowercase letters indicate intron sequence; aa: amino acids; SP: signal peptide; RD: receptor domain; 

TM: transmembrane domain; GS: GS domain; Kinase: kinase domain; Black: Nonsense sequence between 

frameshift mutation and new stop site. 

 

4.1.7 The Type I receptors acvr1b-a and acvr1b-b function redundantly in early 

Nodal signaling 

Teleosts like zebrafish have undergone an additional genome duplication following the 

two vertebrate-specific rounds of whole-genome duplications (Meyer & Van de Peer 

2005). Partial redundancy of paralogs can underlie the lack of abnormal phenotypes in 

single mutants (Feldman et al. 1998; Rogers et al. 2017; Leerberg et al. 2019). I therefore 

tested receptor redundancy during early Nodal signaling using combinatorial receptor 

loss-of-function approaches. 
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Figure 11: Phenotypes of 1 dpf zebrafish embryos with combinatorial knockdown of different 

putative Nodal receptors. If not indicated otherwise, embryos were injected with a mix of transcription 

start site and splice site targeting morpholinos (see Table 5 for morpholino sequences used). Final 

morpholino concentrations are indicated in the figure. (A) Phenotype classification categories. 

(B) Observed phenotypes after injection of different combinations of morpholinos targeted against acvr1b-a 

and acvr1b-b into wild type embryos. (C) Injection of acvr1b-b transcriptional start site (MO-1) and acvr1b-b 

splice site (MO-2) targeting morpholinos into maternal zygotic acvr1b-at03pm/t03pm embryos. (D) Injection of 

Type II receptors acvr2a-a, acvr2a-b, acvr2b-a and acvr2b-b morpholino combinations into wild type 

embryos. (E) Injection of acvr2b-b morpholino into maternal zygotic acvr2b-at08pm/t08pm mutant embryos. 

Morpholino-mediated double knockdown of acvr1b-a and acvr1b-b leads to a clear loss 

of head mesoderm resulting in the distinctive fused-eye “pinhead” phenotype associated 
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with loss-of-Nodal signaling at 1 dpf (Figure 11 A,B). However, somites still formed in the 

trunk region (Figure 11 A,B) similar to the phenotype of zygotic rather than 

maternal-zygotic oep (MZoep) mutants (Gritsman et al. 1999), suggesting an incomplete 

loss of Nodal signaling. I therefore injected acvr1b-b-targeting morpholinos into maternal-

zygotic acvr1b-at03pm/t03pm mutant embryos. Injection of 0.4 ng acvr1b-b targeting 

morpholinos (acvr1b-b MO-1) into acvr1b-a mutants at the one-cell stage lead to a 

recapitulation of the full Nodal loss-of-function phenotype at 1 dpf (Figure 3A,C; 

Figure 4A). Interestingly, knockdown of acvr1b-b using morpholinos in acvr1b-a mutants 

only resulted in Nodal loss-of-function phenotypes when using ATG targeting 

morpholinos, but not splice site targeting morpholinos (Figure 3A,C). This indicates that 

maternally deposited acvr1b-b receptor-encoding mRNA is sufficient for proper early 

germ layer differentiation.  

The specificity of the morphant/mutant double-knockdown approach was assessed by 

rescuing the loss-of-function phenotype with acvr1b-a and acvr1b-b mRNA. At 1 dpf up 

to 60% of the embryos displayed normal or partially rescued phenotypes depending on 

the mRNA concentration (Figure 12 A). To test whether restored Nodal signaling rescues 

the loss-of-function phenotype, I quantified the range of phosphorylated Smad2/3 

(pSmad2/3) as a direct readout of Nodal signaling during early gastrulation at 5 hpf. 

acvr1b-at03pm/t03pm mutants and embryos injected with acvr1b-b-targeting morpholinos 

show a Nodal signaling range that is very similar to untreated wild type embryos, whereas 

double-knockdown of both Type I receptors almost completely abolishes pSmad2/3 signal 

throughout the embryo (Figure 12 B). The range of pSmad2/3-positive nuclei could be 

restored to a near-normal extent by injection of 50 pg acvr1b-a or 25 pg acvr1b-b mRNA. 
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Figure 12: The Type I receptors Acvr1b-a and Acvr1b-b redundantly mediate Nodal signaling. 

(A) Rescue of Type I receptor double knockdown using acvr1b-a and acvr1b-b receptor mRNA. For 
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knockdown of acvr1b-a, the acvr1b-at03pm/t03pm mutant was used in combination with 0.4 ng acvr1b-b MO-1 

injections. (B) Influence of acvr1b-a and acvr1b-b on the Nodal signaling range at shield stage. The range 

of Nodal signaling was determined by counting the maximum number of rows of nuclei that are positive for 

pSmad2/3 immunostaining, counting from the embryonic margin towards the animal pole. acvr1b-at03pm/t03pm 

mutants and 0.4 ng acvr1b-b MO-1 were used for receptor knockdown. They were rescued with 50 pg of 

acvr1b-a or 25 pg of acvr1b-b mRNA. Data was obtained from 3 independent experiments. n indicates the 

number of analyzed embryos. Averages are displayed in red. Error bars show standard deviation. 

While these findings clearly demonstrate a redundant function of the Type I receptors 

acvr1b-a and acvr1b-b in mediating Nodal signaling during early zebrafish development, 

the role of the Type II receptors is less clear. Similar to the approach used to generate 

Type I receptor loss-of-function conditions, I simultaneously targeted several Type II 

receptors using morpholinos and mutants. Double-knockdown of acvr2a-a and acvr2a-b 

as well as double-knockdown of acvr2b-a and acvr2b-b resulted each in 1 dpf embryos 

with what appears to be non-specific head and tail malformations (Figure 11 D,E; 

Supplementary Figure 3). To test whether the Type II receptor paralogs act fully 

redundantly in zebrafish Nodal signaling, I knocked down all four Type II receptors at the 

same time (Figure 11 D; Supplementary Figure 3). While head or tail tissues were 

strongly reduced or only rudimentarily present, features normally associated with Nodal 

loss-of-function mutants, such as cyclopia (Feldman et al. 1998) could not be detected. 

Mesendodermal tissues, such as the heart tube and somites in the head and trunk region, 

were also still present in the combinatorial Type II receptor knockdown embryos (Figure 

11 D; Supplementary Figure 3).  
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Discussion 

To determine which of the putative zebrafish Nodal receptors mediate Nodal signaling 

during germ layer patterning, I systematically identified and characterized Nodal Type I 

and Type II receptors during early zebrafish development. In silico homology analysis of 

human, mouse and zebrafish receptor protein sequences revealed that in zebrafish, in 

addition to the previously identified Type I receptor acvr1b-a (Renucci et al. 1996), and 

Type II receptors acvr2a-a (Nagaso et al. 1999) and acvr2b-a (Garg et al. 1999; 

Nagaso et al. 1999), the paralog receptors acvr1b-b, acvr2a-b and acvr2a-a as well as 

the Type I receptor acvr1c are present (Figure 4). Most of the identified putative zebrafish 

Nodal receptors are maternally deposited and continuously expressed during the first 

24 hours of development, indicating that they might play a role in early embryogenesis. 

The Type I receptor acvr1c is the only receptor not expressed until 4 dpf (White et al. 

2017), meaning that it is unlikely to be active during germ layer development. 

While most other receptors are uniformly expressed at 6 hpf, expression of the Type I 

receptor acvr1b-a becomes restricted to the embryonic margin (Figure 5), similar to the 

expression of the Nodal co-receptor oep (Renucci et al. 1996; Vopalensky et al. 2018). 

Interestingly, at 24 hpf most of the investigated receptors are expressed in the head 

region of the embryo (Albertson et al. 2005), while expression domains in the rest of the 

embryo diversify, indicating independent roles of receptors during later developmental 

stages. 

Previous studies have shown that Nodal signaling induces the expression of several 

Nodal signaling pathway components like squint, cyclops, lefty1, lefty2, oep and acvr1b-a 

(Meno et al. 1999; Feldman et al. 2002; Bennett et al. 2007; Dubrulle et al. 2015). Using 

Nodal induction assays, I found that, except for the Type I receptor acvr1b-a and the 

co-receptor oep, none of the receptors are involved in a similar feedback loop (Figure 

7 A). It recently was proposed that the restriction of oep expression to the embryonic 

margin and the subsequent loss of Oep in the animal pole of the embryo causes the 

prospective ectoderm to no longer respond to Nodal signaling (Vopalensky et al. 2018). 

Due to the similar expression dynamics and responsiveness of the Type I receptor 

acvr1b-a and the co-receptor oep, acvr1b-a could have a similar functionality to oep and 
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restrict mesendoderm spreading through a loss of competence in prospective ectodermal 

tissue. 

The identified receptors can only mediate signaling of the extracellular Nodal ligand 

during germ layer patterning if they are localized at the cell membrane. My results show 

that most fluorescently tagged putative Nodal receptors do indeed localize to the outer 

membrane of the cell (Figure 8). The only receptors that do not show a clear association 

with the cell membrane are acvr1c and acvr2a-b. These receptors also have the least 

impact on embryonic development when overexpressed (Figure 9). Usually, 

overexpression of Nodal receptors can induce severe developmental phenotypes, which 

recapitulate Nodal gain-of-function phenotypes (Toyama et al. 1995; Armes & Smith 

1997; Feldman et al. 1998; Nagaso et al. 1999; Rogers et al. 2017). In accordance with 

this observation, overexpression of the Type I receptors acvr1b-a and acvr1b-b as well 

as the Type II receptors acvr2a-a, acvr2b-a and acvr2b-b lead to phenotypes consistent 

with varying degrees of Nodal gain-of-function, substantiating their potential to mediate 

Nodal specific signaling during early embryogenesis. 

In zebrafish, loss of the two Nodal ligands Squint and Cyclops causes severe 

developmental defects in the first 24 hpf: Embryos exhibit a distinct merging of the eye 

field causing cyclopia, and are missing mesendodermal tissue, such as notochord, 

somites, heart, blood, and gut (Feldman et al. 1998; Gritsman et al. 1999). These distinct 

phenotypes can be recapitulated by the loss of other components of the signaling 

pathway. This, for example, is the case for the co-receptor Oep or the signal transducer 

Smad2 (Figure 2 B) (Gritsman et al. 1999; Dubrulle et al. 2015). To determine whether 

the identified putative Nodal receptors in zebrafish are essential components of the Nodal 

signaling pathway during early embryogenesis, I generated several receptor mutants and 

assessed the effect of morpholino-mediated receptor knockdown. While single receptor 

mutants in mouse cause severe malformations during development and embryonic 

lethality (Coerver et al. 1996; Song et al. 1999; Ferguson et al. 2001; Kumar et al. 2001; 

Ma et al. 2001; Oh & Li 2002), surprisingly, single receptor knockdown in zebrafish does 

not lead to Nodal-associated loss-of-function phenotypes (Figure 10; Supplementary 

Figure 2). 
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In contrast to the two rounds of whole genome duplications during vertebrate evolution, 

teleosts, to which zebrafish  belong, have undergone a third round of genome duplication 

(Meyer & Van de Peer 2005). This third round of genome duplication caused functional 

redundancy for several genes in zebrafish. For example, homozygous mutants of either 

squint or cyclops exhibit only relatively weak developmental defects 

(Heisenberg & Nusslein-Volhard 1997; Dougan et al. 2003), while the developmental 

defects of double mutants are severe (Feldman et al. 1998). Similarly, redundant 

functionality has been shown for receptors that are involved in other signaling pathways, 

such as FGF and BMP signaling (Smith et al. 2011; Leerberg et al. 2019). Using 

combinatorial knockdown of the Type I receptors, I found that knockdown of acvr1b-b in 

acvr1b-a receptor mutants perfectly recapitulates a complete Nodal loss-of-function 

phenotype (Figure 11 C). Further, I could verify that the two receptors have a redundant 

role in mediating Nodal signaling during germ layer patterning by showing that the Nodal 

signal transducer SMAD2/3 is not phosphorylated without functional acvr1b-a or acvr1b-b 

present (Figure 12). The range of pSMAD2/3 could be rescued through the injection of 

functional receptor mRNA into the double knockdown embryo (Figure 12 B). It is notable 

that the knockdown of acvr1b-b in acvr1b-a mutant embryos only fully recapitulates Nodal 

loss-of-function phenotypes if the used morpholino is targeted against the ATG start site 

of the acvr1b-b mRNA, but not when it is targeted against the splice site (Figure 11 C). 

This indicates that maternally deposited acvr1b-b mRNA is at least partially sufficient to 

mediate Nodal signaling during germ layer patterning. 

Surprisingly, combinatorial knockdown of the putative Nodal Type II receptors acvr2a-a, 

acvr2a-b, acvr2b-a and acvr2b-b did not completely emulate a Nodal loss-of-function 

mutant (Figure 11 D,E; Supplementary Fig. 3). Although the knockdown of all four Type II 

receptors causes severe malformations of head and tail tissue, features such as cyclopia 

(Feldman et al. 1998), loss of the heart tube and loss of somites in the head and trunk 

region could not be observed (Supplementary Figure 3). However, knockdown of all four 

putative Type II receptors in zebrafish was only possible using only morpholinos. 

Unfortunately, since no antibodies against the putative zebrafish Nodal receptors are 

available, assessing the knockdown efficiency of the used morpholinos would be difficult 

(Eisen & Smith 2008). A possible approach to verify that the morpholinos do indeed target 
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the intended sequence would be to assess whether their injection inhibits the translation 

of their target sequence fused to a reporter sequence. Nevertheless, this cannot confirm 

to what extend endogenous protein expression is inhibited. Therefore, results would be 

more robust if quadruple mutants of acvr2a-a, acvr2a-b, acvr2b-a and acvr2b-b could be 

generated to review the findings of this thesis. 

Other TGF-β Type II receptors that have not yet been associated with Nodal signaling 

could substitute for the putative Nodal Type II receptors in mediating Nodal signaling. For 

example, previous studies showed that in zebrafish, Acvr2b-a can mediate Activin as well 

as BMP signaling by interacting with either the Type I receptor Acvr1b-a or Bmpr1a, 

respectively (Nagaso et al. 1999). Furthermore, in vitro studies have shown a high binding 

affinity of the BMP Type II receptor Bmpr2 to Nodal, although it still an open question 

whether Bmpr2 can actually transduce Nodal signaling in vivo (Aykul et al. 2015). Also, 

the Type I receptor TGFβr1 has been shown to activate the Type I receptor Acvr1 via 

phosphorylation, suggesting that Type I receptors can substitute for Type II receptors 

under certain conditions (Ramachandran et al. 2018). However, if and how other Type I 

or Type II receptors play a role for transducing Nodal signaling requires further 

investigation. 

In conclusion, I identified and characterized several putative Nodal Type I and Type II 

receptors in zebrafish. I found that the Type I receptors acvr1b-a and acvr1b-b 

redundantly mediate Nodal signaling during early development, while acvr1c does not 

seem to play a role during early germ layer patterning. Furthermore, I showed that none 

of the putative Nodal Type II receptors can mediate Nodal signaling on its own during 

early embryonic development, even though all the investigated Type II receptors are 

expressed during germ layer patterning, and most can induce Nodal-overexpression 

associated phenotypes.  
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4.2 Measuring morphogen diffusivity 

Many biological processes depend on the correct dispersal of different molecules, such 

as hormones, neuronal transmitters, signaling pathway ligands or transcription factors 

(Crick 1970; Müller & Schier 2011). The reach of these molecules is often determined by 

their mobility in the respective biological tissue through which they move. Changes in their 

diffusivity can impair homeostasis and normal development (Harmansa et al. 2015; 

Almuedo-Castillo et al. 2018). The mobility of fluorescently tagged proteins in vivo can be 

assessed using Fluorescence Correlation Spectroscopy (FCS) (Magde et al. 1972; 

Magde et al. 1974) and Fluorescence Recovery After Photobleaching (FRAP) 

(Poo & Cone 1973; Liebman & Entine 1974). In FCS, fluctuations of the fluorescence of 

tagged proteins are measured in very small volumes. These fluctuations correspond to 

the free movement of the tagged molecules. Theoretical correlation functions can then be 

used to calculate the free diffusivity of a molecule. In contrast, in the FRAP technique, 

one measures how long it takes for a fluorescently tagged molecule to spread into a 

region of interest. This is done by first bleaching a region of interest using a strong laser 

and then measuring the recovery of fluorescence in the region of interest, which is due to 

movement of unbleached molecules from outside the bleached region. Using this 

recovery curve one can calculate the effective diffusivity of the tagged molecule within the 

investigated region on interest. For the calculation of the effective diffusivity, models of 

tissue geometry, bleaching conditions and reaction kinetics of the investigated molecule 

are required.  

PyFRAP was developed by Alexander Bläßle and Patrick Müller as a freely available 

Python software package. It is designed to allow for the easy and complete analysis of 

the microscopical images that are generated during FRAP measurements, and to 

generate publication-ready figures. PyFRAP is applicable in different model systems and 

works for different experimental conditions. It allows for the flexible definition of 

three-dimensional geometries, such as a spherical zebrafish embryo. Furthermore, it 

includes different mathematical reaction-diffusion models and allows the user to choose 

the most likely model. PyFRAP was extensively tested using in silico, in vitro and in vivo 
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experimental data, showing that it could identify the known diffusivities of 

macromolecules.  

In biological tissues, dispersal of molecules is often restricted by the complex environment 

in which they move. For example, tissue architecture can lead to tortuous movement, 

causing a lower diffusivity of signaling molecules (Shorten et al. 2007; Müller et al. 2013). 

Using PyFRAP, the impact of tortuosity on molecular diffusivity was assessed using 

in silico simulations of GFP dispersal in differentially packed cell environments, indicating 

a reduced diffusion of GFP by around 40 % in three-dimensional simulations. These 

findings were corroborated by in vitro experiments which compare the diffusivity of 

recombinant GFP in a restricted environment, imitated by the presence of polyacrylamide 

beads, with that of a bead-free environment. The reduction of diffusivity was even more 

prominent when the mobility of secreted and recombinant GFP was analyzed in the 

biological context of living zebrafish. In this setting, diffusivity was reduced by 53 % 

compared to the in vitro measurements, probably due to a more complex tissue 

architecture. Another important aspect hindering propagation of molecules in vivo is their 

interaction with diffusion regulators, such as membrane-bound molecules or components 

of the extracellular matrix (Hrabe et al. 2004). This effect was observed during 

measurements of the effective diffusivity of Squint-GFP in zebrafish embryos at 

approximately 5 hpf. Squint-GFP is approximately 1.5-times larger than GFP alone. If only 

the size difference between GFP and the Squint-GFP construct impacted diffusivity, one 

would expect a 14 % decrease in diffusivity for Squint-GFP compared to GFP 

(GFP diffusivity in the embryo: D(GFP) = 36 µm2/s; Squint-GFP diffusivity expected: 

D(Squint-GFP) = 31 µm2/s). In contrast, the measured diffusivity of Squint-GFP is 

approximately 2 µm2/s, which is almost 90% lower than expected. These findings, 

together with similar results from previous studies (Müller et al. 2013) support the idea 

that interactions with diffusion regulators play an important role in the propagation of 

embryonic signaling molecules such as Nodal. 
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4.3 Nodal receptors act as diffusion regulators 

In this chapter, I analyze the role of receptors on Nodal propagation through the embryo. 

In zebrafish, Nodal expression can first be observed in the embryonic margin and is 

thought to establish a signaling gradient from there into the embryo (Rebagliati et al. 

1998a; Chen & Schier 2001). Nodal signaling can act as a short- to mid-range inducer of 

mesendodermal cell fate during gastrulation (Müller et al. 2012). However, the 

mechanisms that underlie the restriction of the Nodal signaling range remain unclear. 

Previous studies have speculated that Nodal diffusion is inhibited by transient interaction 

of Nodal with extracellular diffusion regulators (Müller et al. 2013; Bläßle et al. 2018). 

Nodal receptors fulfil several requirements to function as such. Firstly, their receptor 

domains are present extracellularly; secondly, they are bound to the cell membrane, and 

thirdly, they naturally interact with the Nodal ligand. This was highlighted by recent single 

wavelength fluorescence cross-correlation spectroscopy (SW-FCCS) measurements of 

Nodal and the Type II receptor Acvr2b-a in zebrafish. These show that a strong affinity 

between ligand and receptor exists (Wang et al. 2016). Furthermore, loss of the 

co-receptor oep drastically increases the Nodal signaling range (Lord et al. 2019) without 

increasing Nodal diffusivity, while overexpression of oep has been shown to decrease 

Nodal diffusivity (Rogers 2015). 

To assess the impact of Nodal receptors on Nodal distribution in the embryo, I measured 

the distribution profiles of Nodal-GFP constructs in embryos with altered receptor levels. 

Furthermore, I assessed the localization of Nodal-GFP constructs in the presence of 

excess receptor mRNA. I used FRAP and FDAP measurements to determine whether 

receptors directly impact Nodal diffusivity (FRAP) or degradation (FDAP) in the embryo. 

The following results are in part from the manuscript in preparation “Regulation of Nodal 

signaling propagation by receptor 1 interactions and positive feedback”. This applies to 

the following paragraphs: “Nodal receptors affect Nodal dispersal in embryos” and 

“Receptor binding influences signal propagation through multiple mechanisms”. 
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4.3.1 Nodal receptors affect Nodal dispersal in embryos 

During gastrulation, the establishment of the correct range of Nodal signaling is thought 

to be crucial for normal germ layer patterning (Rogers & Müller 2019). It has previously 

been hypothesized that interaction of Nodal with its receptors might control signal 

propagation (Müller et al. 2012), and the strong affinity of Nodal for its receptor Acvr2b 

has been suggested to shape the Nodal gradient (Wang et al. 2016). To test whether 

Nodal receptors can indeed affect Nodal distribution in the embryo, I mimicked the 

secretion of endogenous Nodal from the marginal zone by injecting 100 pg squint-GFP 

or cyclops-GFP mRNA into the YSL at approximately 4.5 hpf (Figure 13 A,B). I then 

assessed the distribution of Squint-GFP and Cyclops-GFP at 2 or 4 hours post-injection 

(hpi), respectively in receptor knockdown conditions. 

In this assay, Squint-GFP is secreted from the YSL into the extracellular space and forms 

a gradient with decreasing intensity towards the animal pole at 2 hpi (Figure 13 B-E), 

similar to the Squint-GFP distribution from localized cell clones transplanted to the animal 

pole of zebrafish embryos (Müller et al. 2012; Wang et al. 2016; Soh et al. 2020). 

Strikingly, loss-of-function conditions for the Type I receptors acvr1b-a and acvr1b-b, the 

Type II receptors acvr2a-b and acvr2b-a as well as the co-receptor oep led to a flattened 

Squint-GFP distribution (Figure 13 B-E). While Squint-GFP is a relatively diffuse 

extracellular signal, Cyclops-GFP signal is distributed in a punctate pattern in the embryo 

and sharply decreases with further distance from the YSL (Müller et al. 2012) (Figure 

13 B,F,G). Loss-of-function conditions for the Type I receptors acvr1b-a and acvr1b-b and 

the co-receptor oep have a drastic effect on gradient formation and increase the number 

and distributional range of Cyclops-GFP puncta (Figure 13 F,G). 
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Figure 13: Nodal receptors can shape the distribution of Nodal ligand in zebrafish embryos. 

(A) Schematic illustration of the YSL injection assay to create local Nodal sources in the native context. 

100 pg of squint-GFP or cyclops-GFP encoding mRNA are injected into the YSL of sphere stage embryos 

and subsequently imaged to measure the Nodal distribution. Embryos were imaged ~2 hpi for squint-GFP 

and ~ 4 hpi for cyclops-GFP mRNA injections. (B) Lateral views of Squint-GFP and Cyclops-GFP signals 

in wild type compared to MZoeptz57/tz57 embryos. (C-G) Squint-GFP and Cyclops-GFP distributions with 
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modulated receptor levels. For Squint-GFP, the average background-subtracted GFP signal as a function 

of distance from the YSL is plotted. The shaded region indicates standard deviation. The number of 

measured embryos is indicated in parentheses. For Cyclops-GFP, the distance and number of puncta from 

the YSL were measured, and the mean number of puncta every 5 µm is plotted. Shaded regions indicate 

standard deviation. Distributions in wild type (purple) compared to knockdown conditions (yellow) are shown 

for Squint-GFP (C-E) and Cyclops-GFP (F-G) in acvr1b-at03pm/t03pm mutant embryos injected with 0.4 ng 

acvr1b-b ATG start site targeting morpholino (C,F), acvr2b-at08pm/t08pm;acvr2a-bSA18285/SA18285 double mutants 

(D), and MZoep mutants (E,G).  

 

4.3.2 Most receptors do not impact Nodal subcellular localization in the embryo 

I investigated whether elevated receptor levels affect Nodal subcellular localization in the 

embryo. Nodal has been suggested to directly bind to its Type II receptors and its 

co-receptor (Reissmann et al. 2001). While loss of some Nodal receptors causes a 

change in Nodal dispersal in the embryo (Figure 13), it is unclear whether this change 

depends on the direct interaction of the respective receptor with Nodal. To elucidate 

whether receptor interaction is strong enough to change Nodal localization, I injected wild 

type embryos with 50 pg of receptor mRNA and 30 pg of squint-GFP or cyclops-GFP 

mRNA. Typically, Squint-GFP signal can be detected diffusely in the extracellular space 

with few membrane-associated clusters, while Cyclops-GFP signal is highly punctuate 

with almost no diffuse signal in the extracellular space (Figure 14 A). Interestingly, the 

localization of Squint-GFP and Cyclops-GFP does not change with the overexpression of 

most receptors, except for oep. Increased levels of the Nodal co-receptor oep caused 

Squint-GFP signal to cluster similarly to the punctate distribution of Cyclops-GFP. This 

suggests that the co-receptor Oep strongly interacts with Squint, which might have an 

effect on Squint diffusion. 

Interestingly, the secretion of Squint-GFP is impaired in MZoep mutants, and the signal 

appears to be cell membrane-associated (Figure 14 B) (Rogers 2015). In mouse, the oep 

orthologue Cripto has been shown to cause Nodal to localize to early endosomes and to 

be necessary for the proteolytic maturation of Nodal (Blanchet et al. 2008a; Blanchet et al. 

2008b). To circumvent the clustering of Squint-GFP with Oep during maturation and 

exocytosis, and to assess whether puncta formation can happen in response to 



53 
 

extracellular interactions between Squint-GFP and Oep, I separated squint-GFP and 

oep-RFP expression into different compartments of the embryo. For this purpose, I 

injected 50 pg of oep-RFP mRNA into wild type embryos at the one-cell stage, leading to 

its later expression in the embryonic cells, but not the YSL, and later injected 100 pg of 

squint-GFP mRNA into the YSL of the same embryos at 4.5 hpf (Supplementary Figure 

4 A). The overexpression of oep-RFP in the embryonic cells leads to a clustered 

localization of extracellular Squint-GFP, similar to the puncta observed when both, 

oep-RFP and squint-GFP, are overexpressed in the same compartment (Figure 14 B,C; 

Supplementary Figure 4 B). Furthermore, Squint-GFP co-localized with Oep-RFP, 

indicating that, indeed, the extracellular interaction of Oep with Squint causes the puncta 

formation (Figure 14 C). Interestingly, loss of Oep in MZoep mutants did not impair 

Cyclops-GFP puncta formation and secretion (Figure 14 B; Supplementary Figure 4 C). 

Instead, loss of Oep seems to increase the amount and range of Cyclops-GFP clusters 

(Figure 13 G; Supplementary Figure 4 C), while overexpression seems to decrease the 

amount of Cyclops-GFP puncta (Figure 14 A; Supplementary Figure 4 C). These 

observations indicate that, while the co-receptor Oep may play a different role for the 

secretion of each of the two zebrafish Nodals, Cyclops and Squint, it is one of the main 

receptor complex components that might impact Nodal distribution in the embryo. 
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Figure 14: Impact of receptors on Nodal-GFP localization. Scale bars represent 20 µm (A) Localization 

of Squint-GFP and Cyclops-GFP in zebrafish embryos at 5-6 hpf. Wild type embryos were injected with 

50 pg mRNA of the indicated receptor and 30 pg of either squint-GFP or cyclops-GFP mRNA 

(B) Localization of Squint-GFP and Cyclops-GFP in MZoep mutant embryos at 5-6 hpf. Embryos were 

injected with 30 pg of either cyclops-GFP or squint-GFP mRNA and 0.4 ng of Alexa FluorTM 546 dextran. 

(C) Localization of Squint-GFP in embryos that were injected with 50 pg of oep-RFP mRNA in the one-cell 

stage. Embryos were injected with 100 pg of squint-GFP mRNA into the YSL at 4.5 hpf. Localization was 

measured two hours after injection of squint-GFP mRNA. 
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4.3.3 Receptor binding influences signal propagation via multiple mechanisms 

Receptors can impact signal propagation through embryonic tissues by several 

mechanisms. Firstly, receptor availability can affect the clearance rate of bound ligands 

and thereby affect signal propagation by modulating the extracellular protein stability 

(Rogers & Schier 2011; Rogers & Müller 2019). Secondly, transient receptor binding can 

slow down signal diffusion (Crank 1979; Miura et al. 2009; Müller et al. 2012; Müller et al. 

2013). Thirdly, positive autoregulation through ligand-receptor interactions can extend a 

ligand’s expression domain by relay signaling (van Boxtel et al. 2015; Rogers & Müller 

2019). To determine whether the receptors affect Nodal propagation by one of these 

mechanisms, I measured stability and diffusion of Nodal in the presence and absence of 

receptors. 

To measure protein stability, I used Squint-Dendra2 and Cyclops-Dendra2 in FDAP 

assays (Müller et al. 2012; Bläßle & Müller 2015; Rogers et al. 2015). Interestingly, 

overexpression of the Type II receptor acvr2b-a did not affect Nodal clearance (clearance 

rate constant k = 1.62 ± 0.41 x 10-4/s for Squint-Dendra2; k  = 1.97 ± 0.67 x 10-4/s for 

Squint-Dendra2 + 100 pg acvr2b-a mRNA; k  = 1.60 ± 0.38 x 10-4/s for Cyclops-Dendra2; 

k = 1.88 ± 0.65 x 10-4/s for Cyclops-Dendra2 + 100 pg acvr2b-a mRNA; Figure 15 A), 

suggesting that the strong interaction between Nodal and Acvr2b-a that has previously 

been shown in vivo (Wang et al. 2016) is not sufficient to modulate Nodal protein stability.  

To test whether receptor interactions can affect Nodal diffusion, I focused our analysis on 

those receptors that had a clear influence on the Nodal propagation range, the Type II 

receptor Acvr2b-a as well as the feedback-regulated co-receptor Oep and the Type I 

receptors Acvr1b-a and Acvr1b-b (Figure 7; Figure 13). For measurements of protein 

diffusion, I used Squint-GFP and Cyclops-GFP in FRAP assays (Müller et al. 2012; 

Müller et al. 2013; Almuedo-Castillo et al. 2018; Bläßle et al. 2018; Soh & Müller 2018). 

