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ABSTRACT 

 

A compelling question in biology is how form arises in development and is inherited throughout 

generations. It was the conventional wisdom that the consecutive superposition of tissues, 

together with inductions, establishes the body plan. However, it was recently shown that 

cellular organoids even form spontaneously in tissue culture, suggesting an intrinsic order and 

a capacity of self-organisation of cells. Here, I propose that the C. elegans embryo is suited to 

unravel the nature of this postulated intrinsic order and self-organisation. The embryo is 

patterned by extensive migrations that are guided by cell focussing. As shown, these 

migrations are based on constant, independent and short-term random movements – the 

dance of cells – resembling Brownian motion. This dance of cells is also observed in diverse 

animals within the protostomia and deuterostomia and thus defines a new biological 

phenomenon widespread throughout bilateral animals. The migratory system is highly inert. 

Only mutants of ced-10, an orthologue to human Rac1, other genes in the Rac signalling 

pathway, and tag-335, involved in the production of GDP-mannose, cause significant 

reductions of effective migrations but do not affect the dance of cells. Downstream of CED-10, 

the SCAR/WAVE complex known to facilitate actin branching is responsible for normal 

effective migrations. In mutants of this complex only 40 % of cells migrate more than their own 

radius and therefore leave the position they have been placed at by the mitoses – however, it 

can be shown that this is just pure chance. This reduction of effective migration is most 

prominent during the 64- and 128-AB stages, exactly the stages where the ordering migrations 

guided by cell focussing are occurring in WT. Accordingly, the loss of ced-10 mediated 

SCAR/WAVE activity is highly deleterious for pattern formation. To potentially explain the 

aberrant patterning, an agent-based in silico model was devised, where all cell displacements 

are based solely on random cell movements and the also random displacements by mitoses. 

This model reproduces both, the reduced effective migrations and the observed patterning 

defects in SCAR/WAVE mutants. The guidance of migrations is, thus, independently regulated 

from the movements – and thus the dance – itself. Searching for candidates specifying cellular 

addresses, SAX-3/ROBO was established as cell focussing receptor potentially regulating 

lateral movements. I propose a new principle of pattern formation based on the cell focussing 

model. The embryo is patterned by translating a random dance of cells into directed effective 

migrations via RAC signalling to the SCAR/WAVE complex. 
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ZUSAMMENFASSUNG 

 

Es ist eine herausfordernde Fragestellung der Biologie, wie Form im Laufe der Entwicklung 

entsteht und über Generationen hinweg vererbt werden kann. Bisher wurde vermutet, dass die 

konsekutive Überlagerung von Geweben und daraus resultierende Induktionen den 

Körperplan etablieren. Mittlerweile können aber in Zellkulturen spontan Organoide erzeugt 

werden, was eine intrinsische Ordnung und Fähigkeit der Zellen zur Selbstorganisation 

anzeigt. Ich schlage C. elegans als geeignetes Modell zur Ergründung der Natur dieser 

intrinsischen Ordnung und Selbstorganisation vor. In Embryonen von C. elegans organisieren 

sich die Zellen mittels extensiver, über die Zellfokussierung gesteuerter Migrationen. Diese 

Migrationen basieren auf konstanten, voneinander unabhängigen und auf kurzer zeitlicher 

Ebene zufälligen Bewegungen, dem Tanz der Zellen, der der brownschen Bewegung ähnelt. 

Dieser Tanz kann außerdem in weiteren Tieren in verschiedenen Ästen der Bilateria 

beobachtet werden und zeigt so ein neues und weit in den Bilateria verbreitetes biologisches 

Phänomen an. Das Migrationssystem in C. elegans Embryonen ist ausgesprochen inert. Nur 

bei Mutanten von ced-10, einem Ortholog des humanen Rac1, anderen Genen des Rac 

Signalweges, und tag-335, welches an der Produktion von GDP-Mannose beteiligt ist, zeigen 

sich signifikante Reduktionen der Effektivmigrationen, allerdings ohne dabei den Tanz der 

Zellen zu beeinflussen. Downstream von CED-10 befindet sich der SCAR/WAVE Komplex, 

welcher an der Regulation der Aktinnukleation beteiligt und für normale Effektivmigrationen 

verantwortlich ist. In Mutanten dieses Komplexes migrieren nur noch 40 % der Zellen weiter 

als ihren eigenen Radius und verlassen so den Ort, an dem sie von der Mitose platziert 

wurden, was allerdings dem Zufall zuzuschreiben ist. Die Reduktionen der Effektivmigrationen 

sind im 64- und 128-AB Stadium der Embryonen – der Entwicklungsphase, in der im WT die 

ordnenden Migrationen der Zellfokussierung beobachtet werden – besonders auffällig. 