Overexpression of acvr2b-a and acvr1b-a as well as knockdown of acvr1b-a and acvr1b-b 

did not significantly impact Nodal diffusivity (D = 2.28 ± 1.57 µm2/s for Squint-GFP; 

D = 2.81 ± 2.55 µm2/s for Squint-GFP + 100 pg acvr2b-a mRNA; D = 1.87 ± 1.20 µm2/s 

for Squint-GFP + 100 pg acvr1b-a mRNA; D = 2.51 ± 1.23 µm2/s for Squint-GFP in 

acvr1b-at03pm/t03pm mutants; D = 3.96 ± 1.21 µm2/s for Squint-GFP in acvr1b-at03pm/t03pm 
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mutants + 0.4 ng acvr1b-b MO-1; D = 1.92 ± 1.24 µm2/s for Cyclops-GFP; 

D = 0.79 ± 0.45 µm2/s for Cyclops-GFP + 100 pg acvr2b-a mRNA; D = 1.46 ± 0.51 µm2/s 

for Cyclops-GFP + 100 pg acvr1b-a mRNA; D = 1.73 ± 0.77 µm2/s for Squint-GFP in 

acvr1b-at03pm/t03pm mutants; Figure 15 B). Strikingly, overexpression of the co-receptor 

Oep caused an almost 5-fold decrease of Squint-GFP diffusivity (D = 0.42 ± 0.36 µm2/s 

for Squint-GFP + 50 pg oep-RFP mRNA; Figure 15 B), suggesting that Oep serves as a 

major diffusion regulator that controls the range of Nodal signals in zebrafish embryos 

(Rogers 2015; Lord et al. 2019). 

 

Figure 15: Impact of Nodal receptors on stability and diffusivity. (A) Impact of acvr2b-a overexpression 

on Squint- and Cyclops-Dendra2 clearance rate constants using FDAP measurements. For 

overexpression, 100 pg acvr2b-a mRNA was injected at the one-cell stage of wild type embryos. Mean 

extracellular clearance rate constants are displayed in red, and individual measurements are shown as 
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black dots. (B) Impact of receptor levels on Squint- and Cyclops-GFP diffusivity using FRAP 

measurements. For overexpression, either 50 pg oep mRNA, 100 pg acvr2b-a mRNA or 100 pg acvr1b-a 

mRNA were injected at the one-cell stage of wild type embryos. acvr1b-a mutants and 0.4 ng acvr1b-b 

MO-1 were used for receptor knockdown. The mean diffusion coefficients are displayed in red, and 

individual measurements are shown as black dots.  
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Discussion 

In zebrafish, Nodal ligand is initially expressed in the YSL. From there, it is thought to 

spread into the embryo, forming a short- to mid-range signaling gradient (Erter et al. 1998; 

Hong et al. 2011; Dubrulle et al. 2015; van Boxtel et al. 2015). Interaction of Nodal with 

diffusion regulators in the extracellular space was proposed to explain the shorter range 

of Nodal and its lower diffusivity compared to its antagonist Lefty (Müller et al. 2013; 

Bläßle et al. 2018; Rogers & Müller 2019). Several lines of evidence indicate that Nodal 

receptors could fulfill the requirements for being functional Nodal diffusion regulators in 

the embryo. For example, strong interactions of Squint with the Type II receptor Acvr2b-a 

have been measured in vivo (Wang et al. 2016), and Nodal signaling range has been 

shown to be drastically increased in oep mutant embryos (Lord et al. 2019). 

Here, I investigated the role of putative Nodal receptors on Nodal protein distribution in 

more detail. To study the effect of receptors on Nodal distribution in the embryo, I used 

an assay that imitates the endogenous Nodal dispersal from the embryonic margin. I 

injected fluorescently tagged Nodal mRNA into the YSL of embryos and imaged the 

resulting gradient of fluorescent signal within the embryo (Figure 13 A). This approach 

allows for a direct visualization of the effect of altered receptor levels on Nodal dispersal. 

Loss of Nodal receptors resulted in a flattened Nodal protein gradient, which also 

exhibited an increased intensity of fluorescent signal (Figure 13 C-G). These observations 

indicate that receptor availability can indeed impact the spreading of Nodal from a 

localized source. The observed increased intensity of fluorescent signal and flattening of 

the Nodal protein gradient could be caused by several mechanisms. On the one hand, 

transient binding interactions of Nodal with its receptors could be strong enough to 

normally retain Nodal protein close to its source and to thereby restrict its spreading into 

the embryo. This might explain the steeper signal intensity gradient of Nodal-GFP in 

untreated wild type embryos. On the other hand, Nodal protein might be more stable, and 

therefore able to move further, in embryos that are missing components of the Nodal 

signaling pathway. Besides its intrinsic stability, Nodal protein degradation kinetics can 

also be influenced by changes in the Nodal clearance rate via cellular uptake, which might 

in part be mediated by Nodal receptors (Rogers & Schier 2011; Rogers & Müller 2019). 
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Of the analyzed putative Nodal receptors and co-receptor, loss of the co-receptor oep 

had the highest impact on the shape of the Nodal protein gradient in the embryo (Figure 

13 E,G). This suggests that Oep plays an essential role during the formation of the Nodal 

signaling complex (Gritsman et al. 1999; Minchiotti et al. 2001; Reissmann et al. 2001; 

Yeo & Whitman 2001), which makes it a likely candidate to act as a regulator of Nodal 

propagation in vivo. 

The strong impact of oep on Nodal propagation was even more prominent when I 

analyzed changes in the localization of Nodal-GFP in 5 hpf embryos upon overexpression 

of putative Nodal receptors and oep. While Type I and Type II receptors do not seem to 

have an effect on the subcellular localization of Nodal, increased expression of oep lead 

to the apparent recruitment of Squint-GFP to membrane-associated clusters (Figure 13 B; 

Figure 14; Supplementary Figure 4 B) (Rogers 2015). This clustering also happens when 

the expression of squint-GFP and oep-RFP are spatially separated, which can be 

achieved by injecting oep-RFP mRNA into the one-cell stage embryo and later injecting 

squint-GFP mRNA into the YSL. This experimental approach demonstrates that the 

formation of Squint-GFP clusters upon increased oep expression does not depend on 

their interaction during secretion (Blanchet et al. 2008a; Blanchet et al. 2008b), but rather 

on an extracellular interaction. Interestingly, in MZoep mutant embryos, Squint-GFP 

secretion is impaired and fluorescent signal localizes to the cellular membrane (Figure 

14 B). The localization of Cyclops-GFP, however, does not appear to be affected (Rogers 

2015). In mouse, the Nodal EGF-CFC co-receptor Cripto has been shown to be crucial 

for the recruitment of convertases that mediate cleavage of the Nodal pro-domain upon 

secretion (Blanchet et al. 2008a). Therefore, Squint-GFP secretion in MZoep mutants is 

likely impaired due to incomplete protein maturation, causing the secreted molecule to be 

retained at the cell membrane (Figure 14 B). In accordance with this idea, Squint-GFP 

can still move freely in the extracellular space in MZoep mutants when it is expressed 

from the YSL, where Oep is naturally missing (Figure 13 B,E,G; Supplementary Figure 4) 

(Lord et al. 2019). In contrast to Squint-GFP, the clustered distribution of Cyclops-GFP In 

the embryo is not changed in MZoep mutants, suggesting that other factors are 

responsible for the puncta formation of Cyclops-GFP (Figure 14 B; Supplementary Figure 

4 B). However, loss of oep causes Cyclops-GFP puncta to spread further from a localized 



60 
 

source into the embryo (Figure 13 G; Supplementary Figure 4 B), indicating that the 

co-receptor can directly impact Cyclops propagation in the embryo. 

To elucidate whether the Type I receptors Acvr1b-a and Acvr1b-b, the Type II receptor 

Acvr2b-a or the co-receptor Oep directly impact Nodal diffusivity, I measured the diffusion 

coefficients of Squint-GFP and Cyclops-GFP in correlation to receptor overexpression 

and knockdown, using FRAP assays (Figure 15 B). oep overexpression had the biggest 

impact on Squint-GFP diffusivity, which is in accordance with its strong impact on 

distribution and localization of Squint-GFP in the extracellular space. FRAP 

measurements showed that oep overexpression leads to an almost 5-fold reduction of 

Squint-GFP diffusivity (Figure 15 B). In contrast, overexpression of the Type I receptors 

acvr1b-a, acvr1b-b and the Type II receptor acvr2b-a does not seem to impact Nodal 

diffusivity (Figure 15 B). 

While fluorescence measurements after the injection of squint-GFP and cyclops-GFP 

mRNA into the YSL indicate that Type I and Type II receptor levels impact the Nodal 

distribution gradient, experiments using FRAP do not show that they impair Nodal 

propagation through hindering diffusivity. This is surprising since a direct interaction of 

Xenopus Nodal (Xnr-1) with mouse ACVR2B had previously been demonstrated using 

co-IP (Reissmann et al. 2001). Furthermore, SW-FCCS measurements have shown a 

strong dissociation constant of Squint-GFP and the Type II receptor Acvr2b-a in the 

zebrafish embryo (Wang et al. 2016), indicating that Nodal directly interacts with its Type 

II receptor. However, previous studies using mouse Nodal and ACVR2B could not 

corroborate these findings, indicating species-specific interaction differences between 

Nodal and its Type II receptor (Yeo & Whitman 2001; Sakuma et al. 2002). Furthermore, 

a recent untargeted Nodal co-IP followed by mass spectroscopy could not identify Activin 

Type I and Type II receptors as direct binding partners. However, it is unclear whether 

endogenous receptor levels in the embryo are sufficient for identification in this approach 

(Mörsdorf 2019). To clarify whether Nodal directly interacts with its Activin receptors in 

zebrafish, further co-IP experiments should be conducted. 

Apart from impacting Nodal diffusivity, the availability of Type I and Type II receptors could 

also impact Nodal propagation by modulating Nodal stability in the embryo. However, 
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overexpression of acvr2b-a did not show an increased degradation rate for zebrafish 

Nodal (Figure 15 A). But it is not clear whether Type II receptors alone are sufficient to 

induce the uptake of Nodal into the cell. This process of clearing Nodal from the 

extracellular space is likely to require the presence of other receptor complex components 

in sufficient amounts. To test this idea, Nodal stability should be assessed when several 

Type I and Type II receptors are overexpressed. 

I could show that, in zebrafish, several Type II receptors are likely to mediate Nodal 

signaling (see chapter 4.1). While I assessed the impact of the Type I receptors acvr1b-a 

and acvr1b-b, the Type II receptor acvr2b-a, and the co-receptor oep, the influence of the 

other putative Nodal receptors on Nodal propagation and stability still need to be 

assessed in future experiments.  

In contrast to the Type I and Type II receptors, the co-receptor Oep seems to directly 

inhibit Squint diffusivity and localization in the embryo (Rogers 2015). Consistent with my 

findings, previous studies also highlighted the importance of Oep for the restriction of 

Nodal signal to the embryonic margin and loss of mesendodermal competence in the 

animal pole of zebrafish embryos (Vopalensky et al. 2018; Lord et al. 2019). Additionally, 

the EGF-CFC co-receptor is crucial for the assembly of the Nodal receptor complex and 

mediates binding of Nodal to the Activin receptor complex (Gritsman et al. 1999; 

Reissmann et al. 2001; Yeo & Whitman 2001; Bianco et al. 2002; Yan et al. 2002; 

Calvanese et al. 2015).  

In summary, my findings demonstrate that receptor levels can indeed function as 

regulators of Nodal diffusion in the developing embryo, with the co-receptor Oep likely 

functioning as one of the main regulators of Nodal distribution. These results emphasize 

that ligand-receptor interaction can function beyond simple signal transduction. 
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5. Conclusion and Outlook 

In this thesis, I identified several so far undescribed putative Nodal receptors in zebrafish 

and elucidated the role of receptors on Nodal propagation during early embryonic 

development. Nodal signaling is a key regulator of germ layer patterning during early 

embryogenesis and is known to signal through a complex consisting of Activin Type I and 

Type II receptors and a co-receptor (Feldman et al. 1998; Shen 2007; Schier 2009; Hill 

2017). While several components of the Nodal signaling pathway, such as the co-receptor 

oep or the signal transducer smad2 have been shown to be crucial for Nodal mediated 

germ layer development in zebrafish (Gritsman et al. 1999; Dubrulle et al. 2015), the role 

of the Activin Type I and Type II receptors in zebrafish is less clear. Here, I found that, in 

zebrafish, early Nodal signaling is redundantly mediated by the Type I Activin receptor 

paralogs acvr1b-a and acvr1b-b. Furthermore, I identified several Type II receptor 

paralogs with the potential to mediate Nodal signaling during mesendodermal 

development. However, while I could demonstrate that the Type I receptors function 

redundantly, my knockdown experiments suggest that neither an individual nor a 

combination of different Type II receptors are solely responsible for mediating Nodal 

signaling during early germ layer patterning. The combinatorial knockdown of up to 

4 Type II receptors was done using morpholinos, which is not an ideal approach since it 

can result in incomplete knockdown or off-target nonspecific deleterious effects. 

Therefore, for further investigation, directed mutagenesis with CRISPR/Cas9 should be 

used to generate quadruple mutants to ensure a complete knockdown of all identified 

putative Nodal Type II receptors. Also, previous studies have shown that Activin Type I 

and Type II receptors can transmit signals from different ligands (Nagaso et al. 1999; 

Aykul et al. 2015; Ramachandran et al. 2018). This indicates that, even if all Nodal Type II 

receptors are lost due to knockdown, other receptors could substitute and mediate at 

least some Nodal signaling during early development. Therefore, it is important to further 

investigate the potential role of other TGF-β pathway Type II receptors, such as the BMP 

receptors bmpr2a and bmpr2b, using in zebrafish embryos in which the investigated 

putative Nodal Type II receptors are knocked out. 
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Different Nodal receptors have been linked to different pathologies, such as Systemic 

sclerosis (Takagi et al. 2011), obesity (Andersson et al. 2008; Carlsson et al. 2009; 

Yogosawa & Izumi 2013; Yogosawa et al. 2013; Guo et al. 2014; Balkow et al. 2015; 

Bu et al. 2018), cardiovascular diseases (Ma et al. 2012; Ying et al. 2016; Chen et al. 

2017; Wang et al. 2017; Wang et al. 2018) and tumorigenesis (Hempen et al. 2003; 

Deacu et al. 2004; Xu et al. 2004; Qiu et al. 2016; Asnaghi et al. 2019). In recent years, 

zebrafish has gained traction as a model organism for researching disease mechanisms 

and drug discovery. This led to the development of new methods and a better 

understanding of its physiology (Rubinstein 2003; Lieschke & Currie 2007; Gore et al. 

2018; Böffert et al. 2020). However, in order to effectively use zebrafish as a clinical model 

system, a better understanding of the role of receptor homologs in this model organism 

is crucial. This will help to avoid erroneous discoveries in disease research due to 

potential receptor redundancies. Here, I focused on the role of putative Nodal receptors 

during early germ layer patterning, but their functionality during later processes, such as 

fin regeneration, seems to diversify (Jaźwińska et al. 2007).Therefore, it will also be 

important to further assess the roles of different receptors during later stages of 

development. To this end, one could apply induction-controlled recombination, for 

example by using the inducible Cre/loxP system, to abolish specific receptor activity at 

later time points during development (Hans et al. 2009; Ripoche et al. 2013). 

During germ layer patterning in zebrafish embryos, Nodal signaling originates from the 

yolk syncytial layer and is thought to form a signal gradient into the embryo. It has been 

proposed that extracellular diffusion regulators can regulate Nodal ligand spread into the 

embryo (Müller et al. 2013; Rogers & Müller 2019). This idea is supported by the 

observations that the effective diffusivity of Nodal in a tissue is much lower than its free 

diffusivity in vitro (Müller et al. 2012; Müller et al. 2013), and that the short Nodal signaling 

range (van Boxtel et al. 2015) is extended in receptor mutants (Lord et al. 2019). 

Identifying the endogenous Nodal diffusion regulators in zebrafish embryos is crucial to 

understand the mechanisms underlying Nodal-mediated axis formation during vertebrate 

embryogenesis. Nodal receptors have previously been discussed as potential diffusion 

regulators (Müller et al. 2013; Rogers 2015; Wang et al. 2016; Rogers & Müller 2019). 

Here, I have examined the impact of different Nodal receptors on Nodal propagation in 
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the embryo. I found that decreased receptor levels can flatten the Nodal protein gradient 

that spreads into the embryo by increasing its dispersal range. This indicates that receptor 

levels can indeed impact Nodal propagation in vivo. 

Furthermore, my analysis demonstrates that the co-receptor Oep had a bigger effect on 

Nodal distribution and mobility compared to the putative Type I and Type II Nodal 

receptors. However, although I investigated several key receptors of the Nodal signaling 

pathway, it is important to expand the investigation of receptor impact on Nodal 

propagation onto the other putative Nodal receptors that I did not focus on in the context 

of this thesis, like the Type II receptors acvr2a-a and acvr2b-b. Additionally, my findings 

highlight the redundant functionality of receptors mediating Nodal signaling during 

embryogenesis. Therefore, further research on the role of receptors on Nodal propagation 

needs to include the assessment of combinatorial effects of different receptors. 

In this thesis, I used the expression of exogenous Nodal constructs to elucidate the effect 

of receptors on Nodal propagation through the embryo. To determine if these effects also 

play a role for endogenous Nodal dispersal in the zebrafish embryo, it is crucial to 

visualize the endogenous distribution of Nodal ligand. A new study now indicates that 

advances in genome editing will allow for the integration of fluorescent tags into the Nodal 

and Lefty loci of zebrafish (He et al. 2020). However, the functionality of these transgenic 

lines still needs further assessment. But, once established, these fluorescently labeled 

Nodal and Lefty transgenic lines would allow it to study the formation, propagation, and 

degradation of endogenous protein in vivo without the need for exogenous protein 

expression. Having endogenous Nodal fluorescently labeled, artificial diffusion regulators 

that bind to the fluorescent tag could be used to slow down Nodal diffusion in the embryo. 

This would allow for testing whether Nodal diffusivity is necessary for normal 

embryogenesis. Suitable candidates for this experimental approach would be membrane-

tethered nanobodies (Harmansa et al. 2015; Mörsdorf & Müller 2019).  

Mathematical models used to describe and simulate germ layer patterning require several 

parameters, such as protein induction kinetics, degradation rates and diffusion kinetics. 

But even though the degradation rates and diffusion coefficients of both, Nodal and Lefty, 

have been experimentally determined (Müller et al. 2012; Müller et al. 2013; Wang et al. 



65 
 

2016), the induction kinetics of Nodal and Lefty as well as the impact of Lefty on Nodal 

induction kinetics have not been characterized yet. Previous studies have used the 

injection of recombinant Nodal protein into embryos to measure induction kinetics on a 

transcription level (Dubrulle et al. 2015), but it is unclear whether they are directly 

translated into functional protein levels. Injecting zebrafish Nodal and Lefty protein into 

transgenic fluorescent Nodal and Lefty lines could expand the measurement of these 

induction kinetics to the translational level, either by correlating changes of fluorescence 

to protein levels (Soh et al. 2020) or by determining dose-dependent responses in protein 

levels using western blot analysis. These measurements would allow to integrate the 

actual induction kinetics into the theoretical models that are used to simulate the proposed 

mechanisms that underlie the Nodal-Lefty patterning system in greater detail. Ultimately 

this combination of experimental data with theoretical models could determine whether 

relay signaling is fast enough to establish the Nodal signaling range during development. 

Thereby measurements of the induction kinetics could help to distinguish between the 

“relay” and “hindered diffusion” model.   

In summary, I identified and characterized novel putative Nodal receptors in zebrafish 

and investigated their role in mediating Nodal signaling during early germ layer patterning. 

Furthermore, this thesis provides experimental evidence that receptor levels can 

modulate Nodal spreading into the embryo. Taken together, these findings highlight that, 

although Nodal signaling has been studied in zebrafish for more than twenty years, this 

signaling pathway has still not been fully explored. The role of receptors needs to be 

investigated beyond their ability to transduce Nodal signaling into the cell. This will allow 

for a better understanding of the mechanisms underlying the propagation of signaling 

during development. 
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6. Supplementary figures 

 

Supplementary Figure 1: Protein domains identified in putative Nodal receptors. (A-G) Amino acid 

sequences of the putative Nodal receptors Acvr1b-a, Acvr1b-b, Acvr1c, Acvr2a-a, Acvr2a-b, Acvr2b-a and 

Acvr2b-b. The signal sequence is marked in bold, the Activin receptor domain in red, the transmembrane 

domain is underlined, the GS-domain is marked in blue and the protein kinase domain is marked in italics. 
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Supplementary Figure 2: Phenotypes of 1 day old embryos with morpholino mediated knockdown 

of Type I and Type II Nodal receptors. (A) Phenotype classification categories. (B-I) Phenotypes after 

injection of the indicated concentrations of control (B), acvr1b-a (C), acvr1b-b (D), acvr1c (E), acvr2a-a (F), 

acvr2a-b (G), acvr2b-a (H), and acvr2b-b (I) morpholinos into wild type embryos. 
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Supplementary Figure 3: Summary: Phenotypes of 1 day old embryos with combinatorial 

knockdown of Type I and Type II receptors. (A) Phenotype classification categories. Arrow marks fusion 

of the eye field, arrowheads indicate the otic vesicle. (B) Table of phenotypes after 24 hpf for all tested 

receptor knockdown combinations. Light grey color indicates untested receptor combinations. Receptor 

phenotypes were attributed to the different classification categories depending on which phenotype was 

most often observed per knockdown treatment. 
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Supplementary Figure 4: Uncoupling Nodal-GFP secretion from co-receptor Oep. (A) Schematic 

illustration of the assay to express Nodal-GFP independently of Oep processing. One-cell stage wild type 

embryos were injected with 50 pg of oep-RFP mRNA. Later, 100 pg of squint-GFP or cyclops-GFP 

encoding mRNA are injected into the YSL of sphere stage embryos and subsequently imaged to measure 

the Nodal localization. Embryos were imaged ~2 hpi for squint-GFP and ~ 4 hpi for cyclops-GFP mRNA 

injections. (B) Localization of Squint-GFP in wild type, MZoeptz57/tz57 and Oep-RFP overexpressing 

embryos. (C) Localization of Cyclops-GFP in wild type, MZoeptz57/tz57 and Oep-RFP overexpressing 

embryos.  
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7. Material and Methods 

Fish lines and husbandry 

All procedures were executed in accordance with the guidelines of the State of 

Baden-Württemberg and approved by the Regierungspräsidium Tübingen (35/9185.46-5, 

35/9185.81-5). MZoeptz57 embryos were generated as previously described (Zhang et al. 

1998; Gritsman et al. 1999). The wild type strain Tü was used for the generation of the 

acvr1c mutant allele. For the generation of acvr1b-a and acvr2b-a mutants, the wild type 

strain TE was used. acvr2a-asa34654, acvr2a-bsa18285 mutants were obtained from the 

EZRC. For all experiments, maternal-zygotic receptor mutant embryos were used. The 

fish strain TE was used as a wild type control in all experiments. 

Phylogenetic analysis 

For the phylogenetic analysis, human and mouse protein sequences of the Type I 

receptors ACVR1B and ACVR1C as well as protein sequences of the Type II receptors 

ACVR2A and ACVR2B were used for BLAST queries in the UniProt database to identify 

zebrafish homologs. The alignment of human, mouse and zebrafish sequences was 

performed using Clustal Omega (RRID: SCR 002380) (Madeira et al. 2019). The 

phylogenetic tree was calculated with neighbor-joining-algorithm using the blosum62 

matrix. Jalview version 2.10.3b1 was used for visualization (Waterhouse et al. 2009). 

Branch length indicates evolutionary distance. 

Whole-mount in situ hybridization 

For synthesis of acvr1b-a, acvr1b-b, acvr1c, acvr2a-a, acvr2a-b, acvr2b-a and acvr2b-b 

probes for in situ hybridization assays, full-length receptor mRNA was cloned from shield 

stage cDNA into TOPO Blunt plasmids (primers listed in Table 1). In situ probes were 

synthesized using SP6 or T7 polymerase (Roche) and digoxigenin (DIG)-modified 

ribonucleotides (Roche). RNA probes were purified using the RNeasy MinElute Cleanup 

kit (Qiagen) according to the manufacturer’s protocol. Embryos were fixed in 4% 

formaldehyde and transferred into methanol (MeOH) for storage. They were processed 

for in situ staining as previously described (Thisse & Thisse 2008), but without proteinase 

K treatment and without pre-absorption of the anti-DIG antibody (11093274910, Roche). 
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Table 2: Primers used for receptor cloning. 

Primer name Primer sequence (5’->3’) Digest 

acvr1b-a - GFP Rev. cloning into pCS2+ GAGGCTCGAGAGGCCTTGAATTCTCACTTGTACAGCTCGTCCATG EcoRI / XhoI 

acvr1b-a - GFP splice site Forw. CCAAGAAGACATTAAGATCTCTGCAATGGTGAGCAAGGGCGAGG - 

acvr1b-a - GFP splice site Rev. CCTCGCCCTTGCTCACCATTGCAGAGATCTTAATGTCTTCTTGG - 

acvr1b-a - mCherry splice site Rev. GGTGGCGACCGGTGGATCGCCCAGGATCTTAATGTCTTC - 

acvr1b-a Forw. cloning from cDNA ATGCTAAGAGATGGGAATGTTGC - 

acvr1b-a Forw. cloning into pCS2+ vector TCCCATCGATGCCACCATGCTAAGAGATGGGAATGTTGC ClaI 

acvr1b-a Rev. cloning from cDNA TCAGATCTTAATGTCTTCTTGGACG - 

acvr1b-a Rev. cloning into pCS2+ AGAGGCCTTGAATTCGATCAGATCTTAATGTCTTCTTGGACG StuI 

acvr1b-a splice site GGTGGCGACCGGTGGATCGCCCAGGATCTTAATGTCTTC - 

acvr1b-b - GFP splice site Forw. TGGACGAGGATCTCAAAATCATGGTGAGCAAGGGC - 

acvr1b-b - GFP splice site Rev. GCCCTTGCTCACCATGATTTTGAGATCCTCGTCCA - 

acvr1b-b - mCherry splice site Rev. GGTGGCGACCGGTGGATCGCCCAGGATTTTGAGATCCTCGTCCA - 

acvr1b-b Forw. cloning from cDNA ATGGACCCACGGCAAATC - 

acvr1b-b Forw. cloning into pCS2+ vector GATTCGAATTCGCCACCATGGACCCACGGCAAATC EcoRI 

acvr1b-b Rev. cloning from cDNA TCAGATTTTGAGATCCTCGT - 

acvr1b-b Rev. cloning into pCS2+ vector AGAGGCTCGAGCCTTCAGATTTTGAGATCCTCGTCCA XhoI 

acvr1c - inverse pericam splice site Forw. GTGGTCAAGGATGTTAAAGAACTGGGCGATCCACCGGTCGCCACCGGCTA - 

acvr1c - inverse pericam splice site Rev. TAGCCGGTGGCGACCGGTGGATCGCCCAGTTCTTTAACATCCTTGACCAC - 

acvr1c Forw. cloning from cDNA ATGTCTCATCCCAGGTGCTCAG - 

acvr1c Forw. cloning into pCS2+ vector_1 CATGGGATCCGCCACCATGTCTCATCCCAGGTGCTCAG BamHI 

acvr1c Forw. cloning into pCS2+ vector_2 GATCCGCCACCATGTCTCATCCCAGGTGCTCAG BamHI 

acvr1c Rev. cloning from cDNA TTCTTTAACATCCTTGACCACAGTCAC - 

acvr1c Rev. cloning into pCS2+ vector _2 GAGGCTCGAGTTATTCTTTAACATCCTTGACCA XbaI 

acvr1c Rev. cloning into pCS2+ vector_1 TTCTTTAACATCCTTGACCACAGTCACCTCGAGCATG AvaI / XhoI 

acvr1c splice site Forw. GTGGTCAAGGATGTTAAAGAACTGGGCGATCCACCGGTCGCCACCGGCTA - 

acvr1c splice site Rev. TAGCCGGTGGCGACCGGTGGATCGCCCAGTTCTTTAACATCCTTGACCAC - 

acvr2a-a Forw. cloning from cDNA ATGGGACCTGCAACAAAGCT - 

acvr2a-a Forw. cloning into pCS2+ vector AGGATCCCATCGATGCCACCATGGGACCTGCAACAAAGCT ClaI / BamHI 

acvr2a-a GFP splice site Forw. CCCCAAAGGAGTCTAGTCTAATGGTGAGCAAGGGCGAGGA - 

acvr2a-a GFP splice site Rev. TCCTCGCCCTTGCTCACCATTAGACTAGACTCCTTTGGGG - 

acvr2a-a mCherry splice site Rev. GGTGGCGACCGGTGGATCGCCCAGTAGACTAGACTCCTTTGGGG - 

acvr2a-a Rev. cloning from cDNA TCATAGACTAGACTCCTTTG - 

acvr2a-a Rev. cloning into pCS2+ vector TCTAGAGGCTCGAGAGGCCTTCATAGACTAGACTCCTTTG StuI 

acvr2a-b - GFP splice site Forw. CTAAAGAGTCCAGCCTAATGGTGAGCAAGGGC - 

acvr2a-b - GFP splice site Rev. GCCCTTGCTCACCATTAGGCTGGACTCTTTAG - 

acvr2a-b - mCherry splice site Rev. GGTGGCGACCGGTGGATCGCCCAGTAGGCTGGACTCTTTAG - 

acvr2a-b Forw. cloning from cDNA ATGGCGAGCCACTGGACAAACT - 

acvr2a-b Forw. cloning into pCS2+ vector 
ATCCCATCGATGCCACCATGGCGAGCCACTGGACAAACTGGAAGCAGCGA

AAATATGGAGGTGCGATTCTGGGCCGCTCG 
BamHI 

acvr2a-b Rev. cloning from cDNA TCATAGGCTGGACTCTTTAG - 

acvr2a-b Rev. cloning into pCS2+ vector CCTTGAATTCGATCATAGGCTGGACTCTTTAG EcoRI 
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acvr2b-a - GFP splice site Forw. CAAAGAGTCCAGCATCCTGGGCGATCCACCGGTCGCCACC - 

acvr2b-a - GFP/mCherry splice site Rev. GGTGGCGACCGGTGGATCGCCCAGGATGCTGGACTCTTTG - 

acvr2b-a Forw. cloning from cDNA ATGTTCGCTTCTCTGCTCACTTT - 

acvr2b-a Forw. cloning into pCS2+ vector AGGATCCCATCGATGCCACCATGTTCGCTT ClaI 

acvr2b-a Rev. cloning from cDNA TCAGATGCTGGACTCTTTGGGC - 

acvr2b-a Rev. cloning into pCS2+ vector CACTATAGTTCTAGATCAGATGCTGGACTCTT XbaI 

acvr2b-b - GFP splice site Forw. GCCCAAAGACTCCAGCACCATGGTGAGCAAGGGC - 

acvr2b-b - GFP splice site Rev. GCCCTTGCTCACCATGGTGCTGGAGTCTTTGGGC - 

acvr2b-b - mCherry splice site Rev. GGTGGCGACCGGTGGATCGCCCAGGGTGCTGGAGTCTTTGGGC - 

acvr2b-b Forw. cloning from cDNA ATGTTTGTTCCCTGGCTGGC - 

acvr2b-b Forw. cloning into pCS2+ vector GATCCCATCGATGCCACCATGTTTGTTCCCTGGCTGGC ClaI 

acvr2b-b Rev. cloning from cDNA TCAGGTGCTGGAGTCTTTGG - 

acvr2b-b Rev. cloning into pCS2+ vector GAGGCCTTGAATTCGATCAGGTGCTGGAGTCTTTGG XhoI 

GFP Rev. cloning into pCS2+ vector GCCTTGAATTCTTACTTGTACAGCTCGTCCATGC EcoRI 

inverse pericam - zFKBP1b splice site Forw. GGAGTACAACGGTACCGGGATGGGTGTTGAGGTTG - 

inverse pericam - zFKBP1b splice site Rev. CAACCTCAACACCCATCCCGGTACCGTTGTACTCC - 

inverse pericam linker Forw. CTGGGCGATCCACCGGTCGCCACCGGCTACAACAGCACC - 

mCherry Forw. GTGAGCAAGGGCGAGGAGGATAAC - 

mCherry Rev. cloning into pCS2+ vector TAGAGGCTCGAGTTACTTGTACAGCTCGTCCATGC XhoI 

mCherry splice site Forw. CTGGGCGATCCACCGGTCGCCACCGTGAGCAAGGGCGAGGAG - 

zFKBP1b Rev. CTCCAATTTCAGCAGCTCTAC - 

zFKBP1b Rev. cloning into pCS2+ vector GGCTCGAGAGGCCTTGAATTCCTACTCCAATTTCAGCAG EcoRI / XhoI 

 

Plasmids and mRNA synthesis 

Full-length receptor-encoding sequences were amplified from cDNA of shield stage wild 

type TE embryos and cloned into pCS2+ vectors (primers listed in Table 1, plasmids are 

listed in Table 3). C-terminal tagging of the receptors with mCherry was done using a 

splicing PCR (primers listed in Table 2) (Higuchi et al. 1988; Ho et al. 1989; 

Heckman & Pease 2007). For mRNA synthesis, the mMESSAGE mMACHINE® SP6 

Transcription Kit (AM1340; Invitrogen) was used according to the manufacturer’s 

protocol. Synthesized RNA was purified with the RNAeasy mini Kit (Qiagen) and 

dissolved in nuclease-free water. 
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Table 3: Plasmids used in this thesis. 