Entsprechend führt der Verlust der SCAR/WAVE Aktivität zu einer drastischen Veränderung 

der normalen Musterbildung. Um die aberrante Musterung zu erklären wurde eine 

agentenbasierte Modellierung entwickelt, bei der die Veränderung der Positionierung von 

Zellen nur noch auf zufälligen Bewegungen der einzelnen Zellen und deren zufälligen 

Platzierungen durch die Mitosen basiert. Dieses Modell reproduziert sowohl die reduzierten 

Effektivmigrationen als auch die aberrante Musterbildung der SCAR/WAVE-Mutanten. Die 

Steuerung der Migrationen ist demnach unabhängig von der Regulation der Bewegung des 

Tanzes. Die Zellfokussierung steuert die Musterbildung also, indem sie, unter Verwendung 

des Rac Signalweges, den zufälligen Tanz der Zellen in gerichtete Bewegungen übersetzt. Auf 

der Suche nach Kandidaten für die Steuerung durch Zellfokussierung konnte SAX-3/ROBO 

als Kandidat zur Regulation der lateralen Bewegungen identifiziert werden.
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INTRODUCTION 

THE PROBLEM: CREATION OF BIOLOGICAL FORM 

It is still an open question in biology how form arises. In the first stages of development 

embryos are often almost indistinguishable, but eventually develop into completely different 

animals. The information determining the shape of organisms is coded within the genome and 

has somehow to be translated into an arrangement of cells forming tissues, organs and, finally, 

the whole, individually shaped organism. The main question of my thesis is: What is the genetic 

basis for the creation of biological form and how is the linear information coded in the DNA 

eventually translated into reproducible, three-dimensional structures? Or, in simpler terms: 

How is it possible that I resemble my father or how is family resemblance inherited in general 

(Figure 1)?  

 

Figure 1  Family resemblance. (A) The author of this thesis (right) and his father Joachim Findeis (left). (B) Lisa 
Schmidt (left) and her father Andreas Schmidt (right). (C) Bea Chater (foreground) and her grandmother Joy Liebert 
(background, picture kindly provided by Peter Lawrence, Cambridge). 
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Over a long period it was hypothesised that the consecutive superposition of tissues coming 

along with inductions among the superimposed tissues progressively establishes the body 

plan. Ocular lens development is a prominent example for this and has been subjected to much 

research since the first description by Spemann (Spemann 1901; Piatgorsky 1981; Cvekl and 

Ashery-Padan 2014). Even though we know much about the induction and specification of the 

different tissues during embryogenesis in a variety of organisms, the subject of how different 

cell types find their destination and stay there, defining and maintaining the form of an 

organism, still offers unanswered questions. A major aspect in the creation of form or 

morphogenesis is the provision of the proper cell in the proper position, which I am concerned 

with in this work. In the course of this work I will propose a mechanism of steering the 

migrations which pattern the Caenorhabditis elegans embryo and thus prepare it for 

morphogenesis. 

SELF-PATTERNING OF CELLS IN DIFFERENT CONTEXTS 

To create complex patterns, cells of different origin have to assemble in a defined space by 

means of migration, elongation and/or proliferation. For facial morphology, for example, it was 

recently demonstrated that over 70 % of the phenotypic variance may be explained by genetic 

factors (Djordjevic et al. 2016). In neurobiology mechanisms are described using gradients of 

signal molecules guiding axons over complex paths to their final destinations (Charron et al. 

2003). It is an interesting question if graded positional systems also have the potential to 

explain how, for example, mesenchymal and epidermal tissue recover the body during the 

healing of injuries. It is even more astounding that some species are able to produce complete 

limbs de novo after an amputation (reviewed by McCusker et al. 2015). An alternative to 

diffusible information may be a system where cells "know each other" and thus are able to 

arrange in specific patterns. Interestingly, Townes and Holtfreter reported that cells of 

dissociated gastrula stage Xenopus laevis embryos can reassemble and reform the general 

body plan (Townes and Holtfreter 1955). This phenomenon was explained by means of 

differential adhesion, which is still a controversial topic (Niessen and Gumbiner 2002). 