Laboratory # Gene Backbone Purpose Reference 

583 acvr1b-a pCS2+ mRNA synthesis cloned by myself 

195 acvr1b-a 
pCR-Blunt II-

TOPO 
in situ probe  cloned by Maria Almuedo-Castillo 

298 acvr1b-a mCherry pCS2+ mRNA synthesis cloned by Maria Almuedo-Castillo 

536 acvr1b-b pCS2+ mRNA synthesis cloned by myself 

515 acvr1b-b 
pCR-Blunt II-

TOPO 
in situ probe  cloned by myself 

537 acvr1b-b-GFP pCS2+ mRNA synthesis cloned by myself 

81 acvr1c pCS2+ 
mRNA synthesis / 

in situ probe 
Cloned by Sarah Keim 

87 acvr1c IP pCS2+ mRNA synthesis Cloned by Sarah Keim 

513 AcvR2aa 
pCR-Blunt II-

TOPO 
in situ probe  cloned by myself 

527 acvR2a-a pCS2+ mRNA synthesis cloned by myself 

581 acvR2a-a-mCherry pCS2+ mRNA synthesis cloned by myself 

528 acvR2a-b pCS2+ mRNA synthesis cloned by myself 

582 acvR2a-b-mCherry pCS2+ mRNA synthesis cloned by myself 

495 acvr2b-a pCS2+ mRNA synthesis cloned by myself 

529 acvR2b-b pCS2+ mRNA synthesis cloned by myself 

514 acvR2b-b 
pCR-Blunt II-

TOPO 
in situ probe  cloned by myself 

580 acvR2b-b-mCherry pCS2+ mRNA synthesis cloned by myself 

80 cyclops-GFP pCS2 mRNA synthesis (Müller et al. 2012) 

47 oep-RFP pCS2 mRNA synthesis  

103 squint-dendra2 pCS2 mRNA synthesis (Müller et al. 2012) 

49 squint-GFP pCS2 mRNA synthesis (Müller et al. 2012) 

 

Microinjections 

For mRNA, sgRNA and morpholino injections, embryos were injected at the one- or 

two-cell stage with the indicated amounts in a total of 1 nl. Injected embryos were 

incubated at 28˚C, and unfertilized embryos were discarded at 4-5 hpf. For fixation, 

imaging and YSL injections, the embryos were dechorionated using 0.1 mg/ml Pronase 

(Roche) in 5 ml embryo medium (Rogers 2015).  

For Nodal gradient analysis, 2 nl of an injection mix containing 100 pg of Squint-GFP or 

Cyclops-GFP and 0.5 ng of Alexa FluorTM 647 dextran (D22914, Invitrogen) was injected 
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into the YSL of sphere stage embryos. Imaging of YSL-injected embryos was started 2 hpi 

for Squint-GFP injections and 4 hpi for Cyclops-GFP injections. 

Mutant generation 

acvr1b-a, acvr1c and acvr2b-a mutants were generated using the CRISPR/Cas9 system 

(Gagnon et al. 2014). Target sequences for guide RNAs were chosen using CHOP-CHOP 

(Montague et al. 2014). sgRNAs targeting acvr1b-a (mix of sgRNAs 

GCTACAGCAGTTCGTCGAGG and GGATTACTAGCGGTCGGCGA) and acvr1c 

(AGCGCTGCATCTGAGCACCT) were synthesized as described previously 

(Gagnon et al. 2014). acvr2b-a (GTTCGCTTCTCTGCTCACTT) sgRNA was procured 

from IDT. 400 pg of Cas9-encoding mRNA (from MLM3613, Addgene) and 150 pg of 

sgRNA were co-injected into one- or two-cell stage wild type embryos. CRISPR efficiency 

was tested using a T7 Endonuclease I digestion assay (Gagnon et al. 2014) with the 

primers listed in Table 4. 

Table 4: Primers for mutant genotyping. 

Mutant Target Forward primer Reverse primer 

acvr1b-at03pm Exon 2 TCGCTTGTCAATATCACACACA CTCTCTCTCCACACACCATCAG 

acvr1ct06pm Exon 1 TCTGTCTACGTGTTGTCGCTTT AAAGTTGGTGTGTGCTGACAGT 

acvr2a-asa34654 Exon 2 AACTACAACCCCAGCTTGGAGAA TTTGAAAATTCTTTGAAATCTTT 

acvr2a-bsa18285 Exon 1 TTTCCAGTTGTGTTTGATTCCATGT ACAAGTTTCCCTCGCAGCAG 

acvr2b-at08pm Exon 1 GTGGTGTGTGAGAGTGTGTGTG CAGGAGCATTTTAACAACACGA 

 

Genotyping  

Genomic DNA was isolated from caudal fin tissue of adult zebrafish using the “hotshot” 

method (Meeker et al. 2007), and regions of interest were amplified using standard PCR 

conditions and the primers listed in Table 4. PCR amplicons were prepared for direct use 

in sequencing reactions by treatment with ExoI and rSAP (NEB), and the respective 

amplification primers were used in separate sequencing reactions. Mutations in the first 

generation were identified using PolyPeakParser and Hetindel (Hill et al. 2014, 

RRID:SCR_018922). For later genotyping analysis, Lasergene Seqman Pro 14 was used. 

To reduce the likelihood of off-target-effects, mutants were outcrossed to wild type TE 

fish at least once before in-crossing of heterozygotes to obtain homozygous fish. 
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Morpholino antisense oligonucleotides 

For each receptor, several morpholinos were designed that target splice sites or the 

region surrounding the ATG start codon (Table 5). Morpholinos were obtained from 

GeneTools (Philomath, OR) and injected into 20 to 30 wild type TE embryos at the 

one-cell stage using the amounts indicated in the figures. Embryos were assessed at 

shield stage and 1 dpf. After each assessment, unfertilized and dead embryos were 

discarded. 

Table 5: Morpholino sequences used for phenotype analysis. ATG start site targets are underlined. 

Receptor Morpholino sequence (5’->3’) Target site Reference 

acvr1b-a MO-1 CTGCAACATTCCCATCTCTTAGCAT ATG start site (Jaźwińska et al. 2007) 

acvr1b-a MO-2 GTTTGGCCTGTACTGCTACCATTG e2i2 splice site  

acvr1b-a MO-3 ATAAACATGCAACTTACCAGACCCT e3i3 splice site  

acvr1b-b MO-1 CATCCTTACAGGACTCCCATTGCAC ATG start site  

acvr1b-b MO-2 CAAAGATTTGTTTTCAGCACCTCCA e7i7 splice site  

acvr1c MO-1 GATGAGACATGACATCTGTCACTTA ATG start site  

acvr1c MO-2 TACTATTTTGTCCTGTCTTACCTGG e2i2 splice site  

acvr1c MO-3 TTAATGGGCACAGCCAGCTCTCACC e3i3 splice site  

acvr2a-a MO-1 GCAGGTCCCATTTTTTCACTCTTCT ATG start site (Albertson et al. 2005) 

acvr2a-a MO-2 AGCAGTAGGGAATACCTGTCATAGC e2i2 splice site  

acvr2a-a MO-3 TCGCTGAATGGAGCCTTACTCTGAA e3i3 splice site  

acvr2a-b MO-1 TCGATGGTCCCCGAGCGGTTCTTC Putative 5’UTR  

acvr2a-b MO-2 TGGCTGCACACAAACACAGATTAAT splice site (Dogra et al. 2017) 

acvr2a-b MO-3 TGACAGAAGTATTTACCTGTGACGG e3i3 splice site  

acvr2b-a MO-1 GCAGAGAAGCGAACATATTCCTTT ATG start site (Albertson et al. 2005) 

acvr2b-a MO-2 TGAGCAGAGAAGCGAACATATTCCT ATG start site (Dogra et al. 2017) 

acvr2b-a MO-3 AATGTTTAAGAGAGTCACCTGGTTC e3i3 splice site  

acvr2b-b MO AGCCAGCCAGGGAACAAACATATTC ATG start site (Dogra et al. 2017) 

 

qRT-PCR 

For qRT-PCR experiments, single embryos were collected at shield stage and total RNA 

was isolated using NucleoZol (740404.200; Macherey-Nagel) according to the 

manufacturer’s protocol. 100 ng of RNA was used for cDNA synthesis with SuperScript™ 

III Reverse Transcriptase (18080044, Invitrogen) according to the manufacturer’s 
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protocol. qRT-PCR was performed with Platinum SYBR Green qPCR SuperMix-UDG 

(1173304, Invitrogen) on a CFX Connect Real-Time System (BIORAD). 2 µl of 1:5 diluted 

cDNA was used as a template. Primers for qRT-PCR analysis are listed in Table 6, and 

eF1A was used as an internal control. Technical duplicates and biological triplicates were 

performed for each sample. 

Table 6: qRT-PCR primers. 

Target Forward primer (5’->3’) Reverse primer (5’->3’) 

eF1A AGAAGGAAGCCGCTGAGATGG TCCGTTCTTGGAGATACCAGCC 

acvr1b-a CGCCATGAAAACATCTTGG GTGTCCATGTGCCATTGTCT 

acvr1b-b CTCTCCACCTCAGGATCAGG GTACGAGCCACGGTCCTTT 

acvr1c GAGATTATTGGCACCCAAGG AACCAGGATGTTCTTTGACTTTATG 

acvr2a-a GGTGTCCTCACAACATTG TCACCGGTCACTCGACAC 

acvr2a-b GTGACACACACGGACAGGTT AAACTGATCGCTCCTTCCAG 

acvr2b-a CAAACCAGCCATCGCACA TCACACCAGTCTACGACC 

acvr2b-b ACACGTCGACATCGGACAG AGGCTTCAGTCCAACCAGAG 

 

pSmad2/3 immunostainings 

For pSmad2/3 immunofluorescence stainings, embryos were fixed in 4% formaldehyde 

in PBS overnight at 4˚C. Embryos were dehydrated in 100% MeOH and stored at -20˚C. 

For staining, the embryos were incubated in acetone (Roth, 5025.5) for 7 min, washed 

three times for 5 min with PBST (PBS + 0.1% Tween 20), blocked for at least 1 h with 

10% FBS (Biochrom) in PBST and incubated with 1:5000 rabbit anti-pSmad2/3 primary 

antibody (Cell Signaling Technologies, 8828) in blocking solution at 4°C overnight. The 

following day, embryos were washed 8 times for 15 min with PBST, blocked with blocking 

solution for at least 1 h, and incubated with 1:500 goat anti-rabbit HRP secondary 

antibody (Jackson ImmunoResearch, 111-035-003) in blocking solution at 4°C overnight. 

Embryos were then washed 8 times for 15 min with PBST and incubated once in TSA 

1x amplification buffer (TSA Plus Fluorescein Kit, Perkin Elmer, NEL741001KT) for 

15 min. For staining, embryos were incubated in 75 μl 1:75 fluorescein-TSA in 

1x amplification buffer for 45 min. Embryos were washed three times for 5 min with PBST, 

30 min with MeOH and washed two times more with PBST before incubation in 1:5000 

DAPI in PBST at room temperature for at least 1 h, then they were washed at least three 
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times with PBST. Embryos were transferred into MeOH and stored at -20˚C before 

imaging. 

Imaging 

Brightfield images for phenotype documentation were taken using an Axio Zoom.V16 

(ZEISS) microscope with a PlanNeoFluar Z 1x objective. 

Images of fixed and live embryos were obtained using a Lightsheet Z.1 microscope 

(ZEISS). For mounting, the samples were taken up in 1.5 % low-melting point agarose 

(50080, Lonza) with a size 3 glass capillary sample holder (ZEISS). If not noted otherwise, 

embryos were imaged using a W Plan-Apochromat 20x objective, 0.7 zoom and 5 μm 

distance between z-slices. For imaging of pSmad2/3 immunostainings, embryos were 

imaged from different angles using a 488 nm laser at 2% power with 100 ms exposure 

time. For DAPI stainings, embryos were imaged using a 405 nm laser at 10% laser power 

with 70 ms exposure time. For YSL injections, 15 slice z-stacks were imaged using the 

405 nm laser with 100% laser power and 70 ms exposure time. Additionally, embryos 

were imaged with a 638 nm far-red laser at 1% laser power and 20 ms exposure time for 

detection of Alexa Fluor 647 dextran. 

FRAP and FDAP measurements were performed using a LSM 780 NLO confocal 

microscope (ZEISS) with an LD C-Apochromat 40x/1.1 W Korr objective. For imaging, 

embryos were mounted in 1.5 % low-melting point agarose in glass-bottom petri dishes 

(P35G-1.5-20-C, MatTek Corporation). After solidification, the agarose was covered with 

embryo medium to protect the embryos from drying out. FRAP and FDAP measurements 

were performed as previously described (Bläßle et al. 2018). 

YSL injection image analysis 

Images obtained from embryos that had been injected with Nodal mRNA into the YSL 

were analyzed using Fiji (Schindelin et al. 2012). To mask fluorescent signal in the YSL 

from analysis, the far-red channel was converted into a mask with the mean thresholding 

algorithm. 10 marginal z-slices of the GFP channel were then used for a maximum 

intensity projection. Before the region of interest around the embryo was defined, the 

maximum intensity projections were rotated, so that the YSL was on the left, parallel to 

the image margin. Pixels outside of the embryo were set to N/A to avoid potential dilution 
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effects when averaging intensities. For Squint-GFP, the “plot profile” function was used 

to extract the averaged intensities from the embryo. Background levels, which were 

determined by measuring uninjected embryos, were subtracted from the gradient profiles. 

The profiles were normalized following the procedure described in (Gregor et al. 2007) 

with the model 𝐼𝑛(𝑥) = 𝐴𝑛𝑐̅(𝑥) + 𝑏𝑛, relating the mean intensity profile 𝑐̅(𝑥) of all data 

points to each embryo’s intensity profile 𝐼𝑛(𝑥) through the embryo-specific proportionality 

constant 𝐴𝑛 and the non-specific background 𝑏𝑛. 𝐴𝑛 and 𝑏𝑛 were determined by 

minimizing the sum of squared differences between the model and the intensity profiles 

using the function fminsearch in MATLAB 7.10.0. 

For Cyclops-GFP, the Fiji “find maxima” function was used to identify Cyclops-GFP 

puncta in the embryo. Uninjected embryos were used to verify that this approach only 

identified single maxima in order to exclude artifacts. The xy-coordinates of the puncta 

were extracted using the function “Measure”, and the distribution of puncta as a function 

of distance from the YSL was plotted.  
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Fluorescence Recovery After Photobleaching (FRAP) and inverse FRAP (iFRAP) assays can

be used to assess the mobility of fluorescent molecules. These assays measure diffusion by

monitoring the return of fluorescence in bleached regions (FRAP), or the dissipation of

fluorescence from photoconverted regions (iFRAP). However, current FRAP/iFRAP analysis

methods suffer from simplified assumptions about sample geometry, bleaching/photo-

conversion inhomogeneities, and the underlying reaction-diffusion kinetics. To address these

shortcomings, we developed the software PyFRAP, which fits numerical simulations of

three-dimensional models to FRAP/iFRAP data and accounts for bleaching/photoconversion

inhomogeneities. Using PyFRAP we determined the diffusivities of fluorescent molecules

spanning two orders of magnitude in molecular weight. We measured the tortuous effects

that cell-like obstacles exert on effective diffusivity and show that reaction kinetics can be

accounted for by model selection. These applications demonstrate the utility of PyFRAP,

which can be widely adapted as a new extensible standard for FRAP analysis.
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The diffusion of molecules is important for almost any
process across all scales of biological organisation, from
transcription factors finding their targets on DNA to

signalling molecules spreading through tissues during
development and homoeostasis1–3. The biological function of a
molecule is affected by its action range and therefore its mobility;
however, effective diffusion of molecules moving through com-
plex tissues is difficult to measure quantitatively. More than 40
years ago, Poo & Cone4 and Liebman & Entine5 developed a
method to assess the diffusivities of fluorescent molecules. In
these fluorescence recovery after photobleaching (FRAP) experi-
ments, the fluorescence of molecules in a small region of the
sample is bleached by exposure to a strong laser pulse6. The
dynamics of fluorescence recovery in the bleached region can
then be used to infer the mobility of the fluorescent molecules
(Fig. 1a). Inverted FRAP (iFRAP) assays have recently been
developed as an extension of FRAP experiments7–10, which
eliminate the often harsh bleaching conditions used in FRAP
experiments. iFRAP assays utilise photoconvertible molecules
that can be induced to alter their fluorescence excitation/emission
properties after exposure to ‘photoconverting’ light. In iFRAP
experiments, the spread of signal from a small photoconverted
domain into the neighbouring regions of the sample is monitored
over time and thus represents an experimental mirror image of
FRAP (Fig. 1b).
Diffusion coefficients are commonly extracted from FRAP

experiments by fitting analytical solutions computed from
theoretical models to the measured recovery curves11–18, and a
few simulation-based analysis methods have been developed19–21.
Although this allows for a rapid assessment of qualitative mobility
differences in identical experimental settings, current approaches
rely on several assumptions that can affect the accuracy of the
analysis. First, most current methods reduce the FRAP analysis to
one-dimensional or two-dimensional simplifications11–21, often
assuming that the fluorescent pool is infinitely large11–14,16,17, or
ignoring more complex geometries of biological samples that
could play important roles in molecule movement (Fig. 1c).
Recent studies have argued that geometry is crucial for dynamic
biological processes22,23, and must be taken into account for
accurate analysis of FRAP data. Indeed, false assumptions about
the FRAP sample geometry can drastically affect diffusion coef-
ficient estimates (Fig. 1d).
Second, the bleaching process in FRAP experiments is often

inaccurately modelled. Bleaching is posited to be homogeneous or
to follow a Gaussian distribution throughout bleached circular or
rectangular regions, while the molecules outside of the bleached
region are assumed to remain unbleached11–13, 15–18. However,
molecules diffusing during the bleaching process can create
inhomogeneities both inside and outside of the bleached region;
moreover, a delay between bleaching and the start of the recovery
measurement can lead to further inhomogeneities (Fig. 1c).
Incorrect assumptions about the bleaching process can thus lead
to a severe misestimation of diffusion coefficients14, 24–27

(Fig. 1e).
Third, in vivo FRAP experiments can be strongly influenced by

reaction kinetics such as production or degradation of fluorescent
molecules, which can contribute to the observed recovery curve
(Fig. 1c). However, this is mostly neglected in classical FRAP
analysis models and can lead to erroneous diffusion estimates
(Fig. 1f)11–17.

To address these shortcomings, we developed the versatile
Python-based FRAP analysis software PyFRAP (available at
https://mueller-lab.github.io/PyFRAP). To facilitate data analysis,
PyFRAP is equipped with an intuitive graphical user interface
(GUI, Fig. 2a), which gives users without a computational
background access to a sophisticated FRAP data analysis work

flow from image analysis to statistical model comparison methods
(Fig. 2b). PyFRAP applies the first post-bleach image as initial
condition (Fig. 2c), and numerically simulates the FRAP
experiment in realistic two-dimensional or three-dimensional
experiment geometries (Fig. 2d, e); the solution from this
simulation is then fitted to the experimental data. Furthermore,
PyFRAP can accurately account for both uniform production and
degradation during FRAP experiments. PyFRAP saves all
analysed data and settings in a logical data structure that can be
shared with collaborators or re-used for later analyses (Fig. 2f).
The software is freely available, and the open-source environment
allows for rapid expansion through collaborative work28 to adjust
analysis methods to the users’ needs.
To demonstrate the utility of PyFRAP, we conducted several

typical in vitro and in vivo FRAP experiments (Supplementary
Fig. 1). PyFRAP accurately determines the diffusion coefficients
of fluorescent molecules ranging from 3 to 500 kDa in both
artificial and biological contexts. In contrast to currently available
software, PyFRAP’s flexible initial conditions also allow analysis
of iFRAP experiments, producing results comparable to FRAP.
We used PyFRAP to measure the influence that obstacles such as
cells exert on the movement of diffusing molecules, and found
that such geometric hindrance decreases diffusivity by about one-
third. Moreover, PyFRAP provides accurate modelling of reaction
kinetics, including production and degradation. Finally, to test the
impact of extracellular binding on protein diffusivity, we
measured the diffusion of signalling molecules in living zebrafish
embryos. We found that the effective diffusivity of a signalling
molecule in developing zebrafish was reduced to about one-tenth
of its predicted value, in agreement with hindered diffusion
models postulating interactions of embryonic signals with
diffusion regulators22,29. Altogether, our analyses highlight how
detailed examination of FRAP data can be used to determine the
contribution of individual factors to the movement of molecules
in controlled artificial and biological contexts30.

Results
PyFRAP is a versatile FRAP/iFRAP analysis package. Current
FRAP analysis methods often make simplified assumptions about
FRAP experimental conditions to aid in the derivation of analy-
tical solutions11–16,18, and to facilitate numerical simulations20,21.
Such assumptions include reducing complex sample geometries
to lower dimensions, idealising the initial bleaching profile, or
ignoring additional reaction kinetics potentially underlying
fluorescence recovery (Fig. 1c). Unless the experiment is well
approximated by these assumptions (e.g., simple geometry, small
bleach spot compared to a large sample volume, sharp bleach
profile, no reactions), this can lead to erroneous diffusion
estimates (Fig. 1d–f). To address these shortcomings, we
developed PyFRAP. PyFRAP numerically simulates FRAP
experiments in realistic three-dimensional geometries using an
interpolation of the first post-bleach image as initial condition.
This simulation is then fitted to the experimental data,
incorporating reaction kinetics such as uniform production and
degradation.
PyFRAP is an open-source Python-based FRAP analysis

software that runs on the major operating systems Microsoft
Windows, Mac OSX and Linux. Over the past 20 years, Python
has become the standard programming language for scientific
research because of the availability of versatile add-on packages
and its intuitive and simple syntax31. Building on the resourceful-
ness of Python, PyFRAP is based on commonly used packages
such as PyQT, SciPy and FiPy32–36. PyFRAP comes with an
intuitive graphical user interface (GUI, Fig. 2a) and a fully
documented application programming interface (API) allowing
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quick development of scripts or modifications of the PyFRAP
code. PyFRAP’s functionalities include sophisticated image
processing functions useful for FRAP analysis, customisable
geometry and analysis region definitions, a finite element partial
differential equation (PDE) solver that simulates FRAP/iFRAP
experiments with adjustable options, statistical tools for averaging
and model comparison, and multiple plotting and input/output
functions (see Methods section and Supplementary Note 1 for
details). To make the software easily accessible, dialogue boxes
(software wizards) guide the user step-by-step through data
import, image analysis, simulation and fitting.

We programmed PyFRAP to import image data from most
common microscope formats, such as .tif, .lsm and .czi. Users can
define arbitrary regions of interests (ROIs) that are then used for
image analysis, simulation and fitting (Supplementary Fig. 2a).
For some experimental setups, the imaged sample might be larger
than the field of view. In these cases, the concentration of
molecules in regions outside of the image can be estimated from
selected areas in the first image of the recovery image series
(Supplementary Fig. 2b). Uneven illumination is a common
artefact in FRAP experiments. PyFRAP can correct this artefact
by normalisation using pre-bleach images or using a correction
matrix computed from a secondary data set generated with a
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homogeneously distributed fluorophore37–39 (see Methods
section and Supplementary Fig. 2c for details). To avoid
numerical instabilities, PyFRAP allows the user to smooth or
denoise the image data using a Gaussian or median filter
(see Methods section, Supplementary Note 1, Supplementary
Fig. 3, and Supplementary Table 1 for details).
FRAP and iFRAP experiments have been performed in a

variety of contexts, from the cigar-shaped Drosophila embryo and
the relatively flat Drosophila wing disc to the dome-shaped pre-
gastrula stage zebrafish embryo10,22,29, 40–42. These structures
have distinct geometries that could impact fluorescence recovery.
In fact, we found that simplifying the three-dimensional zebrafish
embryo to a two-dimensional disc can frequently lead up to a
>200% error in estimated diffusion coefficients (Fig. 1d). In
PyFRAP, users can define arbitrary two-dimensional and three-
dimensional geometries using Gmsh43 or CAD

STereoLithography (.stl) files that are then spatially discretised
into tetrahedral meshes by Gmsh in combination with TetGen44.
PyFRAP provides various meshing options, such as local mesh
refinements, boundary layer meshes and attractor meshes,
allowing users to adapt the mesh to experimental details
(see Fig. 2d, e and Supplementary Fig. 4c for example geometries
and meshes).
In current FRAP analysis methods, the initial condition of the

FRAP experiment is often simplified to a simple rectangular
function or a Gaussian profile to approximate sharp or blurred
bleach boundaries, respectively11,12, 14–18, 45–47. However, light
scattering, imperfect bleaching and diffusion during the bleaching
process can lead to more complex bleaching profiles and thus
need to be considered during FRAP analysis to avoid misestima-
tion of diffusion coefficients24,25,30,48. To overcome this issue,
PyFRAP uses a bilinear interpolation between pixels of the first
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post-bleach image to estimate the initial condition for mesh cells.
This initial condition closely resembles initial experimental
bleaching profiles and concentration distributions (Fig. 2c).
Moreover, in contrast to most current FRAP analysis meth-
ods11–18,46,47, PyFRAP does not fit a mathematical
expression based on simplified assumptions to the data; instead,
PyFRAP uses FiPy32 to simulate the experiment numerically,
resulting in a solution that incorporates the realistic three-
dimensional geometry and initial conditions. The numerical
simulation is then fitted to the FRAP data by minimising
the sum of squared differences using classical optimisation
algorithms49–51 (see Methods section for details).

In typical FRAP and iFRAP experiments, a protein of interest is
tagged with a fluorescent protein and expressed within a tissue. In
such an experiment, the fusion protein is often actively produced
at the same time that FRAP is carried out; additionally, fusion
proteins undergo degradation over time. Depending on how the
fusion protein is expressed (promoter-driven expression, mRNA
injection, etc.), its degradation kinetics, and the timescale of the
FRAP/iFRAP experiment, production and degradation can
dramatically influence recovery curves. Ignoring reaction kinetics
in FRAP experiments could therefore lead to erroneous diffusion
coefficient estimates. Indeed, recovery curves with pure diffusion
fitted to a simulated reaction-dominant data set often resulted
in a >200% error in the estimated diffusion coefficients (Fig. 1f).
To ensure that the appropriate reaction kinetics are considered
when analysing FRAP data, PyFRAP is equipped with four
models: (1) Pure diffusion, (2) diffusion with production, (3)
diffusion with degradation and (4) diffusion with production and
degradation (see Methods section for details). The model can be
constrained with previous reaction rate measurements from
assays such as fluorescence decay after photoconversion (FDAP)
52,53; alternatively, production and degradation rates can be
directly obtained from fitting the FRAP data. Below, we discuss
methods to determine which approaches are most appropriate for
a given data set.
An advantage of PyFRAP is its ability to assess FRAP data

using multiple models of varying complexity, from pure diffusion
to combined reaction-diffusion kinetics. However, determining
which model is appropriate for a given data set can be
challenging. Choosing the incorrect model can lead to overfitting
and potentially false diffusion coefficients54. The Akaike informa-
tion criterion (AIC) is a statistical tool that can aid in model
selection55. PyFRAP’s implementation of the AIC allows users to
compare the models mentioned above and determines the most
likely model based on a relative weighted measure that includes
both the model’s log-likelihood and its degrees of freedom, i.e.,
the number of model parameters. Moreover, PyFRAP provides
several statistical tests (Supplementary Table 2) to assess
differences between measurements and obtained fits, such as
Student’s t-test56 for normally distributed data or the
Mann–Whitney-U-test57, which does not require normally
distributed data. The Shapiro–Wilk-test can be used to assess
whether the measured diffusivities follow a normal distribution58

and whether application of Student’s t-test or the
Mann–Whitney-U-test is justified.

PyFRAP’s object-oriented data structure (Fig. 2f) can be saved
into serialised objects and easily loaded for further analysis or
shared with collaborators. In addition, PyFRAP lets users visualise
every aspect of PyFRAP’s analysis work flow and save plots and
images into publication-ready figures.

Benchmarking PyFRAP. To validate PyFRAP, we first deter-
mined whether it can recover true diffusion coefficients and
reaction kinetics from simulated data. We used our previous

in-house solution22,29,42 based on the commercial programs
MATLAB and COMSOL multiphysics to simulate 24 FRAP
experiments with different reaction kinetics and diffusion coef-
ficients. Using PyFRAP, the simulated data sets were fitted with
all four possible reaction-diffusion models (see above). We
determined a maximal error of 10% (average error: 2%,
Supplementary Table 3) between simulated and estimated
diffusion coefficients, demonstrating that PyFRAP recovers
correct diffusion coefficients within the error tolerance of the
numerical simulations.
Next, we tested whether PyFRAP’s implementation of the AIC

allows identification of the models used to create the simulated
data. When the data were simulated with models describing either
pure diffusion, diffusion and degradation, or diffusion and
production, the AIC predicted the correct underlying model
(Supplementary Table 3). However, the model selection based on
the AIC did not favour the correct model for data sets that
included diffusion combined with both production and degrada-
tion, since models with fewer degrees of freedom provided
smaller Akaike weight values. Simulations involving diffusion,
production and degradation can generate data effectively
indistinguishable from data simulated with only diffusion and
production or diffusion and degradation, explaining why the AIC
cannot predict the correct model in this case.
To assess PyFRAP’s performance in comparison with other

available software packages based on analytical17,46,47,59 or
numerical20,21,60 approaches (Supplementary Table 4), we used
easyFRAP47, Virtual FRAP20, FrapCalc46, simFRAP21 and
PyFRAP itself to analyse simulated FRAP experiments (Supple-
mentary Note 2, Fig. 3). We simulated 18 experiments in which
geometry, relative bleach window size, and diffusion coefficients
differed. Simulations were conducted either in a simple circular
two-dimensional domain or a complex three-dimensional zebra-
fish embryo-like geometry (Fig. 2e). FrapCalc and easyFRAP
assume circular bleach windows12,46,47; to facilitate comparison,
we therefore simulated FRAP experiments with circular bleach
windows. Bleach window sizes comprised 5, 10 or 50% of the slice
diameter, representing different proportions between fluorescent
and bleached pools (Fig. 3b). Simulations were performed with
three biologically relevant diffusion coefficients: 10, 50 and 200
μm2/s.

Simulation-based programs (PyFRAP, virtualFRAP and sim-
FRAP) generally provided better results than analytical solutions
(easyFRAP and FrapCalc): FrapCalc and easyFRAP were either
unable to determine diffusion coefficients, or provided diffusiv-
ities that were off by at least 20% for most experiments (Fig. 3c).
Fast recovery dynamics were challenging for all tested software.
One reason for this is that fewer data points were recorded during
the actual recovery process of highly diffusive molecules due to a
fixed frame rate of 1 frame/s in the simulated test data sets,
leading to larger errors; moreover, for fast recovery dynamics
errors from interpolating simulations onto images are more
severe. The analytical software packages provided better results
for the two-dimensional compared to three-dimensional geome-
tries, while simulation-based approaches showed no clear trend
regarding geometry. In terms of bleach window radius, the
analytical solutions performed worst if the window diameter was
50% of the slice diameter. This effect might be due to the
assumption of an infinite pool of fluorescent molecules outside of
the bleached region12—when the bleach window is very large, the
pool of unbleached fluorescent molecules is small, which conflicts
with the assumption of an infinite pool. In contrast, PyFRAP
outperformed all current software packages and exhibited the
smallest error between predicted and simulated diffusion
coefficients (Fig. 3c).
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Applications of PyFRAP to measure diffusion hindrance. In
vivo, it is thought that the overall movement of molecules is
affected by binding interactions and by the presence of obstacles
such as cells, resulting in a reduced effective diffusion coefficient
of secreted proteins that move through tissues22. However, the
effects of these interactions have not been rigorously tested
experimentally. We therefore employed PyFRAP to examine the

effects of obstacles and binding partners on the effective diffu-
sivity of dextrans and proteins in experimentally controlled
in vitro geometries and in living zebrafish embryos.
First, we measured diffusion coefficients of a wide range of

differently sized molecules (Supplementary Table 5) in a simple
in vitro context in the absence of binding partners or obstacles.
We performed FRAP experiments with different bleach
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geometries using fluorophore-coupled dextrans ranging from 3 to
500 kDa in molecular weight (Fig. 4a–d, Supplementary Figs. 5
and 6), and compared the results with theoretical predictions and
literature values. Fluorescence recovery in these in vitro experi-
ments should be purely defined by diffusion, and the theoretical
diffusivities D of spherical molecules can be calculated from their
radii r based on the relationship D ~ 1/r as postulated by the
Einstein–Stokes equation (Supplementary Note 3). The diffusion
coefficients determined by PyFRAP were in good agreement with
literature values and theoretical predictions (Fig. 5a, Supplemen-
tary Tables 6 and 7).

A variant of FRAP that allows exclusion of reaction kinetics,
such as production, and thus decrease the number of unknown
experimental parameters is iFRAP (Fig. 1b). To perform in vitro
iFRAP experiments, we used the green-to-red photoconvertible

protein Dendra261. Since photoconverting Dendra2 from green to
red can also be interpreted as bleaching the original green
fluorescence, measuring unconverted and converted
protein distributions produces both FRAP and iFRAP experi-
ments at the same time. To test whether PyFRAP correctly
analyses iFRAP data, we used the experimental FRAP and iFRAP
sets independently and assessed whether the obtained diffusion
values are equal (Fig. 4e–h). Using FRAP we measured a Dendra2
diffusivity of 52.9 ± 5.2 (standard deviation) μm2/s, and
using iFRAP we obtained a similar value of 53.3 ± 3.1 μm2/s
(Fig. 5b, average difference between the two diffusivities per data
set: 2.6 ± 1.5 μm2/s).

Next, we examined the effect of tortuosity on diffusion. In
biological samples, the path length that molecules take increases
as they move around obstacles such as cells. The effect of this
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tortuous movement can be described by the diffusion hindrance
factor (also known as diffusion permeability62) θ= 1/λ2=D*/D,
where λ is the tortuosity, D* is the effective diffusion coefficient
(with obstacles), and D is the free diffusion coefficient
(without obstacles). To assess the expected magnitude of
tortuosity on altering effective diffusivity, we first performed
numerical simulations of FRAP experiments with and
without radial obstacles in two- and three-dimensional
geometries. Radial obstacles were either placed regularly,
randomly, or following a nearly-ideal packing scheme, resulting
in an extracellular volume fraction (EVF, i.e., the space available
for molecules to diffuse) ranging from 78% down to 25%
(Supplementary Fig. 7). These simulations demonstrated that
recovery rates are slowed down as the EVF decreases (Fig. 5c,
Supplementary Table 8). If the geometry is two-dimensional, an
EVF of 25% results in an expected reduction in effective
diffusivity of approximately 66%. In three-dimensional simula-
tion experiments, we obtained a reduction of effective diffusion
coefficients by 40% when the EVF was decreased to 38%
(Supplementary Note 3).
To determine whether the presence of obstacles decreases

effective diffusivity as predicted by our simulations, we performed
FRAP assays in vitro with a fluorescein-coupled 70 kDa dextran
(Fig. 4i, j) or recombinant GFP (Supplementary Fig. 8) in the
presence of polyacrylamide beads. Consistent with our predic-
tions, recovery was slower in the presence of beads, and the
effective diffusivity of fluorescein-coupled 70 kDa dextran
dropped from 24.1 ± 0.4 (standard error) μm2/s to 14.9 ± 0.5
μm2/s, suggesting an EVF of 39% (θ= 0.61) (Fig. 5c, d,
Supplementary Tables 8 and 9). Similarly, for recombinant GFP
effective diffusivity dropped by 18% (Fig. 5e, Supplementary
Table 10, Supplementary Fig. 8a–d).

To assess diffusion hindrance in vivo, we injected
recombinant GFP protein into the extracellular space of
living zebrafish embryos. We found that the effective diffusivity
in vivo was 60% lower than for freely diffusing GFP, and 53%
lower than in in vitro experiments with beads (Fig. 5e,
Supplementary Table 10, Supplementary Fig. 8e, f). This suggests
that tortuosity in zebrafish embryos is higher than in the in vitro
bead assay. Importantly, we found similar diffusion coefficients of
36 μm2/s in vivo for extracellularly injected recombinant GFP and
secreted GFP constantly produced from injected mRNA, showing
that PyFRAP can properly account for both diffusion and
production (Fig. 5e, Supplementary Table 10, Supplementary
Fig. 8g, h).
Finally, we examined the effects of binding interactions on

effective diffusivity. GFP presumably does not experience
significant binding interactions with extracellular molecules in
zebrafish embryos, although its movement is affected by
obstructions like cells and cellular extensions. In contrast,
secreted signalling molecules are expected to interact with
extracellular molecules such as receptors and extracellular matrix
components22. To assess the effect that interactions with
extracellular molecules might have on secreted signalling
molecules, we injected mRNA encoding the TGFβ-superfamily
member Squint fused to GFP into zebrafish embryos29. Squint-
GFP is approximately 1.5 times larger than GFP and according to
the Einstein-Stokes equation (Supplementary Note 3) would be
predicted to have an approximately 1.14 times smaller diffusion
coefficient than GFP (effective diffusivity D(GFP)= 36 μm2/s,
expected effective diffusivity D(Squint-GFP)= 31 μm2/s). How-
ever, we measured an effective diffusion coefficient of approxi-
mately 2 μm2/s for Squint-GFP in living zebrafish embryos, ~90%
lower than the predicted diffusion coefficient (Fig. 5e, Supple-
mentary Table 10, Supplementary Figs. 8i, j and 9). These
findings are consistent with previous measurements29 and with

the idea that interactions with so far unidentified binding
partners slow down the effective diffusion of embryonic signalling
molecules like Squint-GFP22,29.

Discussion
Although FRAP analyses have long been used to measure relative
differences in mobilities between macromolecules, analysis tools
to accurately and quantitatively determine effective diffusion
coefficients from FRAP data are lacking. Current analysis tools
impose several simplifications including one-dimensional or two-
dimensional reductions of complex three-dimensional geome-
tries, idealised bleaching conditions, and the absence of important
reaction kinetics. When the experimental conditions closely
resemble the simplified assumptions, e.g., small bleach domains
and negligible reaction kinetics, these tools can rapidly provide
reasonable diffusion estimates (Fig. 3c). However, experimental
conditions are often more complex, and the use of simplified
assumptions may yield drastically divergent diffusion coefficients
(Fig. 1d–f). PyFRAP addresses these shortcomings by providing a
simulation-based analysis that incorporates realistic geometries,
bleaching conditions and reaction kinetics.
We found that PyFRAP’s data analysis pipeline is numerically

reliable, recovered the correct diffusion coefficients and reaction
kinetics, and additionally predicted the correct underlying
reaction-diffusion models for simulated test data sets with known
diffusion, production, and degradation parameters. PyFRAP
consistently outperformed all other tested software packages,
demonstrating its strength as a novel FRAP analysis method.
Furthermore, PyFRAP was able to determine diffusion
coefficients comparable to both theoretical and previously
experimentally measured estimates for macromolecules with
molecular weights ranging over two orders of magnitude. Since
PyFRAP can analyse data independently of any assumptions
about the initial conditions, it is suitable to analyse both
FRAP and iFRAP experiments. iFRAP has recently been
developed as an alternative to FRAP due the increasing avail-
ability of photoconvertible proteins and allows ignoring reaction
kinetics such as production. We performed tandem FRAP/iFRAP
experiments to analyse the diffusion of the photoconvertible
protein Dendra2 and found equal diffusion coefficients in vitro
with both methods.
FRAP experiments are typically performed in tissues in which

macromolecules need to move around cellular obstacles, resulting
in slower fluorescence recovery. To determine how this tortuosity
might affect diffusion coefficients estimated from FRAP experi-
ments, we first simulated FRAP experiments in two- and three-
dimensional geometries introducing radial beads at different
densities to vary the extracellular volume fraction (EVF). Our
simulations showed a strong correlation between tortuosity and
effective diffusivity and agree with previous theoretical work
including Monte-Carlo simulations and homogenisation the-
ory62–65. We then tested the predictions from these simulations
with in vitro experiments using polyacrylamide beads to mimic
cells. Compared to experiments without beads, the effective dif-
fusion coefficient decreased by 39% (diffusion hindrance factor θ
= 0.61) for 70 kDa fluorescein-dextran and 18% (θ= 0.82) for
recombinant GFP. In living zebrafish embryos, effective diffu-
sivity is much further reduced (Fig. 5e). It is unlikely that this is
due to different viscosity of the extracellular medium in vivo,
since free GFP diffusion is only marginally reduced in zebrafish
embryos22. Instead, it is plausible that the complex geometries of
real extracelluar environments—which include filopodia, extra-
cellular matrix, and cavities that might act as dead end pores—
could further increase tortuosity62. Finally, most in vivo FRAP
experiments are affected by biochemical reactions such as
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production and degradation of proteins, which must be taken into
account for accurate diffusion coefficient estimates (Fig. 1c, f).
PyFRAP offers various models for different reaction kinetics and
can accurately estimate diffusion coefficients from data sets that
include constant production and degradation.
PyFRAP measures effective diffusion, but due to its built-in

PDE solver it could be extended in the future to consider spatially
inhomogeneous kinetics and advective fluxes and to perhaps even
determine the diffusivities of individual species in polydisperse
mixtures of fluorescent molecules66,67. While PyFRAP can
simulate three-dimensional FRAP experiments, FRAP data is
currently almost exclusively obtained from two-dimensional
confocal microscopy. In recent years, the development of light-
sheet microscopy made fast three-dimensional imaging with low
phototoxicity feasible68. In the future, PyFRAP’s image analysis
tools could be extended to fit light-sheet microscopy data, which
might provide deeper insights into the three-dimensional
dynamics of molecule movement including convective flows or
spatially inhomogeneous diffusion.

Methods
FRAP/iFRAP experiments in vitro. FRAP experiments to measure pure diffusion
and tortuosity effects were conducted in a frustum-like plexiglass hole. Holes
around 700 μm in diameter and about 100 μm in depth were drilled into a plex-
iglass block using a dental drill. Due to the small depth, the resulting shape was
frustum-like with an upper base of 510 μm diameter.

Holes were filled with aqueous solutions of FITC-/fluorescein-labelled dextrans
of different sizes, recombinant GFP, or Dendra2 protein (Supplementary Table 5)
using a micro-pipette. Dendra2 protein was centrifuged at 16,000 × g for 30 min at
4 °C to remove protein aggregates. Excess liquid was removed from the hole by
pipetting under observation with a stereo microscope.

To model the effect of tortuosity in the in vitro FRAP experiments,
polyacrylamide beads were added to the sample solution. The microbeads (Bio-Gel
P-2 Gel, <45 μm wet bead size) were first soaked in distilled water overnight for
hydration. The beads were then centrifuged at 300 × g, the supernatant removed,
and the required quantity of beads transferred to another tube for resuspension in
fluorescein-dextran or GFP+BSA solution. This was repeated and followed by
removal of the supernatant, leaving a concentrated slurry of beads and fluorescent
solution for the experiments. The beads were transferred into the plexiglass
template and settled within 1–2 min.

To prevent evaporation, mineral oil (Sigma) was placed around the solution
before sealing the hole with a cover slip (No 1.5). Supplementary Fig. 1a outlines
the sample preparation process for in vitro experiments. The sample was upended
carefully and mounted on an inverted confocal microscope. Images were taken
using an LSM 780 NLO microscope (ZEISS) with an LD LCI Plan-Apochromat
25×/0.8 Imm Korr DIC objective (ZEISS) and immersion oil (Immersol TM W, n
= 1.334 at 23 °C, ZEISS). First, a plane approximately in the middle of the hole was
chosen and the z-position set to zero. Then, the position of the highest and lowest
point was determined. Cuboid volumes (141.42 μm× 141.42 μm× 100 μm) were
bleached by imaging a z-stack at highest laser power (488 nm) or photoconverted
at moderate laser power. Time series of 300 images (512 pixels × 512 pixels)
were taken with a speed of 1 frame/s (pixel dwell time: 3.15 μs) over a duration of
5 min. The zoom was set to 0.7, and the resulting images had a size of 566.79 μm×
566.79 μm.

After the FRAP experiment, the template was cleaned using distilled water,
soap, and an interdental toothbrush.

FRAP experiments in vivo. Zebrafish embryos (Danio rerio) were collected 10 min
after mating and proteolytically dechorionated22,29,42. For the experiments with
recombinant GFP, 100 pg of recombinant GFP were injected into the extracelluar
space when zebrafish embryos reached high stage22,29,69 (Supplementary Table 10).
For experiments with secreted GFP29, 100 pg of the mRNA encoding the fluor-
escent protein were injected at the one-cell stage. For experiments with Squint-
GFP29, either 30 or 200 pg of mRNA were injected at the one-cell stage. At dome
stage, embryos were mounted in drops of 1% low-melting-point agarose animal
pole down onto a glass-bottom dish (MatTek Corp. P35G-1.5-20-C), and as soon
as the drops solidified covered with Danieau’s medium29,42 to prevent the embryos
from drying out. Supplementary Fig. 1b outlines the in vivo sample preparation
process.

Confocal images were taken roughly at a depth of 40 μm from the animal pole
into the embryo. For data sets injected with 200 pg of Squint-GFP-encoding
mRNA, images were acquired with the same settings as described for the in vitro
experiments either with 1 frame/s for 300 s, or 1 frame/10 s for 3000 s. Images of
embryos injected with 30 pg of Squint-GFP-encoding mRNA were taken with a
spatial resolution of 340.08 μm × 340.08 μm and 1 frame/10 s for 3000 s. Data sets

for recombinant GFP in vivo were acquired with the same microscope settings as
the experiments conducted in vitro.

ROI selection. PyFRAP’s image analysis depends on defining specific ROIs for the
experimental data and simulations. Users can define multiple different geometrical
shapes of ROIs in three-dimensional space such as cylinders, prisms, and any kind
of addition or subtraction between ROIs. The specified ROIs are then used for
image analysis, estimating concentrations outside the field of view, evaluating the
simulation, and fitting to the analysed data. PyFRAP is equipped with an ROI
manager and wizards for several standard sets of ROIs.

Image analysis. Let Ωi (with i∈ {1, 2, …, nΩ} and nΩ the number of ROIs) be the
list of ROIs specified for PyFRAP’s analysis. The mean intensity over the ROI Ωi at
time tj (with j∈ {1, 2, …, nt} and nt the number of images) is then calculated by

IΩi tj
� � ¼ 1

Ai

X
xk ;ylð Þ2Ωi

I xk; yl ; tj
� �

ð1Þ

where Ai is the area of Ωi, and I(xk, yl, tj) is the intensity at pixel (xk, yl) (with k∈ {1,
2,…, nx} and nx the number of rows in the images, and with l∈ {1, 2,…, ny} and ny
the number of columns in the images).

FRAP image data were analysed within the ROIs Ωbleached and Ωslice. Ωslice was
defined as a circular domain with centre Cslice and radius rslice. Since the imaging
depth varied between experiments, both Cslice and rslice were cropped for each data
set. The bleached ROI Ωbleached was defined as a square with sidelength sbleached and
left-lower corner at Obleached= Cslice− 1

2(sbleached, sbleached). The definition of both
ROIs is shown in Supplementary Fig. 2a.

Accounting for uneven illumination. Uneven imaging due to inhomogeneous
sample illumination is a common problem in microscopy37–39. We implemented
two solutions in PyFRAP to address this problem: (1) Normalisation by an image
acquired before bleaching, and (2) applying a flattening mask derived from imaging
a homogeneous fluorescent sample. The pixel-wise mean image over nt images can
be defined as

M xk; yl ; tj
� � ¼ 1

nt

Xnt
j¼1

I xk; yl ; tj
� �

ð2Þ

To avoid noise-induced singularities when normalising, PyFRAP computes a mean
normalisation mask Mpre over multiple pre-bleach images, and then divides each
image of the recovery time series pixel-wise by the computed mask

~I xk; yl ; tj
� � ¼ I xk; yl ; tj

� �þ Onorm

Mpre xk; ylð Þ þ Onorm
ð3Þ

where Onorm is the optimal data offset computed via

Onorm ¼ max min
k;j

I xk; yl ; tj
� �� �

;min
k;j

Mpre xk; yl ; tj
� �� �� �

þ 1 ð4Þ

Similarly, the flattening mask F is computed using the mean over multiple images
of a fluorophore spread homogeneously across a cover slip, Mflat:

F xk; ylð Þ ¼ maxk Mflat xk; ylð Þð Þ þ Oflat

Mflat xk; ylð Þ þ Oflat
ð5Þ

Similar to the normalisation in Eq. (4), the optimal data offset Oflat is obtained by
taking the maximum over all minimum intensities of images in both recovery and
flattening data sets. The recovery data set is obtained by pixel-wise multiplication
of the recovery image with the flattening mask obtained in Eq. (5):

~I xk; yl ; tj
� � ¼ F xk; ylð Þ � I xk; yl ; tj

� � ð6Þ

An outline of both correction methods is shown in Supplementary Fig. 2c.
In the present study, two pre-bleach images were acquired per sample for the

normalisation mask, and two images of fluorescein conjugated to a 40 kDa dextran
or recombinant GFP homogeneously spread on a cover slip were acquired for the
flattening approach. The effects of flattening and normalisation on data analysis are
described in Supplementary Note 1.

Accounting for background fluorescence. Background subtraction is a standard
procedure to extract the true signal of microscope images38,39. Similar to the
flattening and normalisation masks, PyFRAP takes the average over multiple pixels
to obtain a background mask and then subtracts it pixel-wise38,39:

~I xk; yl ; tj
� � ¼ I xk; yl; tj

� ��Mbkgd xk; ylð Þ ð7Þ

The mean of two images without a sample was determined to compute a back-
ground mask. The effect of background subtraction is discussed in Supplementary
Note 1.
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Application of filters for noise reduction. Microscope data sets are often noisy,
causing problems for normalisation and simulation. PyFRAP smooths noisy pixels
by either applying a Gaussian blur with standard deviation σgauss, or a median filter
with filter window radius rmedian. We found that σgauss= 2 and rmedian= 5 provided
good results for the data in the present study (see Supplementary Note 1).

Accounting for fluorescence outside of the imaging view. In some cases it is not
possible to capture the whole sample in one field of view under the microscope, and
the concentration in the non-imaged regions needs to be estimated. PyFRAP solves
this by letting users define an ROI Ωrim to select an approximation of the average
unbleached intensity from the first image of the recovery image series:

crim ¼ 1
Arim

X
xk ;ylð Þ2Ωrim

I xk; yl ; t0ð Þ ð8Þ

Ωrim is defined by Ωrim=Ωslice−Ωcentre, where

Ωcenter ¼ xk; ylð Þj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xk � xcð Þ2þ yl � ycð Þ2

q
<ρrimrslice

� �
ð9Þ

with (xc, yc) the centre pixel coordinates of the image. Ωrim thus defines a small
annulus comprising all pixels (xk, yl) inside Ωslice that have a distance of at least
ρrimrslice from the centre of the image (Supplementary Fig. 2b). ρrim= 0.66 and
ρrim= 0.4585 were found to provide good values for the in vitro and in vivo
experiments, respectively.

Simulations. PyFRAP simulates FRAP experiments numerically. Ignoring reaction
kinetics, a FRAP experiment can be described by the diffusion equation

∂cðx; tÞ
∂t

¼ D∇2cðx; tÞ; x 2 Ω ð10Þ

where c(x, t) is the concentration of the measured molecule at position x= x; y; zh i
and time t inside the domain Ω, and D is its scalar diffusion coefficient. The
diffusion coefficient is assumed to be constant and homogeneous.

Since the sample is assumed to be a closed system, no-flux Neumann boundary
conditions were defined as

∂cðx; tÞ
∂n

¼ 0; x 2 ∂Ω ð11Þ

where n is the normal vector of the boundary ∂Ω at position x.

Initial conditions for simulations. The initial conditions are given by the bilinear
interpolation P between pixels of the initial post-bleaching image:

Pðx; yÞ ¼ x2 � x; x � x1ð Þ
x1 � x2ð Þ y2 � y1ð Þ �

I x1; y1ð Þ I x1; y2ð Þ
I x2; y1ð Þ I x2; y2ð Þ

� �
� y2 � y

y � y1

� �
ð12Þ

I(xk′, yl′) with k′, l′∈ {1, 2} represents the intensities in the initial image of the four
pixels surrounding (x, y). If (x, y) is outside of the visible ROI in the initial image
(Ω1), the rim concentration crim given in Eq. (8) is combined piece-wise with Eq.
(12) to give the initial condition

cðx; 0Þ ¼ Pðx; yÞ if x; yð Þ 2 Ω18z
crim otherwise

�
ð13Þ

Simulation geometry. PyFRAP comes with its own geometry definition tool.
Geometry definitions can then be converted into the Gmsh format43 for meshing.
PyFRAP can read Gmsh’s geometry definition files, use Gmsh’s mesh files, or
import STereoLithography (.stl) files, allowing users to define arbitrary two- and
three-dimensional geometries. This gives users the ability to describe a realistic
FRAP experiment geometry with the necessary precision.

The simulation geometry Ω for the in vitro experiments was a conical frustum
with upper radius rupper= 317.65 pixels, lower radius rlower= 224.25 pixels, and
height h ≈ 90.33 pixels (Supplementary Fig. 4b). For the in vivo experiments, the
simulation geometry resembled a zebrafish embryo at dome stage, i.e., the
intersection of two hemispheres intersecting each other at the equator of the outer
hemisphere. Since the geometry depends on the radius of the embryo in the initial
image, rimaging was calculated separately for each experiment29,70. Assuming that
the radius of the inner hemisphere rinner is 10% larger than the one of the outer
hemisphere, router, the geometry can be computed by

router ¼ r2imagingþh2imaging

�2himaging

rinner ¼ 1:1 � router
dcenter ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2inner � r2outer

p ð14Þ

where dcentre is the distance between the two centres of the hemispheres.
Supplementary Fig. 4a shows a schematic of the zebrafish dome stage geometry.

Meshing for simulations. PyFRAP discretises simulation geometries using
Gmsh43 in combination with TetGen44 into tetrahedral meshes. PyFRAP utilises
almost all functionalities of Gmsh—such as boundary layer meshes, attractor
meshes, mesh merging and mesh refinement—allowing users to apply fine meshes
where they are needed.

The overall default element size in the present study was v= 25 pixels3. To
overcome numerical instabilities, such as Gibbs phenomena at the boundary of
Ωbleached, the mesh around the bleached area boundary was refined using a
boundary layer mesh of thickness wBL= 30 pixels and element size vBL= 15
pixels3. Since only the simulation inside Ωslice and Ωbleached is used to fit the FRAP
experiments, the mesh inside Ωslice was also refined to an element size of vslice= 15
pixels3. Supplementary Fig. 4c, e shows an example of a tetrahedral mesh with both
slice refinement and boundary layer meshes for the zebrafish dome geometry
described in the previous section.

PDE solver. All partial differential equations (PDEs) were simulated using the FiPy
toolbox32. The LU factorisation algorithm or the Preconditioned-Conjugated-
Gradient algorithm implemented in PySparse were used to solve the linear system
at each time step.

Simulation parameters. All simulations were performed with a reference diffusion
coefficient of D= 50 pixels2/s. To ensure that the simulations run long enough to
capture the full recovery of the FRAP experiment, the end time point of the
simulation was set to tsim,end= 1680 s for experiments conducted with an acqui-
sition interval of Δt= 1 s. Since the recovery is steepest at the beginning of the
simulations, a logarithmic time-stepping scheme was used, making early time steps
shorter to achieve greater accuracy. A summary of all simulation parameters used
to analyse the FRAP data in the present study is given in Supplementary Table 11.

Fitting. To avoid the need to re-simulate the FRAP experiment for each choice of
diffusion coefficient D, PyFRAP uses the self-similarity property of the solution to
Eq. (10). For example, a simulated FRAP experiment with the diffusion coefficient
D= 50 pixels2/s results in the same recovery behaviour as an experiment with the
diffusion coefficient D= 200 pixels2/s, just four times slower. This can be described
as

cðx; t;DÞ ¼ c x;
Dref

D
t;Dref

� �
ð15Þ

where Dref is the reference diffusion coefficient, i.e., the diffusion coefficient used
for the simulation of Eq. (10). Supplementary Fig. 4d shows simulated recovery
curves for various diffusion coefficients illustrating this self-similarity property.

PyFRAP allows users to fit four different models to FRAP data: (1) Pure
diffusion, (2) diffusion and production, (3) diffusion and degradation, (4) diffusion
with degradation and production, and each of these models with an additional set
of equalisation parameters (see below). In case of pure diffusion, the solution for
the diffusion coefficient D over a given ROI Ωi is simply given by the volume
integral of the solution in Eq. (15):

~c Ωi; t;Dð Þ �
Z
x2Ωi

cðx; t;DÞdV ð16Þ

A summary of all parameters used to fit the FRAP data in the present study is given
in Supplementary Table 12.

Extending the diffusion model with reaction kinetics. Spatially uniform pro-
duction was added to the scaled FRAP model defined in Eq. (15) or in Eq. (20) by

cðΩi; t;DÞ ¼ cðΩi; t;DÞ þ k2t ð17Þ

where k2 is the production rate. To add spatially uniform degradation, the resulting
solution is given by

c Ωi; t;Dð Þ ¼ c Ωi; t;Dð Þe�k1 t ð18Þ

The parameter k1 represents the degradation rate constant. Adding both degra-
dation and production to the system results in the following superposition of
solutions:

cðΩi; t;DÞ ¼ cðΩi; t;DÞe�k1 t þ 1þ e�k1 t
� � k2

k1
ð19Þ

Accounting for varying fluorophore fractions by equalisation. FRAP
experiments can vary in intensity during the experiment due to, for example, an
increase or decrease in extracellular volume fraction, due to molecules moving in
and out of the imaging plane, or due to an immobile fraction of fluorescent
molecules. These effects are accounted for by equalisation, which normalises both
simulation and data recovery curves to an equivalent scale between 0 and 1. During
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the fitting process, the simulated recovery curves are slightly lifted or lowered to
better resemble overall fluorescence levels. This can be written as

~cðΩi; t;DÞ ¼ 1
cmaxEi

Z
x2Ωi

cðx; t;DÞdV � cminÞ

0
B@

1
CA ð20Þ

where Ei is the equalisation factor for ROI Ωi. The background cmin was chosen to
be the smallest concentration of the bleached ROI inside the imaging region
(Ωbleached), over the whole time series

cmin ¼ min
t

Z
x2Ωbleached

cðx; tÞdV ð21Þ

and the normalisation value cmax to be the maximum concentration inside the
whole imaging ROI (Ωslice), over the whole time series

cmax ¼ max
t

Z
x2Ωslice

cðx; tÞdV ð22Þ

Minimisation and parameter estimation. Choosing one of the models defined in
Eqs. (15), (16), (17), (18) and (19), the sum of squared differences, SSD, was
calculated by

SSD ¼
X
i

X
tj

~c Ωi; tj;D
� �� IΩi tj

� �� �2
ð23Þ

where tj∈ 0, .., T are all time points of the FRAP data set, and Ωi∈Ωbleached, Ωslice

are the two ROIs of interest yielding a mean optimal fit between all fitted ROIs. The
minimisation of Eq. (23) was carried out using a constrained Nelder–Mead algo-
rithm49. Since especially for a larger number of degrees of freedom the mini-
misation algorithm tended to stop in local minima, initial guesses for the diffusion
coefficient D were tested over two orders of magnitude, and the fit yielding the
minimum SSD was considered optimal.

Analysis speed. Details of the method to determine PyFRAP’s performance in
terms of analysis speed are described in Supplementary Note 4 and Supplementary
Tables 13 and 14.

Statistics. PyFRAP offers four statistical tools (Supplementary Table 2) allowing
users to test whether the estimated diffusion coefficient for one experimental group
is significantly different from another one. The statistical tools include the two
most prominent parametric significance tests, the Student’s t-test56 and a mod-
ification of this test, Welch’s t-test71, which both assume normally distributed test
groups. PyFRAP also provides the Shapiro–Wilk test, allowing PyFRAP users to
quickly assess whether the estimated diffusion coefficients follow a normal dis-
tribution. The Shapiro–Wilk test was recently found to have the best sensitivity
compared to other common normality tests72. If normality cannot be guaranteed,
PyFRAP offers two non-parametric ranked hypothesis tests: The Wilcoxon signed-
rank test73 and the Mann–Whitney U test57.

Often, the underlying reaction kinetics of FRAP experiments or the relevance of
their contribution might be unknown54. However, models with more parameters
generally provide better fits than simpler models. The AIC55 allows users to
evaluate which model fits the data the best while keeping model complexity low.
For this, let

Θ :¼ k1; k2;D; E1; E2; ¼ð Þ ð24Þ

be the vector of unknown diffusion coefficient D, reaction rates k1 and k2, and E1,
E2, … a list of equalisation factors. Moreover, let m=m(Θ) be the model
prediction using Θ. Assuming that the data is distributed normally around the
model

di �mi � Nðμ; σÞ ð25Þ

the log-likelihood function at data point i, Li becomes

Li Θjdi �mið Þ ¼ di �mið Þ2 ð26Þ

and is thus identical with the sum of squared differences used for optimisation in
Eq. (23):

LðΘÞ ¼
X
i

LiðΘÞ ¼ SSD ð27Þ

The AIC is then given by

AIC ¼ 2k � 2L Θ̂
� � ð28Þ

where k is the number of parameters of model m and

Θ̂ ¼ argminðLðΘjdi �mi; i ¼ 1:::nÞÞ ð29Þ

is the parameter configuration Θ minimising the log-likelihood function (Eq. (27)),
i.e., the parameter configuration returned from fitting the model to data. The best
model according to the AIC is then m(argmin(AICi−AICmin)). If the number of
sample points is small, the corrected AIC (AICc) provides a more accurate model
selection technique:

AICc ¼ AICþ 2kðk þ 1Þ
n� k � 1

ð30Þ

where n is the number of data points. A rule of thumb for when the AIC (Eq. (28))
or its corrected version (Eq. (30)) should be used is

n
k
>40 ð31Þ

PyFRAP automatically selects which statistical model is more appropriate if not
specified differently.