Irrespectively of the exact nature of positional information, this experiment challenged the 

generally accepted notion that form arises in consecutive steps in a morphological process 

already in 1955. On this line however, revolutionary work by a Japanese group on tissue 

engineering has shown that eye cups can be developed de novo from stem cells in vitro. The 

group has labelled this development ‘unanticipated’ and speculates that there must be ‘latent 

intrinsic order’ involving dynamic self-patterning and –formation (Eiraku et al. 2011). Using the 

nematode Caenorhabditis elegans, I will propose a new principle of pattern formation based 

on the cell focussing model in this work (Schnabel et al. 2006; Bischoff and Schnabel 2006b). 
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CAENORHABDITIS ELEGANS AS A MODEL TO ANALYSE THE CREATION 

OF FORM 

C. elegans was established as model organism by Sydney Brenner (Brenner 1974) and is used 

in this work to unravel the question of how biological form is inherited and realised during 

embryogenesis. In 1983 John Sulston and co-workers published the stereotypic cell lineage of 

C. elegans. Following the cells throughout the development, noting individual cell identities and 

cleavages, they assessed the lineage of all 558 nuclei of the hatching larvae starting from the 

zygote (Figure 2). It was concluded that the lineage and the fates of the cells produced are 

highly invariant, which made C. elegans a prominent example for the so called cell-

autonomous mode of development (Sulston et al. 1983).  

 

Figure 2  The stereotypic lineage of C. elegans. The stereotypic lineage of C. elegans from the zygote to the 558 
nuclei of the hatching larvae as shown by Sulston et al. (Sulston et al. 1983). 

Using 4D microscopy to track cell positions and fates in developing normal and mutant 

embryos, new insights about the nature of, for example, the early inductions of cell fates in glp-

1 (Notch) embryos were gained. It could be demonstrated that no specific but complex patterns 

of tissues (blastomere identities) are induced along the embryonic axes (reviewed by Schnabel 

and Priess 1997). These inductions casted doubt upon the classical concept that nematode 

development proceeds autonomously. This concept was further challenged by the 

demonstration that cell identities are specified using a series of binary inductions conferred by 

the Delta/Notch and Wnt signalling pathways (Kaletta et al. 1997). C. elegans, thus, displays 

no classical determinate/autonomous but a tightly controlled regulative development that is 

eventually causing the stereotypic lineage pattern. Meanwhile, binary Wnt dependent 

specifications were also described in the annelid Platynereis dumerilii, the chordate Ciona 

intestinalis and possibly even in vertebrates, indicating that this may be a more general 

mechanism among the bilateria (Hudson et al. 2013; Schneider and Bowerman 2013; Habib 

et al. 2013; Bertrand 2016). Further analyses based on 4D microscopy data showed that cells 

are placed not by the mitoses, but by cell movements between mitoses (Schnabel et al. 1997). 

This was missed by Sulston et al. in their seminal work because they were following the 
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development directly, using different embryos without the aid of modern bioinformatic tools 

allowing the assessment of all cells at the same time (Sulston et al. 1983).  

During the development until the 100-cell stage cell positions may vary considerably, but they 

eventually arrange into an already rather conserved premorphogenetic stage with 

approximately 400 cells. It was also shown that the blastomeres present at the 12-cell stage 

form discrete regions at the premorphogenetic stage (Figure 3). This and varying paths of 

traced cells indicated that cells are guided by signals from their surroundings (Schnabel et al. 

1997). The notion of the variable nature of developing C. elegans embryos was recently 

supported by a study of Chen et al. (Chen et al. 2018). The authors reported that only about 

12 % of all cell-cell contacts (1114) between the 4- and 350-cell stages are conserved in more 

than 95 % of 91 analysed embryos. 

 

Figure 3  Developmental stages of C. elegans. (A) DIC micrographs from embryo N2 #1 at the 12-cell (left) and 
the premorphogenetic stage (right). (B) 3D representations of all nuclei of N2 #1 corresponding to the DIC 

recordings from (A). From (Findeis 2013). 
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CELL FOCUSSING — GUIDING CELLS BY LOCAL INTERACTIONS AND 

POSITIONAL IDENTITIES 

Fate alterations as in glp-1 (Notch) embryos cause a complete reorganisation of cell positions 

in the embryo compared to the WT (Figure 4). Schnabel et al. explained these reorganisations 

by showing that cells are occupying positions appropriate for their altered new fates.  

 

Figure 4  Arrangement of cells in the wild type and mutants. Wild type (N2), glp-1 and apx-1 embryos are 
shown as 3D representations of the positions of their nuclei assessed using SIMI©Biocell. (A) The embryos on the 
left side are coloured according to their descent using the colour code depicted at the bottom of the figure. (B) In 
the embryos on the right side, the cells are dyed according to their fates. The respective composition of the AB-
derived identities can be seen on the right. The colour code indicating cell fates is depicted at the bottom of the 

figure. Modified from Schnabel et al. (Schnabel et al. 2006) 

To explain these reorganisations depending on cell fates the “cell focussing” hypothesis was 

devised. The cell focussing model proposed by Hans Meinhardt is derived from 

electrofocussing where proteins in a pH gradient sort according to their own isoelectric point. 