PyFRAP also provides R2-values for each fit: An R2-value for each fitted ROI
and the product and mean of these values. In general, PyFRAP computes an R2-
value of an ROI by

R2 ¼ 1�
P
i
mi � di

P
i
di � d

ð32Þ

where mi and di are model and data at time i, and d is the mean over all data points.

Data exclusion. We performed a rigorous screen of all data sets, and we excluded
data sets that showed strong radial inhomogeneities in the first post-bleach image
due to inhomogeneous distribution of fluorescent molecules. Moreover, we
excluded in vitro data sets that showed unstable distributions in the overall
fluorescence intensity levels, indicating incomplete bleaching through the depth of
the sample.

Code availability. PyFRAP is freely available from https://mueller-lab.github.io/
PyFRAP.

Data availability. All data is available from the corresponding author upon
request.
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Alexander Bläßle1, Gary Soh1, Theresa Braun1,2, David Mörsdorf1,
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Supplementary Note 1: Analysis method selection

To assess how image correction by flattening, normalisation, background subtraction, Gaussian blur, and
median filter application affects effective diffusion estimates from FRAP experiments, we tested the 24
analysis combinations listed in Supplementary Table 1. We assessed whether 1) the resulting diffusion
estimate D is affected, 2) the standard deviation σ of the estimated diffusion coefficients is affected
(i.e. whether correcting and smoothing the images makes the diffusion estimates more exact), and 3) the
goodness of the fits (i.e. R2-values) is affected. We quantified the effect of an analysis option by

H(v, α) =
v(α)

v(α0)
(1)

where α = {n, f, b, g,m} represents an analysis option defined by five binary entries indicating whether
normalisation n, flattening f , background subtraction b, Gaussian blur g, or a median filter m was used.
If we did not correct images, we denote this by α0. The variable v describes the quantified result, such as
the mean diffusion coefficient. Supplementary Fig. 3 shows a subset of this analysis for three different
variables v: The mean diffusion coefficient D, the variance of diffusion coefficients σ, and the fit quality
R2. FRAP experiments performed in the present study were grouped by condition (in vitro experiments
with free diffusion, in vitro experiments with beads, and in vivo experiments) to isolate condition-specific
effects. We did not correct for potential illumination inhomogeneities in in vivo experiments, since these
only covered a small centered area of the total image, and illumination is homogeneous in this region.
Moreover, normalisation cannot be used for the analysis of in vitro experiments containing beads, since
normalisation would introduce artificially high intensity areas at the locations of the beads.

If only normalisation and flattening were applied, we observed an increase of the apparent diffusion
coefficients and an improvement in fit quality for free diffusion (Supplementary Fig. 3a,c). Both tech-
niques only mildly affected the variance of diffusion coefficients (Supplementary Fig. 3b). Background
subtraction had no effect on any measure (Supplementary Fig. 3a-c). Moreover, noise reduction or
smoothing via median filter or Gaussian blur application tended to decrease the variance in all conditions
(Supplementary Fig. 3b) and improve the fits for free diffusion (Supplementary Fig. 3b).

We also tested whether a combination of an illumination correction technique (n or f ) with the
remaining three manipulation techniques (b, g and m) can further improve the analysis. Supplementary
Fig. 3d shows that this can lead to an increase in mean apparent diffusion estimates similar to those
observed in Supplementary Fig. 3a. Moreover, applying a median filter or Gaussian blur in combination
with flattening improves fit quality and decreases diffusion estimate variance (Supplementary Fig. 3e,f).

To keep the extent of image manipulation as minimal as possible while obtaining comparable low-
variance estimates from high-quality fits, we only applied flattening to correct the images from in vitro
experiments. Since both Gaussian blur and median filter treatments appeared to stabilise diffusion coef-
ficient estimates (i.e. reducing their variance) to a similar extent, we restricted image smoothing to the
application of a median filter for all other analyses.
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Supplementary Note 2: Comparison of PyFRAP to other FRAP analysis
software

We selected four current FRAP analysis software packages for comparison with PyFRAP: The two an-
alytical programs easyFRAP1 and FrapCalc2, and the two numerical packages virtualFRAP3 and sim-
FRAP4 (Supplementary Table 4).

To assess the performance of PyFRAP in comparison with other FRAP analysis software solutions,
we created simulated FRAP data sets using PyFRAP’s simulation toolbox. We found that PyFRAP and
our in-house software based on MATLAB and COMSOL Multiphysics5–7 produced identical simulated
data, and we subsequently chose to use PyFRAP to simulate the experiments due to the ease of PyFRAP’s
scripting abilities. We simulated two-dimensional or three-dimensional FRAP experiments with circular
bleaching spots of various sizes for a 300 s time-course. Two-dimensional simulated experiments were
conducted in a circle with radius 215 µm, and three-dimensional experiments resembled a zebrafish at
dome stage with rimaging = 215 µm and himaging = 80 µm (see Methods section for details). Molecules
were allowed to move with diffusion coefficients of 10 µm2/s, 50 µm2/s, or 200 µm2/s, covering a range
of typical diffusivities in biological samples. Bleached spots were placed in the center of the simulation
geometry and comprised 5%, 10%, or 50% of the slice radius. We chose the boundary layer mesh
described in the Methods section to envelope the bleached spot, guaranteeing numerical accuracy of
the simulation experiments. PDEs were simulated over 4000 logarithmically-spaced time steps. The
simulations were saved in a csv sheet specifically formatted for the use of easyFRAP or FrapCalc, or in
301 images by interpolation of the numerical solution onto a 512 µm × 512 µm grid. We then either
imported and analysed the csv sheet using FrapCalc (https://github.com/miura/FrapCalc
for IgorPro7) or easyFRAP, or read in and analysed the simulated images using simFRAP or virtualFRAP.
The benchmarking analysis was performed using Microsoft Windows 8.1.

In contrast to other programs that determine absolute diffusion coefficients, easyFRAP only provides
recovery half times (1/τ 1

2
). Thus, to compute diffusion coefficients from easyFRAP, we used the well-

established8 equation

D =
−ω2 ln

(
1
2

)
τ 1
2

with various dimensions of the bleached spot ω.
We used PyFRAP’s standard pipeline to analyse the saved simulated FRAP images files in an unbi-

ased manner, only constraining imaging depth and radius.
As mentioned in the main text, PyFRAP outperformed all tested software packages and exhibited the

smallest error between predicted and simulated diffusion coefficients (Fig. 3c).
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Supplementary Note 3: Data analysis and control experiments

Computation of theoretical diffusion coefficients

We compared our in vitro FRAP results for differently sized fluorescein-labeled dextrans to predictions
derived from the Einstein-Stokes equation

D =
kBT

6πηr
(2)

where kB = 1.380 648 52× 10−23 m2 kg s−2 K−1 is the Boltzmann constant. The FRAP experiments were
conducted in an aqueous solution with viscosity η = 0.9321× 10−3 kg s−1 m−1 at T = 296 K. Stokes
radii r of the fluorescent molecules were obtained from the manufacturers’ websites and are listed along
with the calculated theoretical diffusion coefficients in Supplementary Table 5.

FRAP experiments with different bleach window sizes

To test whether different bleach window size might lead to different diffusion coefficient estimates, we
performed FRAP experiments with three different bleach window sizes: 34.01 µm, 141.7 µm, and 242.91
µm. Using fluorescein-labeled dextrans of 40 kDa and 70 kDa molecular weight, we found that different
bleach window sizes do not affect diffusion coefficient estimates determined by PyFRAP (Supplementary
Fig. 6).

FRAP experiments can be executed over different spatial scales, from subcellular to tissue-level mea-
surements. Our experiments were performed on spatial scales that are three orders of magnitude larger
than the microscope’s resolution limit. However, it is possible that FRAP experiments in very small sam-
ples with subcellular bleach areas may be affected by the imaging resolution, and future deconvolution-
based approaches could be helpful to improve the measurement accuracy of PyFRAP in these cases.

Simulating tortuosity

The movement of molecules during FRAP experiments in biological samples is affected by obstacles
such as cells, nuclei, or filopodia, and such tortuous molecule movements have been suggested to alter
recovery rates and diffusion estimates6.

To obtain a better understanding of how obstacles alter effective diffusion coefficients, we performed
a simulation study in two- and three-dimensional geometries. We placed objects with a radius of rBead ≈
20 µm (similar to the dimensions of cells and beads used in the present study) in each geometry in three
different ways: 1) Equally sized beads aligned as a regular grid (Supplementary Fig. 7a), 2) randomly
placed within the domain with radii drawn from a cut-off normal distribution (Supplementary Fig. 7b,d),
and 3) equally sized beads placed according to a hexagonal close-packing (Supplementary Fig. 7c).
Beads were placed with different minimal gaps between them, ranging from 0.05 µm to 10 µm. For 2D
simulations, the overall geometry was a circle with radius 300 µm. We chose a cylinder with equal radius
and height of 100 µm or a cuboid with dimensions 600 µm × 600 µm × 100 µm for all 3D simulations
experiments. The combination between various placement methods and gap sizes allowed us to vary the
extracellular volume fraction (EVF) – i.e. the space available for the diffusing molecules – from 25% to
78%.

Confirming previous analyses9–12, we found that the introduction of beads delayed molecule recovery
in the bleached ROI, and the effect of tortuosity increased as the EVF decreased (Fig. 5b, Supplementary
Fig. 7e,f, Supplementary Table 8). Moreover, the effect in two-dimensional experiments was more
severe. For example, FRAP simulations with EVF = 36% reduced diffusion by 51% compared to only
40% for EVF = 38% in a three-dimensional simulation. Both observations are in line with theoretical
predictions and previous results9–12.
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BSA does not affect fluorophore diffusivity

We found a stronger effect of bead-mediated tortuosity on 70 kDa fluorescein-labeled dextran molecules
than on GFP in vitro (Fig. 5d,e). BSA was added to the aqueous solution with GFP to prevent the fluo-
rescent protein from interacting with the plexiglass surface of the drilled hole in the in vitro experiments.
To test whether BSA might also interact with the polyacrylamide beads and thus distort FRAP results,
we repeated the experiments with 70 kDa fluorescein-labeled dextran both for pure diffusion with beads
in addition to experiments with 70 kDa fluorescein-labeled dextran + BSA + beads. We found that BSA
had no influence on the recovery rates, yielding equal results within standard error, i.e. 14.9± 2.1 µm2/s
for bead experiments and 15.1 ± 2.4 µm2/s for experiments with additional BSA (Supplementary Fig.
9a).

Varying the experimental settings for Squint-GFP FRAP experiments does not consis-
tently affect measured diffusion coefficients

For the FRAP experiments with Squint-GFP produced from injected mRNA, we acquired data sets vary-
ing the amount of injected mRNA, the frame rate and length of image acquisition, and the zoom factor
of the microscope. Results were partitioned into three experimental groups, i.e. images recorded with 1)
a frame rate of 1 frames/10 s for 3000 s with 30 pg of injected mRNA and a spatial resolution of 340.08
µm× 340.08 µm, 2) a frame rate of 1 frame/10 s for 3000 s with 200 pg of injected mRNA and a spatial
resolution of 566.79 µm× 566.79 µm, and 3) a frame rate of 1 frame/s for 300 s with 200 pg of injected
mRNA and a spatial resolution of 566.79 µm× 566.79 µm.

There were no clear trends between different acquisition methods (Supplementary Fig. 9b). How-
ever, acquiring images at a higher frame rate for a shorter period of time appeared to make experiments
and thus apparent diffusion coefficients more noisy, possibly resulting from the slow transport process
underlying Squint-GFP diffusion.
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Supplementary Note 4: PyFRAP analysis speed

To evaluate PyFRAP’s analysis speed, we tested several analysis settings on different operating systems
and computers. We designed three test cases: 1) A two-dimensional circular geometry similar to those
used for the benchmarking simulations described in Supplementary Note 2, 2) a three-dimensional frus-
tum geometry identical to the ones used to analyse the in vitro FRAP experiments described in the present
work, and 3) a three-dimensional geometry resembling a zebrafish embryo at dome stage similar to our
analysis of the in vivo experiments. The test data sets had identical properties as the data described for the
respective experiments. A summary of all relevant test parameters can be found in Supplementary Table
13. All cases were tested on the three common operating systems Mac OSX, Microsoft Windows, and
Ubuntu Linux, and the time from analysing the image data to mesh generation, simulation, and model
fitting was measured for each test case. The results of these tests are summarised in Supplementary Table
14.

Note that PyFRAP does not allow parallel processing and only uses a single core of a CPU.
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Supplementary Table 1. Combinations of image correction and smoothing methods used to analyse
FRAP experiments. See Supplementary Fig. 3 for the results of this analysis. Note that flattening and
normalisation were never applied at the same time since this would have distorted the image data.

Combination Normalisation Flattening Background Gaussian Median
subtraction filter filter

1 Off Off Off Off Off
2 Off Off Off Off On
3 Off Off Off On Off
4 Off Off Off On On
5 Off Off On Off Off
6 Off Off On Off On
7 Off Off On On Off
8 Off Off On On On
9 Off On Off Off Off
10 Off On Off Off On
11 Off On Off On Off
12 Off On Off On On
13 Off On On Off Off
14 Off On On Off On
15 Off On On On Off
16 Off On On On On
17 On Off Off Off Off
18 On Off Off Off On
19 On Off Off On Off
20 On Off Off On On
21 On Off On Off Off
22 On Off On Off On
23 On Off On On Off
24 On Off On On On
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Supplementary Table 2. Statistical tools available in PyFRAP.

Method Purpose Type Publication
Student’s t-test Significance testing Parametric [13]
Welch’s t-test Significance testing Parametric [14]
Wilcoxon signed-rank test Significance testing Non-parametric [15]
Mann-Whitney U test Significance testing Non-parametric [16]
Shapiro-Wilk test Normality testing Parametric [17]
Akaike Information Criterion (AIC) Model comparison Parametric [18]
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Supplementary Table 3. Benchmarking PyFRAP against an in-house software combination of MATLAB and
COMSOL Multiphysics. Data was simulated with MATLAB and COMSOL Multiphysics5–7, and then fitted with
PyFRAP for each of the four available reaction-diffusion models.

MATLAB + COMSOL Multiphysics PyFRAP R2-value AIC
D Degradation Production D Degradation Production Bleached Slice Correct model

(µm2/s) (10−4/s) (10−4 [c]/s) (µm2/s) (10−4/s) (10−4 [c]/s) window prediction
Pure diffusion

1 0 0 1.0 0 0 0.998 0.972 yes
5 0 0 4.8 0 0 1.000 0.910 yes
10 0 0 9.5 0 0 1.000 0.932 yes
40 0 0 39.1 0 0 0.999 0.870 yes

110 0 0 109.4 0 0 0.999 0.984 yes
200 0 0 199.1 0 0 0.999 0.990 yes

Diffusion + degradation
1 5.0 0 1.0 5.8 0 0.998 0.921 yes
5 5.0 0 4.9 5.5 0 1.000 0.959 yes
10 5.0 0 9.7 5.4 0 1.000 0.972 yes
40 5.0 0 39.0 5.0 0 0.999 0.950 yes

110 5.0 0 108.1 4.9 0 0.999 0.943 yes
200 5.0 0 198.0 5.0 0 0.999 0.982 yes

Diffusion + production
1 0 5.0 1.0 0 4.4 0.999 0.950 yes
5 0 5.0 5.0 0 4.6 1.000 0.972 yes
10 0 5.0 9.8 0 4.7 1.000 0.978 yes
40 0 5.0 38.9 0 5.0 1.000 0.991 yes

110 0 5.0 108.3 0 5.1 1.000 0.998 yes
200 0 5.0 198.4 0 5.0 1.000 0.999 yes

Diffusion + production + degradation
1 5.0 7.0 1.1 4.8 6.2 0.992 0.845 no
5 5.0 7.0 5.0 4.8 6.4 1.000 0.894 no
10 5.0 7.0 9.5 5.9 7.5 1.000 0.910 no
40 5.0 7.0 39.2 4.1 6.3 1.000 0.979 no

110 5.0 7.0 105.2 9.7 12.0 0.999 0.995 no
200 5.0 7.0 192.6 11.6 13.3 1.000 0.996 no



Supplementary Table 4. Selection of current FRAP analysis software packages.

Software Fit type Result Input data Publication Platform Tested Comments
type

easyFRAP Analytical Qualitive CSV [1] Windows, Mac
OSX

Yes Requires MATLAB
Runtime, only produces
τ1/2

FrapCalc Analytical Qualitive CSV [2] Windows, Mac
OSX

Yes Requires IgorPro

FRAP Analytical Qualitive Image files [19] Cross-platform No Requires specialised
MATLAB toolboxes

simFRAP Simulation Quantitive Image files [4] Cross-platform Yes Fiji Plugin
virtualFRAP Simulation Quantitive Image files [3] Windows Yes

FRAPToolbox Simulation Quantitive Image files [20] Cross-platform No Unable to read non-
OME formats

Tropical Simulation Quantitive Image files [21] Windows,
Linux

No Software unavailable



Supplementary Table 5. Fluorescent samples used for in vitro experiments, and their calculated theoretical diffu-
sion coefficients. Theoretical values were only computed if an estimate of the molecule’s Stokes radius could be found
(see Supplementary Note 3 for details).

Fluorophore Molecular weight (kDa) Concentration (µM) Manufacturer Stokes radius (nm) Theoretical D (µm2/s)
Fluorescein-dextran 3 1 Thermo Fisher 1.36 171
Fluorescein-dextran 4 1, 15, 100 Sigma-Aldrich 1.4 166
Fluorescein-dextran 10 1 Thermo Fisher 2.3 101
Fluorescein-dextran 40 1 Thermo Fisher 4.5 52
Fluorescein-dextran 70 1 Sigma-Aldrich 6.0 39
Fluorescein-dextran 70 1 Thermo Fisher 6.0 39
Fluorescein-dextran 150 1 Sigma-Aldrich 8.5 27
Fluorescein-dextran 500 1 Thermo Fisher 15.8 15
GFP 32.7 4 Biovision n.a. n.a.
Dendra2 27.5 0.5 Hoelzel Diagnostics n.a n.a.



Supplementary Table 6. Diffusion coefficients determined by in vitro experiments and PyFRAP analysis. Theoreti-
cal values were only computed if an estimate of the molecule’s Stokes radius could be found. Mean D values determined
by PyFRAP as well as literature values are given with standard deviation.

PyFRAP Literature
Dextran Manufacturer D (µm2/s) D (µm2/s) n D (µm2/s) Technique Reference

size (kDa) theoretical experimental experimental
3 Thermo Fisher 171 170.3± 21.9 19 161± 22 FCS [22]
4 Sigma-Aldrich 166 181.1± 31.6 44 135± 10 FRAP [23]
10 Thermo Fisher 101 83.1± 8.0 12 122± 4 FCS [22]
40 Thermo Fisher 52 45.3± 11.1 57 47± 2 FCS [22]
70 Thermo Fisher 39 26.9± 4.9 35 37± 7 FCS [22]
70 Sigma-Aldrich 39 49.2± 5.6 31 30± 2 FRAP [24]
150 Sigma-Aldrich 27 46.4± 5.6 31 26± 2 FRAP [24]
500 Thermo Fisher 15 25.7± 1.8 11 23.2± 1.1 FRAP [25]



Supplementary Table 7. Literature values used for Fig. 5.

Molecule MW Temperature Manufacturer D Stdev Technique Reference
(kDa) during (µm2/s) (µm2/s)

measurement
(°C)

Fluorescein 0.33 22 Sigma-Aldrich 300 n.a. FCS [24]
Fluorescein 0.33 23 n.a. 270 n.a. FRAP [26]
Fluorescein 0.33 23 n.a. 260 n.a. FRAP [26]
Na2-Fluorescein 0.376 25 Fluka 380 35 FRAP [27]
Oregon Green 488 carboxylic
acid

0.41230 23 Thermo Fisher 336 11 FCS [22]

Rhodamine B 0.47901 23 Fluka 420 20 FCS [22]
Rhodamine B 0.47901 22.5 Sigma-Aldrich 420 30 FCS [28]
Rhodamine 6 G 0.47901 22.5 Molecular

Probes
400 30 FCS [28]

Rhodamine 6 G 0.47901 23 Thermo Fisher 400 20 FCS [22]
Tetramethyl-Rhodamine
methyl ester

0.50093 23 Thermo Fisher 412 18 FCS [22]

Oregon Green 488 carboxylic
acid succinimidyl ester

0.50938 23 Thermo Fisher 308 10 FCS [22]

Rhodamine green succinimidyl
ester

0.621 20 Molecular
Probes

233 3 FCS [29]

Alexa488 alkyne 0.774 32 Life Technolo-
gies

288 8 FCS [30]

Fluorescent dextran 3 23 Thermo Fisher 161 22 FCS [22]
Alexa488-dextran 3 32 Life Technolo-

gies
160 5 FCS [30]

FITC-dextran 3 22 Pharmacia 98 6 FRAP [31]
FITC-dextran 3 n.a. Pharmacia 98 6 FRAP [32]
FITC-dextran 4 25 Sigma-Aldrich 149 n.a. FRAP [33]
FITC-dextran 4 25 Sigma-Aldrich 135 10 FRAP [23]
FITC-dextran 4 32 Sigma-Aldrich 135 6 FCS [30]
FITC-dextran 4 20 Sigma-Aldrich 96 2.4 FCS [34]
FITC-dextran 4 22 Sigma-Aldrich 89 n.a. FRAP [35]
FITC-dextran 4 19 Sigma-Aldrich 155 23 FRAP [36]
FITC-dextran 9.4 20 Sigma-Aldrich 75 3 FRAP [37]
Fluorescent dextran 10 23 Thermo Fisher 122 4 FCS [22]
Rhodamine green dextran 10 20 Molecular

Probes
115 4 FCS [29]

Alexa488-dextran 10 32 Life Technolo-
gies

82 1.4 FCS [30]

FITC-dextran 10 22 Sigma-Aldrich 76 n.a. FRAP [31]
FITC-dextran 10 20 Sigma-Aldrich 68 1 FCS [34]
FITC-dextran 11 n.a. Sigma-Aldrich 76 2.5 FRAP [32]
FITC-dextran 11 22 Sigma-Aldrich 76 3 FRAP [31]
FITC-dextran 12 25 Sigma-Aldrich 97 n.a. FRAP [33]
FITC-Insulin 12 25 Sigma-Aldrich 147 13 FRAP [33]
FITC-dextran 17 22 Sigma-Aldrich 65 n.a. FRAP [31]
FITC-dextran 17.2 20 Sigma-Aldrich 64 2 FRAP [37]
FITC-dextran 18 22 Sigma-Aldrich 65 7 FRAP [31]
FITC-dextran 18 n.a. Sigma-Aldrich 65 6.5 FRAP [32]
FITC-dextran 20 22 Sigma-Aldrich 78 n.a. FCS [24]
FITC-dextran 20 22 Sigma-Aldrich 64 2 FRAP [24]
FITC-dextran 20 29 Sigma-Aldrich 70 8 FRAP [36]
FITC-dextran 20 22 Sigma-Aldrich 63 4 FRAP [25]
FITC-dextran 21 25 Sigma-Aldrich 71 n.a. FRAP [33]
GFP 26.9 25 custom-made 87 n.a. FCS [38]
GFP 26.9 n.a. custom-made 87 n.a. FRAP [39]
GFP 26.9 22 Clontech 82 n.a. FCS [24]



FITC-dextran 35.6 20 Sigma-Aldrich 44 5 FRAP [37]
FITC-dextran 38 25 Sigma-Aldrich 62 n.a. FRAP [33]
Fluorescent dextran 40 23 Thermo Fisher 47 2 FCS [22]
FITC-dextran 40 22 Sigma-Aldrich 45 n.a. FCS [40]
FITC-dextran 40 22 Sigma-Aldrich 45 n.a. FCS [24]
FITC-dextran 40 32 Sigma-Aldrich 45 1.1 FCS [30]
FITC-dextran 40 22 Sigma-Aldrich 44 5 FRAP [24]
FITC-dextran 40 22 Sigma-Aldrich 52 2 FRAP [25]
FITC-dextran 41 22 Sigma-Aldrich 46 5 FRAP [31]
FITC-dextran 41 n.a. Sigma-Aldrich 46 4.6 FRAP [32]
FITC-dextran 42 20 Sigma-Aldrich 39 0.4 FCS [34]
FITC-dextran 51 25 Sigma-Aldrich 54 n.a. FRAP [33]
FITC-dextran 62 n.a. Sigma-Aldrich 39 2.6 FRAP [32]
FITC-dextran 62 22 Sigma-Aldrich 39 3 FRAP [31]
FITC-BSA 67 25 n.a. 58 5 FRAP [33]
FITC-dextran 70 22 Sigma-Aldrich 38 n.a. FCS [24]
FITC-dextran 70 22 Sigma-Aldrich 38 n.a. FCS [40]
Fluorescent dextran 70 23 Thermo Fisher 37 7 FCS [22]
FITC-dextran 70 n.a. Fluka 33 2.1 FCS [41]
FITC-dextran 70 22 Sigma-Aldrich 30 2 FRAP [24]
FITC-dextran 70 25 Thermo Fisher 30 3.1 FRAP [27]
FITC-dextran 70 23 n.a. 23 n.a. FRAP [26]
FITC-dextran 70 22 Sigma-Aldrich 44 1 FRAP [25]
FITC-dextran 71 25 Sigma-Aldrich 44 2 FRAP [23]
FITC-dextran 71.2 20 Sigma-Aldrich 30 2 FRAP [37]
FITC-dextran 77 20 Sigma-Aldrich 35 0.6 FCS [34]
FITC-dextran 148 20 Sigma-Aldrich 25 3.1 FCS [34]
FITC-dextran 148 20 Sigma-Aldrich 18 1 FRAP [37]
FITC-dextran 150 22 Sigma-Aldrich 26 2 FRAP [24]
FITC-dextran 150 22 Sigma-Aldrich 24 n.a. FCS [40]
FITC-dextran 150 22 Sigma-Aldrich 24 n.a. FCS [24]
FITC-dextran 150 20 Sigma-Aldrich 14 n.a. FRAP [42]
FITC-dextran 157 n.a. Sigma-Aldrich 24 1.3 FRAP [32]
FITC-dextran 157 22 Sigma-Aldrich 24 1 FRAP [31]
FITC-dextran 167 25 Sigma-Aldrich 38 n.a. FRAP [33]
FITC-dextran 167 n.a. Sigma-Aldrich 18.8 0.2 FRAP [43]
FITC-dextran 260 25 Sigma-Aldrich 30 n.a. FRAP [33]
FITC-dextran 282 20 Sigma-Aldrich 16.6 0.8 FCS [34]
FITC-dextran 464 20 Sigma-Aldrich 14 0.6 FCS [34]
FITC-dextran 464 n.a. Sigma-Aldrich 11 0.5 FRAP [43]
FITC-dextran 500 22 Sigma-Aldrich 23 1 FRAP [25]
FITC-dextran 580 25 Sigma-Aldrich 22 n.a. FRAP [33]
FITC-dextran 2000 25 Sigma-Aldrich 10 1 FRAP [23]
Fluorescent dextran 2000 23 Thermo Fisher 6 1 FCS [22]
FITC-dextran 2000 n.a. Sigma-Aldrich 6.4 0.09 FRAP [43]
FITC-dextran 2101 25 Sigma-Aldrich 14 n.a. FRAP [33]



Supplementary Table 8. Summary of tortuosity simulations.

Dimension Geometry Packing Extracelluar volume fraction (EVF) (%) Diffusion hindrance factor θ
2D Circle Regular 74 0.74
2D Circle Regular 59 0.61
2D Circle Random 56 0.57
2D Circle Random 36 0.49
2D Circle Ideal 25 0.44
3D Cylinder Regular 71 0.86
3D Cylinder Random 78 0.92
3D Cylinder Random 58 0.88
3D Cylinder Ideal 78 0.92
3D Cylinder Ideal 71 0.874
3D Cylinder Ideal 61 0.871
3D Cylinder Ideal 60 0.870
3D Cylinder Ideal 42 0.75
3D Cuboid Ideal 38 0.60



Supplementary Table 9. Diffusion coefficients determined by in vitro experiments and PyFRAP analysis in the
presence of polyacrylamide beads. Mean diffusion values are given with standard error.

Dextran size (kDa) Manufacturer Condition D (µm2/s) n
70 Thermo Fisher Free 24.1± 0.4 13
70 Thermo Fisher Beads 14.9± 0.5 17



Supplementary Table 10. Diffusion coefficients determined by in vitro and in vivo experiments and PyFRAP
analysis with GFP and GFP fusion proteins. Mean diffusion values are given with standard error.

Molecule Manufacturer Source Condition Context D (µm2/s) n
PyFRAP

Recombinant GFP Biovision Protein Free In vitro 96.1± 2.2 23
Recombinant GFP Biovision Protein Beads In vitro 79.2± 4.1 18
Recombinant GFP Biovision Injected protein Extracelluar matrix In vivo 37.6± 3.7 15
Secreted GFP In-house Injected mRNA Extracelluar matrix In vivo 35.3± 4.8 17

+ production
Squint-GFP In-house Injected mRNA Extracelluar matrix In vivo 1.7± 0.25 27

+ production + binding



Supplementary Table 11. Parameters used for the simulation of FRAP experiments.

Variable Definition Default value
Simulation

D Diffusion coefficient D = 50 pixels2/s
Time stepping

tsim,start Simulation start time 0 s
tsim,end Simulation end time 1680 s
nsim Number of time steps 4000
tscale Time-stepping scheme Logarithmic

Geometry
rupper Upper radius of frustum 317.65 pixels
rlower Lower radius of frustum 224.25 pixels
h Height of frustum 90.33 pixels

Meshing
v Mesh element size 25 pixels3

vBL Boundary layer element size 15 pixels3

vslice Slice refinement element size 15 pixels3

wBL Boundary layer thickness 30 pixels
Solver

ε Solver tolerance 10−10

Niter Solver iterations 1000



Supplementary Table 12. Fitting and model parameters, initial guesses, and bounded ranges. Note that we tried
different initial guesses for the diffusion coefficient D, which prevented the minimisation algorithm from stopping at a
local minimum. We then then took the fit that yielded the global minimum SSD.

Initial guesses
Parameter Initial guess Allowed range
D (pixels2/s) 1 - 200 0.01 - 400
k1 (1/s) 0 0 - 100
k2 ([c]/s) 0 0 - 100
Ebleached 1 0.1 - 3
Eslice 1 0.1 - 3

Fitting convergence
Parameter Definition Default value
Nmax Maximum number of function calls 1000
δ Tolerance of termination 10−10



Supplementary Table 13. Test data and settings to measure PyFRAP analysis speed.

2D Frustum Dome
Geometry 2D circle 3D frustum 3D zebrafish dome

Number of images 301 301 301
Number of mesh cells 7000 20000 35000
Number of time steps 1000 3000 3000

Illumination correction No Yes Yes
Median filter application No Yes Yes



Supplementary Table 14. PyFRAP analysis speed.

Operating system Version Processor Memory 2D Frustum Dome
test (s) test (s) test (s)

Ubuntu 14.04 LTS Intel Core i7-3520M 2.90 GHz 8 GB 97 378 489
Ubuntu 16.04 LTS Intel Core i5-4210 2.60 GHz 8 GB 125 521 743
Ubuntu 16.04 LTS Intel Xeon E3-1275 3.60 GHz 64 GB 73 347 437

Mac OS X 10.13.3 Intel Core i7-4790K 4.00 GHz 32 GB 79 282 386
Windows 8.1 Intel Core i7-5600U 2.60 Ghz 8 GB 91 373 567



Supplementary Figure 1 |  Sample preparation for in vitro and in vivo FRAP experiments. (a) In vitro experiments. Fluorophore solution was 

pipetted into a frustum-like plexiglass hole. The hole was then sealed with mineral oil and covered with a cover slip. The sample was flipped and placed 

under an inverted confocal microscope. (b) In vivo experiments in zebrafish embryos. mRNA encoding a fluorophore was injected into embryos at the 

one-cell stage, or recombinant GFP was injected into the extracellular space of embryos at the 1000-cell stage.
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Supplementary Figure 2 | Image analysis in PyFRAP. (a) Basic regions of interest (ROIs) of FRAP analysis: The cyan square indicates the bleached 

region of the FRAP experiment inside the complete circular geometry within the imaging slice. The dashed lines indicate the location of the acquired 

image data. (b) Rim concentration calculation: Hypothetical data (orange) outside the acquired image (dashed line) is extrapolated through the average 

concentration in a slim rim of the visible fraction in the imaging slice (red). (c) Image manipulation techniques used to correct uneven illumination: 

Correction was either performed by multiplying the data with a correction matrix (flattening), or by dividing the data through an average pre-bleach 

image (normalisation). The original image shows a pre-bleach measurement of a uniformly distributed fluorophore. Deviations from the theoretical flat 

intensity profile are due to imaging artefacts.



Supplementary Figure 3 | Analysis subset of image correction and smoothing techniques. Data sets were grouped by condition (in vitro experiments 

with free diffusion (green), in vitro experiments with beads (blue), and in vivo experiments in zebrafish embryos (orange)). Bar plots show the effect of 

each manipulation (n: normalisation, f: flattening, b: background subtraction, g: Gaussian blur, m: median filter) compared to analyses in which no 

manipulation was applied. Values above or below the dashed line indicate that the manipulation had an effect. (a,b,c) Effect on mean diffusion coefficient 

D, standard deviation σ, and R2-value if only one of the five image manipulation techniques was applied, respectively. (e,d,f) Effect if flattening and one 

of the three remaining manipulation techniques was applied. In vivo experiments with zebrafish embryos were excluded for this analysis (see 

Supplementary Note 1 for details).
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Supplementary Figure 4 | Simulation details for PyFRAP analysis. (a) The zebrafish dome geometry used to analyse in vivo experiments is 

described by the distance between the centers (dcenter) and the radii (rinner, router) of two hemispheres. (b) The frustum geometry used to analyse in vitro 

experiments is described by the upper (rupper) and lower (rlower) radius and its height h. (c) Lateral and top views of tetrahedral meshes in the zebrafish 

dome geometry with a boundary layer mesh around the bleached area and a refined mesh in the imaging slice. (d) Scaling solution of a simulated FRAP 

recovery curve for different diffusion coefficients.



Supplementary Figure 5 | Examples of in vitro experiments and the resulting fits to measure free diffusion. (a,c,e,g,i,k,m) In vitro FRAP 

experiments with FITC-dextrans ranging from 3 kDa to 500 kDa. Maximum image intensities are the average pre-conversion intensities to facilitate 

comparison across data sets. (b,d,f,h,j,l,n) Black and grey dots represent data points of bleached and slice ROI, respectively. Red solid and dashed lines 

show the respective fits. Recovery curves were normalised between 0 (intensity in the bleached ROI at the first post-bleach time point) and 1 (intensity 

in the bleached ROI at the last post-bleach time point) to facilitate comparison across data sets.
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Supplementary Figure 6 | Different bleach window sizes do not affect diffusion coefficient estimates. (a) Results of control experiments with 
fluorescent dextran (40 kDa) for differently sized bleach windows. (b) Results of control experiments with fluorescent dextran (70 kDa) for differently sized 
bleach windows. Box plots in (a) and (b) show median (orange line), mean (black line), 25% quantiles (box), and all included data points (red markers). 
Whiskers extend to the smallest data point within the 1.5 interquartile range of the lower quartile, and to the largest data point within the 1.5 interquartile 
range of the upper quartile.    
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Supplementary Figure 7 | Simulations of tortuous environments in bead experiments. (a,b,c) Regularly (EVF = 59%), randomly  (EVF = 56%), 

and ideally (EVF = 25%) placed beads in a two-dimensional circular domain. (d) Randomly (EVF = 78%) placed beads in a three-dimensional 

cylindrical domain. (e,f) Comparison between recovery curves in 2D and 3D bead simulations. Red lines indicate simulations without beads, blue lines 

indicate simulations with regularly placed beads, green lines indicate simulations with randomly placed beads, and magenta lines indicate simulations 

with ideally placed beads.



Supplementary Figure 8 | Examples of in vitro and in vivo experiments and the resulting fits. (a,b) In vitro FRAP experiment with recombinant 

GFP. (c,d) In vitro FRAP experiment with recombinant GFP mixed with polyacrylamide beads. (e,f,g,h,i,j) In vivo FRAP experiment in zebrafish 

embryos with recombinant GFP, secreted GFP, and Squint-GFP, respectively. (b,d,f,h,j) Black and grey dots represent data points of bleached and slice 

ROI, respectively. Red solid and dashed lines show the respective fits. Recovery curves were normalised between 0 (intensity in the bleached ROI at the 

first post-bleach time point) and 1 (intensity in the bleached ROI at the last post-bleach time point) to facilitate comparison across data sets.
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Supplementary Figure 9 | Results of control experiments for in vitro and in vivo FRAP experiments. (a) Results of control experiments with fluores-
cent dextran (70 kDa), and beads with or without BSA. BSA does not influence the diffusion of the fluorescent dextran. (b) Results of control experiments 
for different amounts (30 - 200 pg) of injected Squint-GFP mRNA, varying length of experiments (300 - 3000 s) and magnification (image size: 340.08 - 
566.79 µm). Different imaging settings do not affect the measured diffusion coefficient of Squint-GFP. Box plots in (a) and (b) show median (orange line), 
mean (black line), 25% quantiles (box), and all included data points (red markers). Whiskers extend to the smallest data point within the 1.5 interquartile 
range of the lower quartile, and to the largest data point within the 1.5 interquartile range of the upper quartile.
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Abstract 14 

During vertebrate embryogenesis, the germ layers are patterned by secreted Nodal signals. 15 
Nodals elicit signaling by binding to a complex comprising Type I/II Acvr receptors and the 16 
co-receptor Tdgf1. However, it is currently unclear whether receptor binding can also affect 17 
the propagation of Nodals themselves through the embryo, and it is unknown which of the 18 
putative Acvr paralogs mediate Nodal signaling in zebrafish. Here, we characterize three 19 
Type I and four Type II Acvr homologs and show that – except for Acvr1c – all receptor-20 
encoding transcripts are maternally deposited and present during zebrafish embryogenesis. 21 
Using mutants and combinatorial knockdown approaches, we identified Acvr1b-a and 22 
Acvr1b-b as redundantly acting major mediators of Nodal signaling. By combining 23 
quantitative analyses with expression manipulations, we found that feedback-regulated 24 
receptors and co-receptors can directly influence the diffusion and distribution of Nodal, 25 
providing a mechanism for the spatial restriction of Nodal signaling during germ layer 26 
patterning. 27 
 28 
Introduction 29 

The formation of the body plan during early embryogenesis depends on the interplay between 30 
evolutionarily conserved signaling pathways. The TGF-β superfamily member Nodal is one 31 
of the key players in vertebrate development and is required to specify mesoderm and 32 
endoderm (collectively termed mesendoderm) during germ layer formation (Schier, 2009). 33 
Nodal ligands signal through a receptor complex comprising Type I and Type II single-34 
transmembrane serine/threonine kinase receptors (Shi and Massagué, 2003; Attisano and 35 
Wrana, 2002) (Figure 1A). Unlike other members of the TGF-β superfamily, Nodal signaling 36 
additionally requires the presence of an EGF-CFC co-receptor to activate signaling. Our 37 
current understanding of Nodal signaling is that Nodal directly binds to Type II receptors and 38 
the EGF-CFC co-receptor Tdgf1, which in turn mediates the recruitment of the Type I 39 
receptors. Upon oligomerization of the receptor complex, Type II receptors phosphorylate the 40 
Type I receptors in their GS domains, leading to the recruitment and phosphorylation of the 41 
C-terminal SSXS motif of the receptor-regulated Smad (R-Smad) proteins Smad2 and Smad3 42 
by the Type I receptor. The activated Smad2/Smad3 proteins associate with the co-factor 43 
Smad4 and translocate into the nucleus where they activate target gene expression (Hill, 2018; 44 
Shi and Massagué, 2003; Yeo and Whitman, 2001; Macias-Silva et al., 1996) (Figure 1A). 45 

In zebrafish, mesendoderm patterning depends on the two secreted Nodal signals Squint and 46 
Cyclops (Rogers and Müller, 2019; Schier, 2009; Shen, 2007; Dougan et al., 2003). Nodal 47 
expression begins in the yolk syncytial layer at the embryonic margin during the blastula 48 
stage and then spreads into the embryo, generating a Nodal signaling gradient. This gradient 49 
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is translated into different mesendodermal cell fates depending on the signaling level and 50 
target gene induction kinetics (Dubrulle et al., 2015). Loss of Nodal signaling causes absence 51 
of endoderm as well as trunk and head mesoderm, which leads to cyclopia due to a failure to 52 
separate the eye fields, resulting in embryonic lethality (Dubrulle et al., 2015; Gritsman et al., 53 
1999; Feldman et al., 1998). Nodal signaling is antagonized by the long-range feedback 54 
inhibitor Lefty, which is also produced at the margin (Meno et al., 1999; Thisse and Thisse, 55 
1999). Establishment and maintenance of a correct signaling range is crucial for correct 56 
development, as excess Nodal signaling – e.g. in lefty mutants – can cause severe patterning 57 
defects and embryonic lethality (Almuedo-Castillo et al., 2018; Rogers et al., 2017). 58 
Measurements of active GFP-tagged fusions showed that Squint and Cyclops proteins have a 59 
lower effective diffusivity than their inhibitors Lefty1 and Lefty2 (Rogers and Müller, 2019; 60 
Müller et al., 2012). It has been proposed that this mobility difference is due to interactions 61 
between Nodals and membrane-bound diffusion regulators, whereas Lefty proteins move 62 
more freely in the extracellular space (Müller et al., 2013; Müller et al., 2012). Indeed, it has 63 
recently been shown that the Nodal signaling range dramatically increases in the absence of 64 
the zebrafish Tdgf1 co-receptor homolog Oep (Lord et al., 2019). Since Nodals strongly bind 65 
to the zebrafish Type II receptor Acvr2b-a (Wang et al., 2016), Nodal receptors themselves 66 
might also act as diffusion regulators. However, it is unclear whether this strong ligand-67 
receptor interaction influences Nodal dispersal, whether receptor binding affects Nodal 68 
diffusion or stability in the embryo, and what role other putative Type I and Type II Acvr 69 
receptors play in the propagation of Nodal signaling through the embryo.  70 

The two mouse, frog and human Type I receptors Acvr1b (also known as Alk4/TARAM-A) 71 
and Acvr1c (also known as Alk7) and the two Type II receptors Acvr2a and Acvr2b were 72 
identified using in vitro binding and target induction assays, and cause developmental defects 73 
when mutated (Reissmann et al., 2001; Gritsman et al., 1999; Kosaki et al., 1999; Gu et al., 74 
1998; Oh and Li, 1997; Matzuk et al., 1995). Surprisingly, except for the zebrafish co-75 
receptor Oep (Gritsman et al., 1999), no zebrafish Nodal receptor mutants are known to 76 
recapitulate Nodal loss-of-function phenotypes; and although zebrafish is widely used to 77 
investigate Nodal signaling during development, it is unknown which of the receptor paralogs 78 
mediate endogenous Nodal signaling during germ layer formation. 79 

To understand the role of the zebrafish receptor homologs in Nodal signaling and 80 
propagation, we generated several loss-of-function mutants and used them together with 81 
combinatorial morpholino knockdown approaches to assess compound loss-of-function 82 
phenotypes. Due to the severity of single receptor knock-outs in mouse (Reissmann et al., 83 
2001; Kosaki et al., 1999; Gu et al., 1998; Oh and Li, 1997; Matzuk et al., 1995), we expected 84 
phenotypes similar to Nodal loss-of-function mutants in zebrafish. Strikingly, loss of 85 
individual receptor function did not cause obvious patterning defects. Instead, only the 86 
combined loss of the Type I receptors acvr1b-a and acvr1b-b phenocopied known Nodal loss-87 
of-function phenotypes (Dubrulle et al., 2015; Gritsman et al., 1999; Feldman et al., 1998), 88 
identifying these receptors as the main Type I receptors that mediate early Nodal signaling in 89 
zebrafish. Using quantitative imaging assays, we found that receptor and co-receptor levels 90 
can modulate Nodal mobility and thereby directly influence the distribution of Nodal in the 91 
embryo, providing a mechanism for the spatial restriction of Nodal signaling during germ 92 
layer patterning. 93 
 94 
Results 95 
 96 
Nodal Type I and Type II receptors have several putative paralogs in zebrafish 97 

To systematically identify and characterize zebrafish Nodal receptors, we used the protein 98 
sequences of the human and mouse Type I receptors Acvr1b and Acvr1c as well as the Type 99 
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II receptors Acvr2a and Acvr2b as queries for homology searches in the Uniprot database. In 100 
addition to previously experimentally identified zebrafish Type I (Renucci et al., 1996) and 101 
Type II (Garg et al., 1999; Nagaso et al., 1999) Nodal receptor orthologs playing a role during 102 
early embryonic development, our analysis yielded further potential Nodal receptor 103 
paralogous sequences for Acvr1b-a, Acvr2a-a and Acvr2b-a – named Acvr1b-b, Acvr2a-b and 104 
Acvr2b-b (Li et al., 2019; Funkenstein et al., 2012), respectively. Reconstruction of a putative 105 
phylogenetic tree shows a close clustering of the zebrafish receptors with their human and 106 
mouse paralogs, and the highest sequence similarity was found between the zebrafish Type I 107 
receptors Acvr1b-a and Acvr1b-b (Figure 1B). Putative homologs have the typical features of 108 
Type I and Type II receptors, including a signal peptide, TGF-β receptor domain, 109 
transmembrane domain, cytosolic kinase domain and a GS domain in case of the Type I 110 
receptors; the single exception is Acvr2a-b, which is missing a classical signal peptide (Figure 111 
1 – figure supplement 1).  112 
 113 
Most Nodal receptor paralog transcripts are present during mesendoderm formation 114 

To determine which of the putative Nodal receptor paralogs might have roles in germ layer 115 
patterning, we first assessed their expression during early embryogenesis. Germ layer 116 
patterning takes place during early blastula and gastrula stages (Figure 1C). Analysis of a 117 
published developmental transcriptome (White et al., 2017) indicated that the transcripts of 118 
most receptor paralogs are present at these stages and before the maternal-zygotic transition, 119 
suggesting that they are maternally deposited (Figure 1C). Expression of the identified 120 
receptors persists throughout larval development up to 4 days post-fertilization (dpf). The 121 
only receptor-encoding gene that does not seem to be expressed during early development is 122 
the Type I receptor homolog acvr1c, which is first detected at 4 dpf (Figure 1C). Therefore, 123 
all putative receptors except acvr1c are expressed at the developmental stages during which 124 
Nodal signaling patterns the germ layers. 125 

We next used in situ hybridization analysis to characterize the spatial expression patterns of 126 
the putative receptors, and in particular to determine whether they are expressed at the 127 
embryonic margin, where Nodal signaling induces mesendoderm (Figure 1D). In agreement 128 
with the temporal analysis (Figure 1C), we found that transcripts of all putative Nodal Type I 129 
and II receptors – with the exception of acvr1c – are evenly distributed at the 2-cell stage 130 
(Figure 1D), consistent with maternal deposition. During early gastrulation (shield stage), 131 
most receptors are ubiquitously expressed throughout the embryo (Garg et al., 1999; Nagaso 132 
et al., 1999) – with the exceptions of acvr1c, which is not expressed, and acvr1b-a, which is 133 
constrained to the embryonic margin (Figure 1D), similar to the co-receptor oep (Vopalensky 134 
et al., 2018; Renucci et al., 1996). Together, our analyses show that, except for acvr1c, all 135 
putative receptors are expressed at the right time and place to potentially act as mediators of 136 
endogenous Nodal signaling during zebrafish germ layer patterning. 137 
 138 
Nodal signaling upregulates acvr1b-a expression but does not affect other putative Nodal 139 
receptors 140 

In zebrafish, Nodal signaling induces several of its own signaling pathway components, 141 
including squint, cyclops, lefty1, lefty2 and oep (Dubrulle et al., 2015; Bennett et al., 2007; 142 
Feldman et al., 2002; Meno et al., 1999). To systematically assess potential receptor induction 143 
by Nodal signaling, we used qRT-PCR to measure receptor expression levels in embryos with 144 
increased Nodal signaling (injection of squint-GFP or cyclops-GFP mRNA (Müller et al., 145 
2012)) or decreased Nodal signaling (injection of lefty2-Dendra2 mRNA (Müller et al., 2012) 146 
or treatment with the Nodal inhibitor SB-505124 (DaCosta Byfield et al., 2004)). acvr1c was 147 
excluded from this analysis because its spatiotemporal expression suggests that it does not 148 
mediate endogenous Nodal signaling during germ layer patterning (Figure 1D). In agreement 149 
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with previous studies (Dubrulle et al., 2015), oep and acvr1b-a were upregulated by increased 150 
Nodal signaling and downregulated by decreased signaling (Figure 1E). Upon Nodal 151 
overexpression, acvr1b-a expression expanded beyond its usual domain at the margin, 152 
whereas Nodal inhibition abolished its expression (Figure 1F). In contrast, none of the other 153 
putative Nodal receptor-encoding genes exhibited a substantial change in expression upon 154 
Nodal overexpression or inhibition (Figure 1E). 155 
 156 
Single receptor mutants do not recapitulate Nodal loss-of-function phenotypes 157 

To elucidate the roles of the putative Nodal receptors in germ layer formation, we assessed 158 
embryonic morphologies after blocking gene activity using mutants and morpholino-mediated 159 
knockdown (El-Brolosy et al., 2019; Rossi et al., 2015). We generated mutants for acvr1b-a, 160 
acvr1-c and acvr2b-a using CRISPR/Cas9 by targeting the first exons of the respective genes. 161 
We recovered alleles containing indels that led to frame-shifts resulting in premature stop 162 
codons within the first exons: a 4-bp deletion for acvr1b-a, a 2-bp deletion for acvr1c and a 4-163 
bp deletion for acvr2b-a (Figure 2B,C,F). Additionally, we obtained acvr2a-aSA34654 and 164 
acvr2a-bSA18285 mutants from the European Zebrafish Resource Center (EZRC), which carry 165 
single nucleotide mutations leading to alternative splicing and a premature stop codon, 166 
respectively (Figure 2D,E). Most receptor mutations disrupt the signal peptide and all 167 
downstream domains and are therefore likely to lead to a complete loss of gene function 168 
(Figure 2). Surprisingly, however, none of the maternal-zygotic homozygous receptor mutants 169 
displayed obvious patterning defects at 1 dpf (Figure 2B-F) and all were viable, unlike mouse 170 
receptor mutants that exhibit severe malformations during early embryonic development (Gu 171 
et al., 1998; Oh and Li, 1997).  172 

Since the analysis of mutants can suffer from genetic compensation that might mask potential 173 
patterning defects (El-Brolosy et al., 2019; Rossi et al., 2015), we also assessed the effect of 174 
acutely knocking down gene activity using antisense morpholino oligonucleotides targeting 175 
the ATG start codons or splice sites of the putative receptor mRNAs. We found that 176 
morpholinos targeting the receptor-encoding mRNAs caused non-specific head or tail defects 177 
similar to a standard control morpholino (Figure 2 – figure supplement 1). Some morpholino 178 
treatments at high doses increased lethality (Figure 2 – figure supplement 1), but none of the 179 
conditions led to the Nodal-specific patterning defects that are known for loss-of-function 180 
mutants of other Nodal signaling pathway components (Dubrulle et al., 2015; Gritsman et al., 181 
1999; Feldman et al., 1998). 182 
 183 
The Type I receptors Acvr1b-a and Acvr1b-b redundantly mediate Nodal signaling during 184 
zebrafish germ layer patterning 185 

Teleosts like zebrafish have undergone an additional genome duplication following the two 186 
vertebrate-specific rounds of whole-genome duplications (Meyer and Van de Peer, 2005), and 187 
partial redundancy of paralogs can underlie the lack of abnormal phenotypes in single mutants 188 
(Leerberg et al., 2019; Feldman et al., 1998). Since patterning and Nodal-dependent structures 189 
were not obviously affected by loss of individual putative Nodal receptors (Figure 2, Figure 2 190 
– figure supplement 1), we next used combinatorial receptor loss-of-function approaches to 191 
test whether receptors may redundantly mediate Nodal signaling during germ layer patterning.  192 

Morpholino-mediated double knockdown of acvr1b-a and acvr1b-b resulted in a clear loss of 193 
head mesoderm at 1 dpf, leading to the distinctive fused-eye “pinhead” phenotype associated 194 
with loss-of-Nodal signaling (Figure 3A,B). However, somites still formed in the trunk 195 
region, similar to the phenotype of zygotic rather than maternal-zygotic oep mutants 196 
(Gritsman et al., 1999), suggesting an incomplete loss of Nodal signaling possibly due to 197 
maternal deposition of receptor proteins. We therefore injected acvr1b-b-targeting 198 
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morpholinos into maternal-zygotic acvr1b-at03pm/t03pm mutant embryos. Injection of 0.4 ng 199 
acvr1b-b-targeting morpholinos into acvr1b-a mutants at the one-cell stage recapitulated the 200 
full Nodal loss-of-function phenotype at 1 dpf (Figure 3C). Interestingly, knockdown of 201 
acvr1b-b in maternal-zygotic acvr1b-at03pm/t03pm mutants only resulted in Nodal loss-of-202 
function phenotypes when using ATG-targeting morpholinos (“MO-1”), but not if splice site-203 
targeting morpholinos were used (“MO-2”) (Figure 3A,C). Since splice site-targeting 204 
morpholinos do not affect maternally deposited mRNAs, this observation indicates that 205 
maternally deposited acvr1b-b mRNA contributes to proper germ layer formation.  206 

The phenotypes observed in embryos lacking functional acvr1b-a and acvr1b-b suggest a loss 207 
of Nodal signaling. To test this hypothesis, we directly assessed Nodal signaling in these 208 
embryos by quantifying the range of the Nodal signal transducer phosphorylated Smad2/3 209 
(pSmad2/3) during early gastrulation at shield stage. Similar to previous reports (Lord et al., 210 
2019; Almuedo-Castillo et al., 2018; Rogers et al., 2017; van Boxtel et al., 2015), we 211 
observed pSmad2/3-positive cells over a distance of about 12 cell tiers at the embryonic 212 
margin of wild type embryos (Figure 4A,B). acvr1b-at03pm/t03pm mutants and embryos injected 213 
with acvr1b-b-targeting morpholinos had a Nodal signaling range very similar to untreated 214 
wild type embryos. In contrast, combined mutation/knockdown of both Type I receptors 215 
almost completely abolished the pSmad2/3 signal throughout the embryo (Figure 4A,B). 216 
Importantly, the range of pSmad2/3-positive nuclei could be restored to a near-normal extent 217 
by substitution with 50 pg acvr1b-a or 25 pg acvr1b-b mRNA (Figure 4A,B), and up to 60 218 
percent of the embryos displayed normal or partially rescued phenotypes at 1 dpf (Figure 4C).  219 

While these results demonstrate that acvr1b-a and acvr1b-b redundantly mediate Nodal 220 
signaling during germ layer patterning, the role of the Type II receptors was less clear. Similar 221 
to the approach to generate Type I receptor loss-of-function conditions, we targeted several 222 
Type II receptors simultaneously using morpholinos and mutants. Double-knockdown of 223 
acvr2a-a and acvr2a-b, double-knockdown of acvr2b-a and acvr2b-b as well as 224 
combinatorial mutation/knockdown of acvr2b-a and acvr2b-b resulted in apparently non-225 
specific head and tail malformations (Figure 3D,E, Figure 2 – figure supplement 1F-I). Even 226 
when all four Type II receptors were simultaneously knocked down, we did not observe 227 
phenotypes indicative of Nodal loss-of-function (Figure 3D). While head or tail tissues were 228 
strongly reduced or only present rudimentarily, cyclopia associated with Nodal loss-of-229 
function (Feldman et al., 1998) could not be detected, and mesendodermal tissues such as 230 
heart and somites in the head and trunk region were still present (Figure 3A,D). 231 
 232 
Nodal receptors affect Nodal dispersal in zebrafish embryos 233 

During gastrulation, the establishment of the correct range of Nodal signaling is thought to be 234 
crucial for normal germ layer patterning (reviewed in Rogers and Müller, 2019). It has 235 
previously been hypothesized that the interaction of Nodal with its receptors might control 236 
signal propagation (Müller et al., 2012), and the strong affinity of Nodal for its receptor 237 
Acvr2b-a has been suggested to shape the Nodal gradient (Wang et al., 2016). Furthermore, 238 
Oep is a crucial component of the receptor complex known to bind Nodals, and maternal-239 
zygotic (MZ) oep mutants display complete Nodal loss-of-function phenotypes (Gritsman et 240 
al., 1999). It has recently been shown that Oep can dramatically alter the Nodal signaling 241 
range (Lord et al., 2019), but its effect on the distribution of Nodal ligands themselves has not 242 
been assessed. To test whether Nodal receptors can indeed affect the Nodal distribution 243 
during germ layer patterning, we mimicked the secretion of endogenous Nodal from the 244 
marginal zone by injecting squint-GFP or cyclops-GFP mRNA (Müller et al., 2012) into the 245 
yolk syncytial layer (YSL) (Figure 5A) and then measured the distribution of the tagged 246 
proteins in wild type embryos and receptor knockdown conditions (Figure 5B-D). 247 
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In wild type embryos, Squint-GFP was secreted from the YSL and at two hours post-injection 248 
formed a graded distribution (Figure 5B,C), similar to previously reported gradients that had 249 
been generated using localized clones instead of YSL injections (Soh et al., 2020; Wang et al., 250 
2016; Müller et al., 2012). Loss-of-function conditions for the Type I receptor-encoding genes 251 
acvr1b-a and acvr1b-b as well as the co-receptor oep led to a broader Squint-GFP distribution 252 
(Figure 5B,C). While Squint-GFP is localized relatively diffusely in the extracellular space, 253 
the Cyclops-GFP signal is distributed in a punctate pattern and sharply decreases away from 254 
its source in wild type embryos (Müller et al., 2012) (Figure 5B,D). Similar to Squint-GFP, 255 
loss-of-function conditions for the Type I receptors acvr1b-a and acvr1b-b or the co-receptor 256 
oep had a drastic effect on the Cyclops-GFP gradient four hours post-injection, broadening its 257 
range and increasing the number of Cyclops-GFP puncta (Figure 5B,D).  258 
 259 
Receptor binding influences signal propagation through multiple mechanisms 260 

Receptors can affect signal propagation through embryonic tissues by several mechanisms. 261 
First, receptor availability can affect the clearance rate of bound ligands and thereby affect 262 
signal propagation by modulating protein stability (reviewed in Rogers and Müller, 2019; 263 
Rogers and Schier, 2011). Second, transient receptor binding might slow down signal 264 
diffusion (Müller et al., 2013; Müller et al., 2012; Miura et al., 2009; Crank, 1979). Third, 265 
positive autoregulation through ligand-receptor interactions can extend a ligand’s expression 266 
domain by relay signaling (Rogers and Müller, 2019; van Boxtel et al., 2015). To determine 267 
whether the receptors affect Nodal propagation by one of these mechanisms, we measured 268 
stability and diffusion of Nodal in the presence and absence of receptors, and assessed the 269 
range of Nodal signaling with and without positive autoregulation.  270 

It has previously been shown that Nodals bind to the Type II receptor Acvr2b-a with 271 
nanomolar affinity in living zebrafish embryos (Wang et al., 2016). To test whether this 272 
interaction affects extracellular ligand stability, we used active Squint-Dendra2 and Cyclops-273 
Dendra2 in Fluorescence Decay after Photoconversion (FDAP) assays (Bläßle and Müller, 274 
2015; Rogers et al., 2015; Müller et al., 2012). If binding of Nodals to Acvr2b-a affects ligand 275 
stability, elevated Acvr2b-a levels should increase the clearance of Squint-Dendra2 and 276 
Cyclops-Dendra2. However, overexpression of acvr2b-a did not markedly change Nodal 277 
clearance rate constants compared to wild type embryos (Figure 6A). This suggests that the 278 
strong interaction between Nodals and Acvr2b-a (Wang et al., 2016) is not sufficient to 279 
modulate Nodal protein stability.  280 

To test whether receptor interactions can affect Nodal diffusion, we performed Fluorescence 281 
Recovery After Photobleaching (FRAP) assays (Almuedo-Castillo et al., 2018; Bläßle et al., 282 
2018; Soh and Müller, 2018; Pomreinke et al., 2017; Müller et al., 2013; Müller et al., 2012). 283 
We assessed the effective diffusivity of active Squint-GFP (Müller et al., 2012) in wild type 284 
embryos, in embryos lacking acvr1b-a/acvr1b-b, and in embryos overexpressing oep or the 285 
Type II receptor acvr2b-a (Figure 6B). Strikingly, the effective diffusivity of Squint-GFP in 286 
the absence of acvr1b-a/acvr1b-b increased from about 2 µm2/s to ~4 µm2/s, consistent with 287 
the broader Nodal distribution in the absence of these Type I receptors (Figure 5C). 288 
Furthermore, oep overexpression reduced the diffusivity of Squint-GFP to ~1 µm2/s, 289 
consistent with the increased Nodal signaling range (Lord et al., 2019) and broader Nodal 290 
distribution in MZoep mutants (Figure 5). In contrast, overexpression of acvr2b-a did not 291 
markedly change the effective diffusivity of Squint-GFP (Figure 6B), suggesting that the 292 
strong interaction between Squint and Acvr2b-a previously shown in vivo (Wang et al., 2016) 293 
is not sufficient to modulate Squint diffusivity. Together, our results indicate that Oep, 294 
Acvr1b-a and Acvr1b-b serve not only to transduce signaling activity but also to regulate the 295 
spatial range of the signal itself. 296 
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The Nodal signaling pathway features strong autoregulatory feedback by inducing the Nodal 297 
ligands Squint and Cyclops as well as the co-receptor Oep and the Type I receptor Acvr1b-a 298 
(Figure 1A,E,F) (Dubrulle et al., 2015; Bennett et al., 2007; Dougan et al., 2003; Feldman et 299 
al., 2002). However, the role of this positive feedback for the propagation of Nodal signaling 300 
is currently unclear (Lord et al., 2019; Rogers and Müller, 2019). We found that the feedback-301 
induced co-receptor Oep and the Type I receptors Acvr1b-a and Acvr1b-b together act as 302 
diffusion regulators of Nodal (Figure 5, Figure 6B), implying that the range of Nodal 303 
propagation may – paradoxically – be increased in the absence of positive Nodal feedback in 304 
surrounding tissues. To test this prediction, we sought to visualize the activity range of 305 
endogenous Nodal signals.  306 