Following this analogy, the cell focussing model proposes that cells display a representation 

of their own specific identity (address) at their surface as a landmark for other cells. This allows 
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cells to discern their neighbours and to decide whether they are placed correctly or not. 

Depending on this decision, cells either migrate further or stay (focus) on favourable positions 

and thus realise the body plan by local repulsive or attractive interactions (Figure 5). Rigorous 

analyses then showed that complex global cell patterns are indeed formed through local 

interactions at the level of single cells without the necessity of an appropriate cellular polarity 

(Schnabel et al. 2006; Bischoff and Schnabel 2006b). 

 

Figure 5  Cell focussing hypothesis as proposed by Hans Meinhardt.  (A) Schematic overview of a set of eight 
cells with different identities represented by different colours and corresponding positional values indicated by 
numbers from one to eight. (B) - (E) Cells change positions following attractive and repulsive interactions. (F) 
Schematic demonstration of the sorting results. The cell focussing hypothesis describes a model where cells 
achieve global cell sorting based on local cell-cell interactions and corresponding migrations according to their own 

positional identities derived from their specific fates.  

The C. elegans embryo, thus, seems to be a valuable genetic model to investigate the nature 

of the ‘latent intrinsic order’ involving dynamic self-patterning and self-formation postulated for 

vertebrates by the Japanese group mentioned before (Eiraku et al. 2011). Further addressing 

the cell focussing hypothesis should lead to new answers to my initially stated question of how 

the linear DNA encodes information for three-dimensional biological shapes. 
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HOW WILL A CELL FOCUSSING MUTANT LOOK LIKE? 

It is, however, still an unsolved question how mutants interfering with the address system of 

cell focussing should look like. A first criterion must be that cell fates are normal, since 

alteration of fates will cause cells to move into a new position for a very good reason (Figure 

4). How a genuine mutant in the address system will look like will depend much on its make-

up and the level a mutant interferes with it. It was first hypothesised that the miss-positioning 

of many cells will cause a profound aberration of morphogenesis. Thus, properly differentiated 

but chaotic premorphogentic stage embryos may be good candidates when searching for 

defects in cell focussing. If only specific addresses of a founder cell of the 12-cell stage embryo 

are affected, the highly regulative morphogenesis of the embryo (Moerman et al. 1996) may 

produce a L1 larva with notches and bumps, which may "explode" as the internal pressure 

increases during morphogenesis. For my bachelor thesis, I followed this line of thought and 

tested the hypothesis of my mentor that the function of the homoeotic (HOXC) genes in non-

segmented animals is the organisation of the addresses, defining specific regions of the 

embryo. Indeed I could show for ceh-13 (labial; Brunschwig et al. 1999) that it is involved non-

autonomously and thus most probably interacting with other (HOXC) genes to precisely 

position cells before the premorphogenetic stage. Later, during morphogenesis, it is involved 

in guiding hypodermal cells anteriorly to establish the head of the animal. A loss of ceh-13 

activity before that causes variably abnormal head morphology.  Also, it was already shown 

that the HOXC gene mab-5 guides the migration of neuroblasts  during larval development of 

C. elegans (Salser and Kenyon 1992). Additionally, substantiating the idea that HOXC genes 

are organising the addresses, Anne Wiekenberg identified a potential cell focussing mutant as 

a mutant of sem-4, coding for a transcription factor regulating among others the expression 

mab-5 (Wiekenberg 2012; Toker et al. 2003). Therefore, I volunteered for my master thesis to 

continue searching the database established during a large mutagenesis screen in the 

Schnabel laboratory (Wiekenberg 2012; Luthe 2013; Memar et al. 2018; Memar 2012) for 

mutants showing the phenotype just described with “lumpy” larvae or rupturing embryos 

without fate alterations. Three of the compiled list mutants with putative cell focussing defects 

will be briefly discussed in this thesis. In summary, I concluded that in future analyses and 

screens it may be worthwhile to extend the focus on “lumpy” pretzel stage embryos as 

candidates for alterations of a small subset of addresses.  
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HOW CAN POSITIONAL INFORMATION BE CODED? 