Cyclops and Squint have been shown to activate target genes at a distance (Chen and Schier, 307 
2001), and the biophysical properties of tagged zebrafish Nodals support their function as a 308 
short-to-mid-range signals (Müller et al., 2012). However, these findings are based on ectopic 309 
expression assays and the readout of target genes such as no tail, whose transcription is also 310 
activated by Nodal-induced FGFs and thus does not directly report Nodal activity (van Boxtel 311 
et al., 2015). It has therefore been debated whether endogenous Nodals act directly at a 312 
distance as initially proposed (Chen and Schier, 2001) or whether they act exclusively at a 313 
short range and require relay through positive feedback on Nodal expression (Rogers and 314 
Müller, 2019; van Boxtel et al., 2018; van Boxtel et al., 2015; Rodaway et al., 1999).  315 

To examine whether zebrafish Nodals can directly act on distant cells at endogenous 316 
expression levels and to test the relay model, we transplanted cells from the embryonic 317 
margin – where endogenous Nodal expression is highest – of H2A.F/Z:GFP embryos (Pauls 318 
et al., 2001) into the animal pole – where Nodal expression is absent – of wild type embryos 319 
or Nodal mutant embryos (MZsqt-/-;cyc-/-; Figure 6C). Since MZsqt-/-;cyc-/- embryos cannot 320 
produce functional Nodals, there is no Nodal relay in this mutant background allowing us to 321 
directly assess the endogenous Nodal signaling range in the absence of Nodal autoinduction 322 
or confounding relay effects. To assess Nodal signaling after transplantation, pSmad2/3 323 
immunofluorescence staining was performed on embryos fixed 2 h post-transplantation. 324 
pSmad2/3 can clearly be detected in the nuclei of cells outside the transplant in both wild type 325 
and mutant backgrounds (Figure 6C). This indicates that Nodals do not require a relay 326 
mechanism to signal to distant cells. Interestingly, the pSmad2/3 intensities inside and around 327 
the transplants were higher in the MZsqt-/-;cyc-/- background than in the wild type background 328 
(Figure 6 – figure supplement 1A), and pSmad2/3-positive nuclei were found more frequently 329 
outside of transplanted clones in the MZsqt-/-;cyc-/- background (Figure 6C), consistent with 330 
our prediction that the range of Nodal propagation should be increased in the absence of 331 
positive Nodal feedback in tissues surrounding the Nodal source. However, in the absence of 332 
Nodal signaling Leftys are not expressed (van Boxtel et al., 2015; Feldman et al., 2002), 333 
which might also contribute to the extended Nodal signaling range in MZsqt-/-;cyc-/- mutants. 334 

Endogenous Nodal signaling is active at the embryonic margin, and we therefore wanted to 335 
assess whether Nodals can also signal over a distance in marginal tissues, where the feedback-336 
regulated receptors Oep and Acvr1b-a are expressed (Figure 1D-F) (Vopalensky et al., 2018). 337 
We therefore performed margin-to-margin transplantations of H2A.F/Z:GFP cells into 338 
MZsqt-/-;cyc-/- host embryos and found that Nodals can also act on distant cells at the margin 339 
(Figure 6D), where receptor expression is higher than in the animal pole (Figure 1D,F). In 340 
agreement with our prediction that the range of Nodal propagation should be increased with 341 
dampened positive feedback in tissues surrounding the Nodal source, pSmad2/3-positive 342 
nuclei tended to be found more frequently outside of transplants in the MZsqt-/-;cyc-/- mutant 343 
background compared to wild type hosts, with a few cases even showing extremely extended 344 
ranges (Figure 6D, Figure 6 – figure supplement 1B). While our findings are consistent with 345 
the idea that positive feedback mediated by receptors and co-receptors restricts the range of 346 
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Nodal signaling, we cannot rule out that the extended range we observed with margin 347 
transplantations in MZsqt-/-;cyc-/- hosts is also influenced by dampened negative feedback, 348 
which will have to be tested in MZsqt-/-;cyc-/-;lft1-/-;lft2-/- quadruple mutants in the future. 349 
 350 
Discussion 351 

The Nodal signaling pathway is a key regulator of vertebrate development and important for 352 
human disease and regenerative medicine (Tewary et al., 2019; Lee et al., 2010; Schier, 2009; 353 
Roessler et al., 2008). Here, we systematically assessed putative Nodal Type I and Type II 354 
receptor homologs in zebrafish. We found that the transcripts of most of these putative Nodal 355 
receptors are maternally deposited and present during germ layer patterning, indicative for a 356 
potential role in early patterning. The Type I receptor Acvr1c (Alk7) is an exception and not 357 
expressed until 4 dpf, making it unlikely to be involved in germ layer formation. While single 358 
mutants of the Nodal co-receptor Oep and the signal transducer Smad2 display complete loss-359 
of-function phenotypes (Dubrulle et al., 2015; Gritsman et al., 1999), the loss of individual 360 
Nodal ligands (Squint and Cyclops) only leads to partial defects (Dougan et al., 2003; 361 
Feldman et al., 1998; Rebagliati et al., 1998a; Rebagliati et al., 1998b; Sampath et al., 1998). 362 
This redundancy is mirrored in the function of the Type I and Type II receptors. For example, 363 
individual loss of acvr1b-a and acvr1b-b activity does not induce Nodal-related defects, 364 
whereas combined loss-of-function conditions for both acvr1b-a and acvr1b-b lead to a 365 
complete Nodal mutant phenotype, suggesting that these Type I receptors redundantly 366 
mediate Nodal signaling during early embryogenesis. In contrast to the Type I receptors, 367 
knockdown of any of the Type II receptors individually or in combination surprisingly did not 368 
phenocopy Nodal loss-of-function. However, our combinatorial knockdown might not 369 
completely abolish gene activity, and our findings will have to be validated with quadruple 370 
null mutants in the future. It is also possible that another TGF-β Type II receptor, not yet 371 
associated with Nodal signaling, could act as a substitute. Receptor promiscuity has already 372 
been demonstrated for Acvr2b-a, which can mediate Activin and BMP signaling by recruiting 373 
the respective Type I receptor Acvr1b-a or Bmpr1a (Nagaso et al., 1999). Even a direct high-374 
affinity interaction of Nodal with the BMP Type II receptor Bmpr2 has been shown in vitro 375 
(Aykul et al., 2015). Furthermore, the Type I receptor TGFβr1 can phosphorylate and thereby 376 
activate the Type I receptor Acvr1, indicating that Type I receptors can function like Type II 377 
receptors under certain conditions (Ramachandran et al., 2018). Whether this dual function of 378 
Type I receptors affects endogenous Nodal signaling in zebrafish requires further 379 
investigation.  380 

During germ layer patterning, Nodal is first expressed in the YSL, from which it spreads into 381 
the embryo to form a signaling gradient. There are currently two major models that can 382 
explain the propagation of Nodal signaling in this context. In the hindered diffusion model, 383 
Nodal is secreted from source cells and its free diffusion through the embryo is hindered by 384 
interactions with immobile diffusion regulators (Rogers and Müller, 2019; Wang et al., 2016; 385 
Müller et al., 2013; Müller et al., 2012). In the second model, Nodal ligands only act in a 386 
juxtacrine fashion, and propagation of Nodal signaling to adjacent cells is mediated by a relay 387 
mechanism involving positive feedback of Nodal expression (Lord et al., 2019; Rogers and 388 
Müller, 2019; van Boxtel et al., 2018; van Boxtel et al., 2015). To distinguish between these 389 
models, we transplanted cells expressing endogenous Nodal signals into Nodal-mutant 390 
backgrounds that are devoid of relay mechanisms involving feedback on Nodal expression. 391 
Consistent with the known function of Nodals as short- to mid-range signals (Müller et al., 392 
2012; Chen and Schier, 2001), we found that Nodals do not exclusively act in a juxtacrine 393 
manner and can signal to distant cells even in the absence of Nodal relay. The importance of 394 
positive Nodal feedback as an additional mechanism to regulate Nodal signaling propagation 395 
is supported by the restriction of the Type I receptor Acvr1b-a and the co-receptor Oep to the 396 
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marginal zone. This spatial restriction is mediated by Nodal ligands, which are also expressed 397 
at the margin (Vopalensky et al., 2018; Dubrulle et al., 2015; Bennett et al., 2007; Feldman et 398 
al., 2002; Meno et al., 1999), suggesting a role for positive feedback to limit Nodal signaling 399 
to the embryonic margin. Although our data support the idea that Nodals function as classical 400 
morphogens and act directly at a distance as master regulators of mesendoderm formation 401 
(Chen and Schier, 2001), complex germ layer patterning requires the interaction with other 402 
signaling molecules such as FGFs (van Boxtel et al., 2018; Dubrulle et al., 2015; van Boxtel 403 
et al., 2015; Bennett et al., 2007), which act as secondary downstream relay factors to induce 404 
mesendodermal gene expression at the correct time and place.   405 

The action range of Nodals has been proposed to be restricted by extracellular interactions 406 
(Müller et al., 2013; Müller et al., 2012). In this hindered diffusion model, Nodal’s free 407 
diffusivity of approximately 40 µm2/s (Wang et al., 2016; Müller et al., 2013) would be 408 
slowed down by an order of magnitude through interactions with immobile diffusion 409 
regulators such as receptors (Wang et al., 2016) or heparin sulfate proteoglycans (Marjoram 410 
and Wright, 2011). Here, we directly assessed the influence of Nodal receptors and co-411 
receptors on the dispersal of Nodal ligands. We found that embryos with reduced receptor 412 
levels displayed broader Nodal gradients. The strongest effect was observed for mutants of 413 
the Nodal co-receptor Oep, suggesting that Oep is a major regulator of Nodal propagation. To 414 
elucidate whether the Type I receptors Acvr1b-a and Acvr1b-b as well as the co-receptor Oep 415 
directly regulate Nodal diffusivity, we used FRAP assays to measure Nodal mobility in intact 416 
embryos with modulated receptor levels. Consistent with our gradient analyses, the 417 
co-receptor Oep had the largest impact on Nodal diffusivity (Cohen’s d = 1.42 with p = 0.003, 418 
see Materials and Methods), indicating its importance not only as a co-factor for the assembly 419 
of the Nodal signaling complex, but also as a diffusion regulator during early embryogenesis. 420 
In agreement with our findings, a recent report has shown that the Nodal co-receptor Oep 421 
restricts the range of Nodal signaling during zebrafish embryogenesis (Lord et al., 2019). 422 
Previous research has shown that Oep is critical for Nodal signaling (Gritsman et al., 1999) 423 
and indicated that Oep mediates the interaction of Nodal with the Activin receptor complex 424 
(Bianco et al., 2002; Yan et al., 2002; Reissmann et al., 2001; Yeo and Whitman, 2001). 425 
Moreover, the Oep-Nodal interaction is crucial for the regulation of Nodal signaling, as 426 
chimeric Nodals that do not require Oep for signaling activity cannot be inhibited by Lefty 427 
(Cheng et al., 2004). In mouse models, Nodal has been shown to directly interact with the 428 
Oep homolog Cripto already before secretion and processing of the Nodal protein, and Oep 429 
was also found to regulate Nodal endocytosis and subsequent signaling (Blanchet et al., 430 
2008a; Blanchet et al., 2008b). While the influence of Oep/Cripto and the Type II receptors 431 
on Nodal propagation could be explained by their direct interaction, the Type I receptor 432 
Acvr1b-a is thought to require the presence of the co-receptor Oep/Cripto to interact with 433 
Nodal (Reissmann et al., 2001). However, there is evidence that Nodal can also directly 434 
interact with Type I receptors (Calvanese et al., 2015; Reissmann et al., 2001). Alternatively, 435 
the observed impact of Type I receptor levels on Nodal dispersal might be due to a failure in 436 
assembling the full Nodal receptor complex, possibly affecting endocytosis of Nodal (Zhou et 437 
al., 2004) and causing Nodal to accumulate in the extracellular space resulting in a broader 438 
Nodal gradient.  439 

In summary, we performed a systematic analysis of putative zebrafish Nodal receptors and 440 
found that Type I receptors as well as the co-receptor Oep can shape Nodal gradients during 441 
early embryogenesis by modulating ligand mobility and dispersal. In the future, it will be 442 
interesting to determine the function of receptor redundancy in Nodal signaling, to analyze the 443 
role of receptor and co-receptor feedback in robust embryogenesis (Stapornwongkul et al., 444 
2020; Zhu et al., 2020), and to elucidate why only a subset of the Nodal receptors is regulated 445 
by positive feedback.  446 



10 
 

Acknowledgments 447 

We thank Daniel Čapek, Christine Henzler, Sarah Keim, Jens Dominik Maile, Katherine 448 
Rogers and Hannah Wild for technical support and discussions. We are grateful to the 449 
European Zebrafish Research Center (EZRC) for providing the acvr2a-asa34654 and acvr2a-450 
bsa18285 zebrafish lines. This project has received funding from the European Research Council 451 
(ERC) under the European Union’s Horizon 2020 research and innovation program (grant 452 
agreement No 637840 (QUANTPATTERN) and grant agreement No 863952 (ACE-OF-453 
SPACE)). This work was also funded by the Max Planck Society and the International Max 454 
Planck Research School “From Molecules to Organisms”.  455 



11 
 

Materials and Methods 456 
 457 
Fish lines and husbandry 458 

All procedures were executed in accordance with the guidelines of the State of Baden-459 
Württemberg and approved by the Regierungspräsidium Tübingen (35/9185.46-5, 460 
35/9185.81-5). MZoeptz57 embryos were generated as previously described (Gritsman et al., 461 
1999; Zhang et al., 1998). The wild type strain Tü was used for the generation of the 462 
acvr1ct06pm mutant allele. For the generation of acvr1b-at03pm and acvr2b-at08pm mutants, the 463 
wild type strain TE was used. acvr2a-asa34654, acvr2a-bsa18285 mutants were obtained from the 464 
European Zebrafish Research Center (EZRC). For all experiments, maternal-zygotic receptor 465 
mutant embryos were used. H2A.F/Z:GFP embryos were obtained from an incross of GFP-466 
positive H2A.F/Z:GFP fish (Pauls et al., 2001). MZsqt-/-;cyc-/- embryos were obtained from an 467 
incross of sqt-/-;cyc-/- mutants (Feldman et al., 1998; Schier et al., 1996) generated by germline 468 
transplantation (Ciruna et al., 2002). The fish strain TE was used as a wild type control in all 469 
experiments. 470 
 471 
Phylogenetic analysis 472 

For phylogenetic analysis, human and mouse protein sequences of the Type I receptors 473 
Acvr1b and Acvr1c as well as protein sequences of the Type II receptors Acvr2a and Acvr2b 474 
were used for BLAST queries in Uniprot (RRID: SCR_002380) to identify zebrafish 475 
homologs. The alignment of human, mouse and zebrafish sequences was performed using 476 
Clustal Omega (RRID: SCR_001591) (Madeira et al., 2019). The phylogenetic tree was 477 
calculated with a neighbor-joining algorithm using the blosum62 matrix. Jalview version 478 
2.10.3b1 was used for visualization (RRID: SCR_006459) (Waterhouse et al., 2009). Branch 479 
lengths indicate evolutionary distance. 480 
 481 
Whole-mount in situ hybridization 482 

To synthesize acvr1b-a, acvr1b-b, acvr1c, acvr2a-a, acvr2a-b, acvr2b-a and acvr2b-b probes 483 
for in situ hybridization assays, full-length receptor-encoding sequences amplified from shield 484 
stage cDNA were cloned into TOPO Blunt plasmids (Thermo Fisher Scientific 45024) using 485 
the following primers: 486 

 487 
Receptor Forward primer (5’->3’) Reverse primer (5’->3’) 
acvr1b-a ATGCTAAGAGATGGGAATGTTGC TCAGATCTTAATGTCTTCTTGGACG 
acvr1b-b ATGGACCCACGGCAAATC TCAGATTTTGAGATCCTCGT 
acvr1c ATGTCTCATCCCAGGTGCTCAG TTCTTTAACATCCTTGACCACAGTCAC 
acvr2a-a ATGGGACCTGCAACAAAGCT TCATAGACTAGACTCCTTTG 
acvr2a-b ATGGCGAGCCACTGGACAAACT TCATAGGCTGGACTCTTTAG 
acvr2b-a ATGTTCGCTTCTCTGCTCACTTT TCAGATGCTGGACTCTTTGGGC 
acvr2b-b ATGTTTGTTCCCTGGCTGGC TCAGGTGCTGGAGTCTTTGG 

 488 
For in situ probe synthesis, plasmids were linearized using SpeI or NotI restriction enzymes 489 
followed by in vitro transcription using SP6 or T7 polymerase (Roche) and digoxigenin 490 
(DIG)-modified ribonucleotides (Roche). RNA probes were purified using the RNeasy 491 
MinElute Cleanup kit (Qiagen 74204) according to the manufacturer’s protocol. Embryos 492 
fixed in 4% formaldehyde and transferred into methanol for storage were processed for in situ 493 
staining as previously described (Thisse and Thisse, 2008), but without proteinase K 494 
treatment and pre-absorption of the anti-DIG antibody (Sigma-Aldrich, Roche 11093274910). 495 
 496 
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mRNA synthesis 497 

Full-length receptor-encoding sequences were amplified from cDNA of shield-stage wild type 498 
TE embryos using the primers listed in the section Whole-mount in situ hybridization. The 499 
sequences were then re-amplified and cloned into pCS2+ vectors using the following primers 500 
and restriction enzyme (RE) combinations: 501 

 502 
Receptor Forward primer (5’->3’) Reverse primer (5’->3’) RE 
acvr1b-a TCCCATCGATGCCACCATGCTA

AGAGATGGGAATGTTGC 
AGAGGCCTTGAATTCGATCAG
ATCTTAATGTCTTCTTGGACG 

ClaI 
EcoRI 

acvr1b-b GATTCGAATTCGCCACCATGGA
CCCACGGCAAATC 

AGAGGCTCGAGCCTTCAGATTT
TGAGATCCTCGTCCA 

EcoRI 
XhoI 

acvr1c CATGGGATCCGCCACCATGTCT
CATCCCAGGTGCTCAG 

GAGGCTCGAGTTATTCTTTAAC
ATCCTTGACCA 

BamHI 
XhoI 

acvr2a-a AGGATCCCATCGATGCCACCAT
GGGACCTGCAACAAAGCT 

TCTAGAGGCTCGAGAGGCCTTC
ATAGACTAGACTCCTTTG 

ClaI 
StuI 

acvr2a-b ATCCCATCGATGCCACCATGGC
GAGCCACTGGACAAACTGGAA
GCAGCGAAAATATGGAGGTGC
GATTCTGGGCCGCTCG 

CCTTGAATTCGATCATAGGCTG
GACTCTTTAG 

ClaI 
EcoRI 

acvr2b-a AGGATCCCATCGATGCCACCAT
GTTCGCTT 

CACTATAGTTCTAGATCAGATG
CTGGACTCTT 

ClaI 
XbaI 

acvr2b-b GATCCCATCGATGCCACCATGT
TTGTTCCCTGGCTGGC 

GAGGCCTTGAATTCGATCAGGT
GCTGGAGTCTTTGG 

ClaI 
EcoRI 

 503 
For mRNA synthesis, plasmids were linearized with NotI-HF (NEB R3189). mRNA was 504 
generated using the mMessage mMachine SP6 Transcription Kit (Thermo Fisher Scientific 505 
AM1340). Synthesized mRNA was purified with RNeasy Mini kits (Qiagen 74104) and 506 
dissolved in nuclease-free water. 507 
 508 
Microinjections 509 

For mRNA, sgRNA and morpholino injections, embryos were injected at the 1- or 2-cell stage 510 
with the indicated amounts in a total of 1 nl. Injected embryos were incubated at 28˚C, and 511 
unfertilized embryos were discarded at 4-5 hpf. For fixation, imaging and YSL injections, 512 
embryos were dechorionated using 0.1 mg/ml Pronase (Roche 11459643001) in 5 ml embryo 513 
medium (Rogers et al., 2015).  514 

For Nodal gradient analysis, 2 nl of an injection mix containing 100 pg of squint-GFP or 515 
cyclops-GFP and 0.5 ng of Alexa FluorTM 647 dextran (Invitrogen D22914) were injected 516 
into the YSL of sphere-stage embryos. Imaging of YSL-injected embryos was started 2 hours 517 
post-injection (hpi) for squint-GFP injections and 4 hpi for cyclops-GFP injections. 518 
 519 
Mutant generation 520 

acvr1b-a, acvr1c and acvr2b-a mutants were generated using the CRISPR/Cas9 system 521 
(Gagnon et al., 2014). Target sequences for guide RNAs were chosen using CHOP-CHOP 522 
(Montague et al., 2014). sgRNAs targeting acvr1b-a (a mix of sgRNAs targeting 523 
GCTACAGCAGTTCGTCGAGG and GGATTACTAGCGGTCGGCGA) and acvr1c 524 
(AGCGCTGCATCTGAGCACCT) were synthesized as described previously (Gagnon et al., 525 
2014). acvr2b-a sgRNA (targeting GTTCGCTTCTCTGCTCACTT) was procured from IDT. 526 
400 pg of Cas9-encoding mRNA (Addgene MLM3613) and 150 pg of sgRNA were 527 
co-injected into 1- to 2-cell-stage wild type embryos.  528 



13 
 

Genotyping  529 

Genomic DNA was isolated from caudal fin tissue of adult zebrafish using the “hotshot” 530 
method (Meeker et al., 2007), and regions of interest were amplified using standard PCR 531 
conditions and the following primers: 532 

 533 
Mutant Target Forward primer (5’->3’) Reverse primer (5’->3’) 
acvr1b-
at03pm 

Exon 2 TCGCTTGTCAATATCACACACA CTCTCTCTCCACACACCATCA
G 

acvr1ct0

6pm 
Exon 1 TCTGTCTACGTGTTGTCGCTTT AAAGTTGGTGTGTGCTGACAG

T 
acvr2a-
asa34654 

Exon 2 AACTACAACCCCAGCTTGGAG
AA 

TTTGAAAATTCTTTGAAATCT
TT 

acvr2a-
bsa18285 

Exon 1 TTTCCAGTTGTGTTTGATTCCAT
GT 

ACAAGTTTCCCTCGCAGCAG 

acvr2b-
at08pm 

Exon 1 GTGGTGTGTGAGAGTGTGTGTG CAGGAGCATTTTAACAACACG
A 

 534 
PCR amplicons were prepared for direct use in sequencing reactions by treatment with ExoI 535 
(NEB M0568) and rSAP (NEB M0371L), and the respective amplification primers were used 536 
in separate sequencing reactions. Mutations in the first generation were identified using 537 
PolyPeakParser (Hill et al., 2014) and Hetindel (RRID:SCR_018922). Lasergene Seqman Pro 538 
14 was used for subsequent genotyping analysis. Mutants were outcrossed to wild type TE 539 
fish at least once before incrossing heterozygotes to obtain homozygous fish. 540 
 541 
Morpholino antisense oligonucleotides 542 

For each receptor, several morpholinos targeting splice sites or the region surrounding the 543 
ATG start codon were designed. The following morpholinos (ATG start site targets 544 
underlined) were obtained from GeneTools (Philomath, OR): 545 

 546 
Target Morpholino sequence (5’->3’) Target site Reference 
acvr1b-a 1 CTGCAACATTCCCATCTCTTAGCAT ATG start site (Jaźwińska et al., 2007) 
acvr1b-a 2 GTTTGGCCTGTACTGCTACCATTG e2i2 splice site  
acvr1b-a 3 ATAAACATGCAACTTACCAGACCCT e3i3 splice site  
acvr1b-b 1 CATCCTTACAGGACTCCCATTGCAC ATG start site  
acvr1b-b 2 CAAAGATTTGTTTTCAGCACCTCCA e7i7 splice site  
acvr1c 1 GATGAGACATGACATCTGTCACTTA ATG start site  
acvr1c 2 TACTATTTTGTCCTGTCTTACCTGG e2i2 splice site  
acvr1c 3 TTAATGGGCACAGCCAGCTCTCACC e3i3 splice site  
acvr2a-a 1 GCAGGTCCCATTTTTTCACTCTTCT ATG start site (Albertson et al., 2005) 
acvr2a-a 2 AGCAGTAGGGAATACCTGTCATAGC e2i2 splice site  
acvr2a-a 3 TCGCTGAATGGAGCCTTACTCTGAA e3i3 splice site  
acvr2a-b 1 TCGATGGTCCCCGAGCGGTTCTTC Putative 5’UTR  
acvr2a-b 2 TGGCTGCACACAAACACAGATTAAT splice site (Dogra et al., 2017) 
acvr2a-b 3 TGACAGAAGTATTTACCTGTGACGG e3i3 splice site  
acvr2b-a 1 GCAGAGAAGCGAACATATTCCTTT ATG start site (Albertson et al., 2005) 
acvr2b-a 2 TGAGCAGAGAAGCGAACATATTCCT ATG start site (Dogra et al., 2017) 
acvr2b-a 3 AATGTTTAAGAGAGTCACCTGGTTC e3i3 splice site  
acvr2b-b AGCCAGCCAGGGAACAAACATATTC ATG start site (Dogra et al., 2017) 
control CCTCTTACCTCAGTTACAATTTATA n.a. Gene Tools 
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Embryos were assessed at shield stage and 1 dpf. After each assessment, unfertilized and dead 547 
embryos were discarded. 548 
 549 
qRT-PCR 550 

For qRT-PCR experiments, single embryos were collected at shield stage, and total RNA was 551 
isolated using NucleoZol (Macherey-Nagel 740404.200) according to the manufacturer’s 552 
protocol. 100 ng of RNA were used for cDNA synthesis with SuperScript™ III Reverse 553 
Transcriptase (Invitrogen 18080044) according to the manufacturer’s protocol. qRT-PCR was 554 
performed with Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen 1173304) on a 555 
CFX Connect Real-Time System (Bio-Rad 1855201). 2 µl of 1:5 diluted cDNA were used as 556 
a template. The following primers were used for qRT-PCR analysis:  557 

 558 
Target Forward primer (5’->3’) Reverse primer (5’->3’) 
eF1α AGAAGGAAGCCGCTGAGATGG TCCGTTCTTGGAGATACCAGCC 
acvr1b-a CGCCATGAAAACATCTTGG GTGTCCATGTGCCATTGTCT 
acvr1b-b CTCTCCACCTCAGGATCAGG GTACGAGCCACGGTCCTTT 
acvr1c GAGATTATTGGCACCCAAGG AACCAGGATGTTCTTTGACTTTATG 
acvr2a-a GGTGTCCTCACAACATTG TCACCGGTCACTCGACAC 
acvr2a-b GTGACACACACGGACAGGTT AAACTGATCGCTCCTTCCAG 
acvr2b-a CAAACCAGCCATCGCACA TCACACCAGTCTACGACC 
acvr2b-b ACACGTCGACATCGGACAG AGGCTTCAGTCCAACCAGAG 

 559 

Transcript levels were normalized to the expression of the internal control eF1α using the 560 
ΔΔCt method. Technical duplicates and biological triplicates were performed for each sample. 561 
 562 
pSmad2/3 immunostainings 563 

Embryos were fixed in 4% formaldehyde in PBS overnight at 4˚C, dehydrated in 100% 564 
methanol and stored at -20˚C. For pSmad2/3 immunofluorescence stainings, fixed embryos 565 
were incubated in acetone for 7 min, washed three times for 5 min with PBST (PBS + 0.1% 566 
Tween 20), blocked for at least 1 h with 10% FBS (Biochrom S0415) in PBST and incubated 567 
with 1:5000 rabbit anti-phospho-Smad2/Smad3 primary antibody (Cell Signaling 568 
Technologies 8828, RRID: AB_2631089) in blocking solution at 4°C overnight. The 569 
following day, embryos were washed 8 times for 15 min with PBST, blocked for at least 1 h 570 
with blocking solution, and incubated with 1:500 goat anti-rabbit horseradish peroxidase 571 
secondary antibody (Jackson ImmunoResearch 111-035-003, RRID: AB_2313567) in 572 
blocking solution at 4°C overnight. Embryos were then washed 8 times for 15 min with 573 
PBST, incubated in TSA 1× amplification buffer (TSA Plus Fluorescein Kit, Perkin Elmer, 574 
NEL741001KT) for 15 min, and stained by incubation in 75 μl 1:75 fluorescein-TSA in 1× 575 
amplification buffer for 45 min. Embryos were washed three times for 5 min with PBST, 30 576 
min with methanol and washed twice more with PBST before incubating them in 1:5000 577 
DAPI in PBST at room temperature (RT) for at least 1 h, followed by at least three washes 578 
with PBST. Embryos were then transferred into methanol and stored at -20˚C before imaging. 579 
 580 
Imaging 581 

Brightfield images for the documentation of embryo morphology were taken using an Axio 582 
Zoom.V16 (ZEISS) microscope with a PlanNeoFluar Z 1× objective. 583 

Images of fixed and live embryos were obtained using a Lightsheet Z.1 microscope (ZEISS). 584 
For mounting, the samples were taken up in 1.5% low-melting point agarose (Lonza 50080) 585 
with a size 3 glass capillary sample holder (ZEISS). If not noted otherwise, embryos were 586 
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imaged using a W Plan-Apochromat 20× objective with 0.7× zoom and 5 μm intervals 587 
between z-slices. For imaging of pSmad2/3 immunostainings, embryos were imaged from 588 
different angles using a 488 nm laser at 2% power with 100 ms exposure time. For DAPI 589 
stainings, embryos were imaged using a 405 nm laser at 10% laser power with 70 ms 590 
exposure time. For YSL injections, z-stacks comprising 15 slices were imaged using a 405 nm 591 
laser with 100% laser power and 70 ms exposure time. For the detection of Alexa Fluor 647 592 
dextran, embryos were imaged with a 638 nm far-red laser at 1% laser power and 20 ms 593 
exposure time. 594 

FRAP and FDAP measurements were performed using an LSM 780 NLO confocal 595 
microscope (ZEISS) with an LD C-Apochromat 40×/1.1 W Korr objective. Embryos were 596 
mounted in 1.5% low-melting point agarose in glass-bottom petri dishes (MatTek Corporation 597 
P35G-1.5-20-C). After solidification, the agarose was covered with embryo medium to 598 
protect the embryos from drying out. FRAP and FDAP measurements were performed and 599 
analyzed as previously described (Bläßle et al., 2018; Soh and Müller, 2018; Bläßle and 600 
Müller, 2015; Rogers et al., 2015; Müller et al., 2012). FRAP data sets that were poorly fit by 601 
the diffusion-production-clearance model (overall R2 < 0.8, high local variability, linear 602 
increase, or severe mismatch between early recovery kinetics) were excluded. 603 
 604 
YSL-injection image analysis 605 

Images obtained from embryos that had been YSL-injected with Nodal-encoding mRNA were 606 
analyzed using Fiji (Schindelin et al., 2012). To exclude fluorescent signal in the YSL, the 607 
far-red channel was converted into a mask with the mean thresholding algorithm in Fiji. Ten 608 
marginal z-slices of the GFP channel were then used for a maximum intensity projection. 609 
Before the region of interest around the embryo was defined, the maximum intensity 610 
projections were rotated, so that the YSL was on the left, parallel to the image margin. Pixels 611 
outside of the embryo and bright staining artifacts were set to n.a. to avoid distortion of the 612 
calculated averages. For Squint-GFP, the plot profile function in Fiji was used to extract the 613 
averaged intensities from the embryo. Background levels determined by measuring uninjected 614 
embryos were subtracted from the gradient profiles. The profiles were normalized following 615 
previously described procedures (Rogers et al., 2020; Gregor et al., 2007) with the model 616 
𝐼𝑛(𝑥) = 𝐴𝑛𝑐̅(𝑥) + 𝑏𝑛, relating the mean intensity profile 𝑐̅(𝑥) of all data points to each 617 
embryo’s intensity profile 𝐼𝑛(𝑥) through the embryo-specific proportionality constant 𝐴𝑛 and 618 
the non-specific background 𝑏𝑛. 𝐴𝑛 and 𝑏𝑛 were determined by minimizing the sum of 619 
squared differences between the model and the intensity profiles using the function 620 
fminsearch in MATLAB 7.10.0 (Rogers et al., 2020). 621 

The Fiji find maxima function was used to identify Cyclops-GFP puncta. Uninjected embryos 622 
were used to verify that this approach only identified single maxima in order to exclude 623 
artifacts. The x- and y-coordinates of the puncta were extracted using the function measure, 624 
and the distribution of puncta as a function of distance from the YSL was plotted. 625 
 626 
Transplantation of marginal cells 627 

Donor embryos were obtained from an H2A.F/Z:GFP incross. Wild type TE as well as 628 
MZsqt-/-;cyc-/- host embryos were collected 1 h later. Only H2A.F/Z:GFP embryos exhibiting 629 
strong fluorescence were used as donors. The embryos were transferred to Ringer’s solution 630 
(116 mM NaCl, 2.9 mM KCl, 1.8 mM CaCl2, 5 mM HEPES pH 7.2) for margin 631 
transplantations. Margin cells were taken from donors around the 30-40% epiboly stage and 632 
transplanted into the animal pole or the marginal region of hosts (hosts were around sphere 633 
stage) using glass needles with an inner tip diameter of ~80-90 μm. Typically, two margin 634 
transplants were derived from each donor embryo (taken from opposing regions). In order to 635 
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keep the experimental groups as similar as possible, transplantations were performed such that 636 
TE and MZsqt-/-;cyc-/- embryos were used as hosts in an alternating manner. The embryos 637 
were kept in Ringer’s solution for 30 min at RT, transferred to embryo medium at 28°C and 638 
then fixed 2 h post-transplantation in PBS with 4% formaldehyde.  639 

After overnight fixation at 4˚C, embryos were processed for pSmad2/3 immunostainings as 640 
described above, and additionally used for GFP immunostainings with 1:1000 anti-GFP 641 
antibody (Aves Labs #GFP-1020, RRID: AB_10000240) at 4°C overnight. The samples were 642 
briefly rinsed with PBST and then washed six times for 20 min each before blocking with 500 643 
μl blocking solution for 1.5 h. The blocking solution was removed, and a 1:500 dilution of 644 
Alexa Fluor 568-conjugated anti-chicken IgY (Abcam 175477) in blocking solution was 645 
added to the samples, which were then kept shaking at 4°C overnight. PBST was added to 646 
briefly rinse the samples, and the samples were then washed twelve times for approximately 647 
20 min each. They were stored in PBST containing 1 mg/l DAPI at 4°C until imaging on a 648 
Lightsheet Z.1 microscope (ZEISS) with a W Plan-Apochromat 20×/1.0 objective. The 649 
samples were mounted in 1.5% low-melting point agarose (Lonza) in embryo medium and 650 
imaged in water. All samples and controls from one experiment were imaged on the same day 651 
to ensure comparable fluorescence between embryos. The embryos were mounted with the 652 
animal-vegetal axis orthogonal (margin-to-animal pole transplantations) or parallel (margin-653 
to-margin transplantations) to the agarose column. z-stacks covering 130 μm from the animal 654 
pole were acquired (13 slices with 10 μm steps), and maximum intensity projections over 110 655 
μm (ignoring the two animal-most slices) were generated using Fiji (Schindelin et al., 2012). 656 
The outline of the transplants was drawn around cells that exhibited immunofluorescence 657 
signal for GFP. For each experimental setup, three independent transplantation experiments 658 
were performed on two days. All fixed samples per experimental setup were immunostained 659 
in parallel. 660 

The pSmad2/3 intensities within the transplants were measured in a circular region of defined 661 
size using Fiji (Schindelin et al., 2012). The intensities in Figure 6 – figure supplement 1A are 662 
given relative to the mean wild type intensity. To count animal pole-facing pSmad2/3 positive 663 
nuclei (Figure 6 – figure supplement 1B), a line parallel to the margin was drawn just above 664 
the animal-most transplanted nucleus. pSmad2/3 positive nuclei on the animal side of this line 665 
were counted. 666 
 667 
Statistical analysis 668 

p-values for differences between experimental conditions were calculated using two-tailed 669 
Student’s t-tests assuming equal variance in Excel for Figure 1, Figure 4, and Figure 6. Since 670 
an F test in R (R-Core-Team, 2017) showed that the two experimental conditions in Figure 6 671 
– figure supplement 1A did not have equal variance, a Student’s t-test with unequal variance 672 
was performed in Excel for this data set. A Shapiro-Wilk test in R showed that the data in 673 
Figure 6 – figure supplement 1B was not normally distributed, and a Wilcoxon rank sum test 674 
was therefore performed to calculate a p-value (note that due to the presence of ties, the p-675 
value is not exact in this case but a normal approximation). Cohen’s d as a measure for effect 676 
size was determined using Robert Coe’s Effect Size Calculator (Coe, 2002). 677 
 678 
p-values for Figure 1E: 679 

oep 
 + squint-GFP + cyclops-GFP + lefty-D2 + SB505124 

Uninjected 0.005 < 0.001 0.003 0.631 

acvr1b-a 
 + squint-GFP + cyclops-GFP + lefty-D2 + SB505124 

Uninjected < 0.001 < 0.001 0.003 0.001 
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acvr1b-b 
 + squint-GFP + cyclops-GFP + lefty-D2 + SB505124 

Uninjected 0.503 0.587 0.395 0.980 

acvr2a-a 
 + squint-GFP + cyclops-GFP + lefty-D2 + SB505124 

Uninjected 0.188 0.401 0.419 0.705 

acvr2a-b 
 + squint-GFP + cyclops-GFP + lefty-D2 + SB505124 

Uninjected 0.014 0.278 0.777 0.883 
acvr2b-a 

 + squint-GFP + cyclops-GFP + lefty-D2 + SB505124 
Uninjected 0.108 0.110 0.182 0.920 

acvr2b-b 
 + squint-GFP + cyclops-GFP + lefty-D2 + SB505124 

Uninjected 0.101 0.260 0.897 0.797 
 680 

p-values for Figure 4B: 681 
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Wild type 0.203 0.785 < 0.001 0.783 0.041 0.286 0.097 
 682 

p-values and Cohen’s d for Figure 6A: 683 

 Squint-Dendra2 Cyclops-Dendra2 
+ acvr2b-a mRNA + acvr2b-a mRNA 

Wild type 0.200, 0.68 0.586, 0.43 
 684 

p-values and Cohen’s d for Figure 6B: 685 

 Squint-GFP 

+ oep mRNA acvr1b-a-/- 
+ acvr1b-b MO-1 + acvr2b-a mRNA 

Wild type 0.003, 1.42 0.028, 1.03 0.531, 0.31 
 686 

p-value and Cohen’s d for Figure 6 – figure supplement 1A: 687 

 MZsqt-/-;cyc-/- 
Wild type < 0.001, 2.21 

 688 

p-value and Cohen’s d for Figure 6 – figure supplement 1B: 689 

 MZsqt-/-;cyc-/- 
Wild type 0.148, 0.56 

  690 
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Figure Legends 691 
 692 
Figure 1. Multiple Nodal receptor candidates are expressed during early zebrafish 693 
development. (A) Nodal signaling requires the recruitment of a receptor complex comprising 694 
the co-receptor Oep (Tdgf1 homolog) as well as Type I and Type II Activin receptors (Acvr) 695 
to induce phosphorylation and nuclear translocation of the signal transducer pSmad2/3 for the 696 
induction of Nodal target genes. (B) Phylogenetic neighbor-joining alignment tree of Type I 697 
and Type II receptor protein sequences from human, mouse and zebrafish. Bootstrap values 698 
are listed at the nodes and indicate evolutionary distances. (C) Temporal expression analysis 699 
of putative Nodal receptors at different developmental stages. TPM: Transcripts per million. 700 
dpf: day(s) post-fertilization. Data adjusted from (White et al., 2017). (D) Spatial expression 701 
analysis of Type I and Type II receptors at 2-cell and shield stages revealed by in situ 702 
hybridization. Except for acvr1c, all receptor-encoding transcripts are maternally deposited. 703 
At shield stage, acvr1b-a is the only receptor that is not uniformly expressed but restricted to 704 
the embryonic margin. (E) Nodal signaling controls the expression of acvr1b-a and oep. Fold 705 
change of Nodal receptor expression calculated from qRT-PCR experiments comparing the 706 
overexpression of 30 pg squint-GFP mRNA, 30 pg cyclops-GFP mRNA, 30 pg lefty2-707 
Dendra2 mRNA and exposure to 10 μM SB-505124 Nodal inhibitor to untreated embryos at 708 
6 hours post-fertilization (hpf). Each point is the mean fold change of an individual embryo 709 
compared to an untreated embryo. Error bars represent standard deviation. (F) In situ 710 
hybridization analysis of acvr1b-a with increased (+ squint-GFP) or decreased (+ SB-711 
505124) Nodal signaling. Scale bars represent 250 µm. See the Figure 1 – source data file for 712 
source data.    713 
 714 
Figure 1 – source data. Source data for Figure 1. 715 
 716 
Figure 1 – figure supplement 1. Protein domains identified in putative Nodal receptors. 717 
(A-G) Amino acid sequences of the putative Nodal receptors Acvr1b-a, Acvr1b-b, Acvr1c, 718 
Acvr2a-a, Acvr2a-b, Acvr2b-a and Acvr2b-b. The signal peptide is marked in bold, the 719 
activin receptor domain in red, the transmembrane domain is underlined, the GS domain is 720 
marked in blue, and the protein kinase domain is shown in italics.  721 
 722 
Figure 2. Single Nodal receptor mutants have no obvious patterning defects and are 723 
viable. (A-F) Left panels: Schematic diagram of typical full-length Type I and Type II 724 
receptor proteins (A) and predicted receptor protein truncations resulting from the acvr1b-725 
at03pm, acvr1ct06pm, acvr2a-aSA34654, acvr2a-bSA18285 and acvr2b-at08pm mutant alleles (B-F). 726 
Mutated nucleic acid sequences and resulting protein lengths in amino acids (aa) are 727 
indicated. Right panels: Lateral views of embryos at approximately 27-31 hpf are shown for 728 
wild type and single receptor homozygous mutants. Scale bars represent 250 µm. aa: amino 729 
acids; SP: Signal peptide; RD: Receptor domain; TM: Transmembrane domain; GS: GS 730 
domain; Kinase: Kinase domain; Black: Putative non-sense sequence between frameshift 731 
mutation and new stop site. 732 
 733 
Figure 2 – figure supplement 1. Phenotypes of embryos 1 day after morpholino-734 
mediated knockdown of putative Type I and Type II Nodal receptors. (A) Phenotype 735 
classification categories (same as in Figure 3). (B-I) Injection of control (B), acvr1b-a (C), 736 
acvr1b-b (D), acvr1c (E), acvr2a-a (F) acvr2a-b (G), acvr2b-a (H), and acvr2b-b (I) 737 
morpholinos into wild type embryos at the indicated amounts in ng. n indicates the number of 738 
analyzed embryos. See the Figure 2 – figure supplement 1 – source data file for source data.    739 
 740 
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Figure 2 – figure supplement 1 – source data. Source data for Figure 2 – figure supplement 741 
1. 742 
 743 
Figure 3. Phenotypes of 1 day-old embryos with combinatorial removal of different 744 
Nodal receptor candidates using morpholinos and mutants. If not indicated otherwise, 745 
embryos were injected with the indicated amount (in ng) of a mix of transcription start site 746 
and splice site targeting morpholinos (see Materials and Methods). n indicates the number of 747 
analyzed embryos. (A) Phenotype classification categories (same as in Figure 2 – figure 748 
supplement 1). (B) Phenotype distributions after injection of acvr1b-a and acvr1b-b 749 
morpholino mix into wild type embryos. (C) Phenotype distributions after injection of 750 
acvr1b-b transcriptional start site (MO-1) and acvr1b-b splice site (MO-2) targeting 751 
morpholinos into maternal-zygotic acvr1b-at03pm/t03pm embryos. (D) Phenotype distributions 752 
after injection of morpholino combinations targeting the Type II receptors acvr2a-a, acvr2a-753 
b, acvr2b-a and acvr2b-b in wild type embryos. (E) Phenotype distributions after injection of 754 
acvr2b-b morpholino into maternal-zygotic acvr2b-at08pm/t08pm mutant embryos. See the Figure 755 
3 – source data file for source data.    756 
 757 
Figure 3 – source data. Source data for Figure 3. 758 
 759 
Figure 4. The Type I receptors Acvr1b-a and Acvr1b-b redundantly mediate Nodal 760 
signaling. (A,B) Influence of acvr1b-a and acvr1b-b on the Nodal signaling range at shield 761 
stage. The range of Nodal signaling in wild type, knockdown and rescued embryos was 762 
determined by counting the maximum number of nuclei tiers positive for pSmad2/3 763 
immunostaining from the embryonic margin towards the animal pole. acvr1b-at03pm/t03pm 764 
mutants and 0.4 ng acvr1b-b MO-1 were used for receptor loss-of-function conditions. 765 
Receptor loss-of-function was rescued with 50 pg of acvr1b-a or 25 pg of acvr1b-b mRNA. 766 
Data was obtained from 3 independent replicate experiments. n indicates the number of 767 
analyzed embryos. Averages are displayed in red, and error bars show standard deviation. (C) 768 
Rescue of Type I receptor function after combinatorial mutation/knockdown using acvr1b-a 769 
and acvr1b-b mRNA. To deplete the Type I receptors, the acvr1b-at03pm/t03pm mutant was used 770 
in combination with 0.4 ng acvr1b-b MO-1. mRNA amounts are given in pg. n indicates the 771 
number of analyzed embryos. Note that strong overexpression of Acvr1b-a receptor-encoding 772 
mRNA leads to high lethality or tissue aggregates that eventually disintegrate (termed “Nodal 773 
gain-of-function”). See the Figure 4 – source data file for source data.    774 
 775 
Figure 4 – source data. Source data for Figure 4. 776 
 777 
Figure 5. Nodal receptors and co-receptors can shape the distribution of Nodal ligands 778 
in zebrafish embryos. (A) Schematic of the YSL-injection assay to create local Nodal 779 
sources in a native context. 100 pg of Squint-GFP or Cyc-GFP-encoding mRNA were 780 
injected into the YSL of sphere-stage embryos, which were subsequently imaged at 2 or 4 781 
hours post-injection (hpi), respectively, to measure Nodal distributions. (B) Lateral views of 782 
Squint-GFP (2 hpi) and Cyclops-GFP (4 hpi) signals in wild type compared to MZoeptz57/tz57 783 
embryos. (C) Quantification of Squint-GFP distributions with modulated receptor and co-784 
receptor levels at 2 hpi. The mean background-subtracted GFP signal as a function of distance 785 
from the YSL is plotted, and the shaded regions indicate SEM. The number of measured 786 
embryos is indicated in parentheses. Injections of Squint-GFP were analyzed in untreated 787 
embryos, acvr1b-at03pm/t03pm mutant embryos injected with 0.4 ng acvr1b-b MO-1, or MZoep 788 
mutant embryos. (D) Nodal receptors and co-receptors shape the distribution of Cyclops-GFP. 789 
100 pg of cyclops-GFP mRNA were injected into the YSL of sphere-stage embryos, and 790 
embryos were imaged at approximately 4 hpi. The distance and the number of Cyclops-GFP 791 
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puncta from the YSL were measured, and the mean number of puncta every 5 µm is plotted. 792 
Shaded regions indicate SEM. The number of measured embryos is indicated in parentheses. 793 
Injections of cyclops-GFP mRNA were analyzed in untreated embryos, in acvr1b-at03pm/t03pm 794 
embryos injected with 0.4 ng acvr1b-b MO-1, or MZoep mutant embryos. See the Figure 5 – 795 
source data file for source data.    796 
 797 
Figure 5 – source data. Source data for Figure 5. 798 
 799 
Figure 6. Influence of Nodal receptors on Nodal stability, diffusivity and autoregulatory 800 
signal propagation. (A) Impact of acvr2b-a overexpression on Squint- and Cyclops-Dendra2 801 
clearance rate constants using FDAP measurements. For overexpression, 100 pg acvr2b-a 802 
mRNA were injected into wild type embryos at the one-cell stage. Mean extracellular 803 
clearance rate constants are displayed in red, and individual measurements are shown as black 804 
dots. Error bars represent standard deviation. (B) Influence of receptor levels on Squint- and 805 
Cyclops-GFP diffusivities determined using FRAP measurements. For overexpression, either 806 
50 pg oep mRNA or 100 pg acvr2b-a mRNA were injected into wild type embryos at the one-807 
cell stage. acvr1b-a mutants and 0.4 ng acvr1b-b MO-1 were used for receptor loss-of-808 
function conditions. The mean diffusion coefficients are displayed in red, and individual 809 
measurements are shown as black dots. Error bars represent 95% confidence intervals. (C) 810 
Margin-to-animal pole transplantations show that Nodals at endogenous expression levels can 811 
signal to distant cells. Top panel: Experimental setup of the margin-to-animal pole 812 
transplantations, in which MZsqt-/-;cyc-/- embryos that lack Nodal relay were used as hosts. 813 
Bottom panel: Immunofluorescent stainings show that pSmad2/3-positive nuclei are detected 814 
outside of the transplanted clones in both wild type (top row) and MZsqt-/-;cyc-/- (bottom row) 815 
hosts. (D) Margin-to-margin transplants show that Nodals at endogenous expression levels 816 
can signal to distant cells at the embryonic margin. Top panel: Experimental setup. Bottom 817 
panel: Representative maximum intensity projections of immunofluorescent stainings. 818 
Transplantations into wild type embryos (top row) and MZsqt-/-;cyc-/- embryos (bottom row) 819 
are shown. Scale bars represent 200 µm. See the Figure 6 – source data file for source data.    820 
 821 
Figure 6 – source data. Source data for Figure 6. 822 
 823 
Figure 6 – figure supplement 1. Increased pSmad2/3 intensities and ranges within 824 
transplants in Nodal-mutant hosts compared to wild type hosts. (A) pSmad2/3 intensities 825 
within margin transplants normalized to the mean signal in wild type embryos. Mean 826 
intensities are displayed in red, and individual measurements are shown as black dots. Error 827 
bars represent 95% confidence intervals. (B) Number of pSmad2/3-positive nuclei extending 828 
from the distal-most end of margin-to-margin transplants in wild type and MZsqt-/-;cyc-/- 829 
hosts. Mean intensities are displayed in red, and individual measurements are shown as black 830 
dots. Error bars represent 95% confidence intervals. See the Figure 6 – figure supplement 1 – 831 
source data file for source data.    832 
 833 
Figure 6 – figure supplement 1 – source data. Source data for Figure 6 – figure supplement 834 
1.  835 
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Figure 1 – figure supplement 1

Acvr1b-b

Acvr1b-a

Acvr1c

Acvr2a-a

Acvr2a-b

Acvr2b-a

B

C

D

E

F

Acvr2b-bG

A
MLRDGNVAVMPPRRTAVALLALCGLLAVGDALKCNCTACESTGYVCETDGACMASTSYINGQEEQQVRICIPRVSLVPPGQPIYCL
SAKGLLNTHCCYTDFCNSINLQIPNGIADGKGGSWGPVELVAVIAGPVFLFCLLLIVGVLLFQHHQRNYNHRQRLDVEDPSCDHLYLA
KDKTLQDLIFDLSTSGSGSGLPLFVQRTVARTIVLQEIIGKGRFGEVWRGRWRGGDVAVKIFSSREERSWFREAEIYQTIMLRHENIL
GFIAADNKDNGTWTQLWLVSDYHEHGSLFDYLNHYSVTIEGMIKLSLSAASGLAHLHMEILGTQGKPGIAHRDLKSKNILVKKNGTC
AIADLGLAVRHESITDTIDIAPNQRVGTKRYMAPEVLDETINMKHFDSFKCADIYALGLVYWEIARRCNAGGIHEDYQLPYYDLVPSDP
SIEEMRKVVCDQRLRPNVPNWWQSYEALRVMGKIMRECWYANGAARLTALRIKKTLSQLSVQEDIKI

MFASLLTLALLLATFAADPSHGEVETRECLYYNVNWEVEKTNRSGVERCEGEKDKRSHCYASWRNNSGSIQLVKKGCWLDDFNC
YDRQECVATEENPQVFFCCCEGNFCNERFTHLPDISGPVISPPPVSPSLLNVLVYSLLPLSMLSMAVLLAFWMYRHRKPPYGHVDV
NEDPGPSPPSPLVGLKPLQLLEVKARGRFGCVWKAQMINEYVAVKIFPIQDKLSWQNEREMFSTPGMKHDNLLRFIAAEKRGSNLE
MEFWLITEFHERGSLTDYLKGNAVSWADLCVIAESMACGLAYLHEDVPRSKGEGPKPAIAHRDFKSKNVMLKMDLTAVIGDFGLAVR
FEPGKPPGDTHGQVGTRRYMAPEVLEGAINFQRDSFLRIDMYAMGLVLWELVSRCKAADGPVDEYMLPFEEEIGQHPSLEDLQDA
VVHKKLRPAFKDCWLKHSGLCQMCETMEECWDHDAEARLSAGCVQERISQIRRVSSSTSDCLFSMVTSLTNVDLPPKESSI

MDPRQILRILIVLSGLNGVCDALLCNCTAPHCERDGFKCETNGACVASTSVIEGQEQHVRLCIHKEKLVPPGQPFYCLSAEGLMNTH
CCYTDYCNSIDLRLPIVTNGPGAGQDWGPVELTAVVAGPVFVLCVLVLLGLFLFQHHQRAYGHRQRLEVEDPSTEHMFLAKDKTLQ
DLIYDLSTSGSGSGLPLFVQRTVARTIVLQEIIGKGRFGEVWRGKWRGGDVAVKIFSSREERSWFREAEIYQTIMLRHENILGFIAAD
NKDNGTWTQLWLVSDYHENGSLFDYLNRYSVTIEGMIKLALSAASGLAHLHMEILGTQGKPGIAHRDLKSKNILVKKNCTCAIADLGL
AVRHESITDTIDIAPNQRVGTKRYMAPEVLEESINMRHFDSFKCADIYALGLVYWEIARRCNAGGIHEEYQLPYYDLVPSDPSIEEMR
KVVCDQRLRPNIPNWWQSYEALRVMGKIMRECWYANGAARLTALRIKKTLSQLSVDEDLKI

MSHPRCSDAALFIFTFVQLTAALKCVCHLCVNHTCETEAEGACWNSVMLINGKEETVKSCVSPSELKGQVFCYSSRNVSKRNCCF
TDFCNNETLHLNPEQPPEDSGWSQLEVAAVILVPSCLVCVGVMLGVCAIQNLRCTHIKSLKQDPEEPLDDPTLVSPDKCLKELIYDM
STSGSGSGLPLLVQRTIARTIVLQETIGKGRFGEVWRGKWRGEDVAVKIFSSRDERSWFREAEIYQTIMLRHDNILGFIAADNKDNGS
WTQLWLVSEYHEHGSLFDYLNRFTVSVEGMIVLALSIASGIAHLHMEIIGTQGKPAIAHRDIKSKNILVKKNGAAVIADLGLAVKHDSNT
NTIDIPINHRVGTKRYMAPEILDDSINMSSFESFKRADIYSLSLVFWELARRCSIQGIHEDFQLPYYDQVQSDPSLDDMRRVVCEQKL
RPNIPNQWQSCEALRVMGKIMRECWHANPAARLTALRVKKTISQVTVVKDVKE

MGPATKLAFGVFLISCSSGAILGRSETQECVFYNYNPSLENRGNRSGIEPCVGDKDKRLHCFATWRNVSGTVEIVKQGCWLDDVN
CYDSTECVEKKEDPDVFFCCCEGNMCNEKFFYNPNTAPVQTTSNPLTQKPPLFSTLLYSIVPIMGIAAIVLLSFWMYRHHKLAYPPVL
VPTQDPGPMPPSPTLVQKPLQLLEIKARGRFGCVWKAQLLNDYVAVKIFPIQDKLSWQNEYDIYNIPGMRHENILQFIGAEKRGSNL
DIELWLITAYHEKSSLTDYLKANVVTWNELCHIAQTMARGLAYLHSDFPGHRDGHKPAIAHRDFKSKNVLLKTNLTACIADFGLALKFE
AGKSAGDTHGQVGTRRYMAPEVLEGAINFQRDAFLRIDMYAVGLVLWELAARCTASDGPVDEYMLPFEEEVGQHPTLEDMQEVVV
HKKLRPTLRECWQKHPGLAMLCETIEECWDHEAEARLSAGCVEERVVQMQRQTSVSAPEEIVTVVTMVTNVDYPPKESSL

MASHWTNWKQRKYGGAILGRSETQECVYYNVSWEKDGTNRSGTESCYGEKDKRRHCFSTWKNRSGTIEMVKQGCWLDDVNCY
DSSECVERKENIDVFFCCCEGNLCNQKFHYNPETVEPTLNPVPPKPDLFPTLLYSLLPIMAVAVILFISFWMYRHLKLTYPPLLVPSQD
PGLTPPSPLLGQKPLQLLELKARGRFGCVWKAQLLSEAVAVKIFPVQNKQSWQNEYEIYNASGMKHENLLHFIGAEKRGNGVDIEL
WLITTYHEKGSLTDFLKANVLSWNELCLIAQTFVRGLAYLHEDIPNLKDGHKPAIAHRDIKSKNVLLKSDLTACIADFGLALKFEAGKST
GDTHGQVGTRRYMAPEVLEGAISFQRDAFLRIDMYAAGLVLWELATRCTAADGPVDEFCLPFEEEAGLHPSLEDMQDVVVHKKLR
PIFREHWLKHTGLSLLCETMEECWDHEAEARLSAGCVEERIISMQRSTSIISPDDILSVVTMVTNLDFPPKESSL

MFVPWLAFALVWCTGVSHAEVATRECVYYNDNWRTEKTNQSGFERCEGEKDKRLHCYASWLNSTGTIRLVKKGCWLDDFNCYD
RQECVATEESPQVFFCCCEGNYCNEKFTHLPEAIAPAVKIQPPQPGPSLFGILVYSLLPLAILSLALVLACWTYHQRKPPYRHVDIGQ
DAGLPPPSPLVGLKPLQLLELKARGRFGCVWKAQLLSEYVAVKIFPIQDKQSWQNERDIYLTEGFKHENILHYISAEKRGTNLQMEL
WLVTEFHERGSLTDYLKGNVVSWPQLCHISASMSRGLAYLHEDLPYRAEGPKPAIAHRDFKSKNVLLKMDLTAVIADFGLAVRFEPG
KPPGDTHGQVGTRRYMAPEVLEGAINFQRDSFLRIDMYALGLVLWELVSRCTASDGPVGEYQLPFEEEVGQHPSLEDLQDAVVHK
KMRPVFKDCWVKHQGLSQLCETIEECWDHDAEARLSAGCVEERISTISKSNNTLNTSTSECLLSMLTSHSDTDLPPKDSST

Bold: Signal peptide
Red: Activin receptor domain
Underlined: Transmembrane domain
Blue: GS domain
Italics: Protein kinase domain



WT
Mut.

A

CRD TM Kinase

N C

N C

N C

505   15 aa

508   121 aa

509   189 aa

Type I

SP

N C

491   34 aa

515   65 aa

t a t tAGCAG g
t a t tAGCAG a

WT
Mut.

GGGGGTCCA AA
GGGGGTCCA AC

acvr1b-at03pm

acvr1ct06pm

WT
Mut.

WT
Mut.

WT
Mut.

acvr2a-aSA34654

acvr2a-bSA18285

acvr2b-at08pm

N C

Type II

SPN CRD TM GS Kinase

SPN

G -G G GA A-T T TT TCC C - -
G CCG G G GAA AT T T TTC C C

- AA G GTC CCC G -
CCG G GGA AT TCC

T TTTGC C- - - -
ATCCT TTTGC C

Wild type

B

C

D

E

F

Figure 2



Figure 2 – figure supplement 1

B

Control MO
n =

40%

50%

60%

70%

80%

90%

100%

0%

10%

20%

30%

0.4 2 40
20 18 22 21

C

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

n =
acvr1b-a MO-3

acvr1b-a MO-1 0.13 0.67 1.33
0.13 0.67 1.33
0.13 0.67 1.33

acvr1b-a MO-2
0
0
0

0

0

0

0

0

0

0
0

0
0

0
00

0
0
0

0
0

0.4 2 4
0.4 2 4

0.4 2 4
2221191876 25 25 19 27 26 17 24 21

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100% E

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

acvr1b-b MO-1
acvr1b-b MO-2

0.1 1 2
0.1 1 2

0
0

0 0 0
0 0 0

0.4 2 4
0.4 2 4

acvr1c MO-3

acvr1c MO-1
acvr1c MO-2

0.13 0.67 1.33
0.13 0.67 1.33
0.13 0.67 1.33

0
0
0

0

0

0

0

0

0

0
0

0
0

0
00

0
0
0

0
0

0.4 2 4
0.4 2 4

0.4 2 4
20n = 8191961 15 14 19 5 10 6

n = 24212148 23 23 22 22 25 21
19 17

F

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

17n = 16212569 17 20 15 17 12 17 18 16
acvr2a-a MO-3

acvr2a-a MO-1
acvr2a-a MO-2

0.13 0.67 1.33
0.13 0.67 1.33
0.13 0.67 1.33

0
0
0

0

0

0

0

0

0

0
0

0
0

0
00

0
0
0

0
0

0.4 2 4
0.4 2 4

0.4 2 4

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%G

n = 17191667 16 17 21 18 15 15 11 15
acvr2a-b MO-3

acvr2a-b MO-1
acvr2a-b MO-2

0.13 1.33
0.13 1.33
0.13 1.33

0
0
0

0

0

0

0

0

0

0
0

0
0

0
00

0
0
0

0
0

0.4 2 4
0.4 2 4

0.4 2 4

H

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

15n = 13141162 14 11 9 11 5 13 11 14
acvr2b-a MO-3

acvr2b-a MO-1
acvr2b-a MO-2

0.13 0.67 1.33
0.13 0.67 1.33
0.13 0.67 1.33

0
0
0

0

0

0

0

0

0

0
0

0
0

0
00

0
0
0

0
0

0.4 2 4
0.4 2 4

0.4 2 4

I

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

n = 19171418
acvr2b-b MO 0 0.4 2 4

D

Other head or tail defectsPinheadNodal loss-of-functionDeadA Wild typePointy nose

Ph
en

ot
yp

e 
fre

qu
en

cy

Ph
en

ot
yp

e 
fre

qu
en

cy

Ph
en

ot
yp

e 
fre

qu
en

cy

Ph
en

ot
yp

e 
fre

qu
en

cy

Ph
en

ot
yp

e 
fre

qu
en

cy

Ph
en

ot
yp

e 
fre

qu
en

cy

Ph
en

ot
yp

e 
fre

qu
en

cy

Ph
en

ot
yp

e 
fre

qu
en

cy



Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 6 – figure supplement 1
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