The nature of the postulated address, however, remains as of yet still elusive. As already 

stated, the work in the Schnabel lab and thus my own focusses on how the positional 

information is coded. One possibility might be that cells display various classes of molecules 

in variable numbers, which – in concert – represent the address of a cell. Alternatively, as cell 

fates are specified in a binary manner (Kaletta et al. 1997), a variation of only eight molecules 

(addresses) could be enough to unambiguously mark all AB-derived cells at the 

premorphogenetic stage (28 = 256). Preceding my PhD thesis, the genes let-19, sem-4 and 

pmm-1 were identified contributing to cell focussing based on a huge EMS mutagenesis screen 

for temperature sensitive mutants (more than 2000 ts-mutants analysed) (Memar 2012; 

Wiekenberg 2012; Luthe 2013). LET-19 is a member of the transcription mediator complex 

(Casamassimi and Napoli 2007) and may be responsible for the transcription of cell focussing 

genes. SEM-4, as mentioned before, is a transcription factor regulating amongst others the 

HOX gene mab-5 (Toker et al. 2003). Special interest lies in the gene pmm-1, coding for a 

phosphomannomutase responsible for the production of mannose-1-phosphate from 

mannose-6-phosphate. This gene is essential for N-glycoprotein biosynthesis (Memar 2012; 

Juras 2015). Therefore, the observed potential cell focussing phenotype – cells are moving 

more but do not find their proper position in the body plan – may be caused by a lack of N-

glycan glycoproteins. This was seen as a hint that glycoproteins code cell addresses. Due to 

their structural richness sugar residues have the potential to code for an almost infinite number 

of molecules. However, I will show that glycans most probably do not code for addresses. 

SCOPE OF WORK AND CLOSING REMARKS 

Using qualitative and quantitative assessments of the migratory behaviour of cells, the 

migrations in the developing C. elegans embryo are further functionally dissected. A newly 

discovered dance of cells will be demonstrated as a new basis for migrations. Cells are 

seemingly moving randomly in the short term with directionality only emerging in the long run. 

Cells will be shown to be able to act independently of each other, both in short-term movements 

and during migrations throughout the cell cycle despite being densely arranged. First evidence 

will be presented that this might be a general phenomenon among the bilateria. Cell focussing 

acts in biasing this dance of cells by integrating as of yet unknown signals via the Rac signalling 

pathway. Losing the activity of the WAVE regulatory complex downstream of ced-10/Rac1 

eliminates the guidance of cells and reduces effective migrations without affecting the dance 

of cells itself. SAX-3/ROBO upstream of CED-10/RAC1 will be introduced as a first potential 

cell focussing receptor. In the second part of this work the hypothesis that glycan patterns 

specify addresses will be investigated and abandoned as even a drastic loss of N-glycans does 
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not substantially alter the reorganisations observed in glp-1/Notch embryos. I will also discuss 

the search for cell focussing receptor and ligand candidate genes using an RNA-seq approach. 

Although no obvious candidate has been identified so far, the resulting list of genes 

differentially expressed in glp-1 and apx-1 mutants might prove to be a useful resource in the 

future. 

 

If true, the notion of the Schnabel lab that a cell sorting process through cell movements solely 

achieves pattern formation in the C. elegans embryo would be a complete change of the 

paradigm how pattern formation is achieved. Seeing how cells are rerouted in the glp-1 

embryo, for example, I am completely convinced that cell focussing is a profound phenomenon. 

Therefore, this work intended to identify the chemical nature of the address system, which 

despite considerable efforts remains unknown. However, I could demonstrate that cell sorting 

and pattern formation conferred by cell focussing is based on the bias on the basically random 

dance of cells. Since cells are also dancing in different species of bilateral animals, this 

mechanism of pattern formation may be of general importance. Potential implications for tissue 

engineering were already mentioned, although only for an important basic biological 

phenomenon. Reading the statement ‘One component in this evolving process that remains 

particularly perplexing is the tissue-specific pattern of metastatic progression in cancer’ in a 

review on metastasis (Kaplan et al. 2006), I immediately thought of cell focussing. 
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A NOVEL MECHANISM FOR MORPHOGENESIS: DANCING 

CELLS GUIDED BY CELL FOCUSSING 

THE DANCE OF CELLS 

During the early development of the C. elegans embryo the migrations of cells 

are based on constant movements. These movements are random on short 

term and resemble a Brownian motion. It is shown that cell nuclei indicate the 

described movements just as well as the cortex of the cells. Cells migrate 

independently of their nearest neighbours. This dance of cells could also be 

shown in other model animal systems and is thus not exclusive for C. elegans, 

indicating a new general biological phenomenon. 

 

NOT ONLY NUCLEI BUT THE WHOLE CELLS ARE MOVING THROUGH THE EMBRYO 

A frequent point of criticism about the work of the Schnabel laboratory is that cells are tracked 

using the nuclei as proxy. It is argued, that the tracked movements and migrations might not 

reflect actual cellular behaviour but just movements of the nucleus within the cell. To 

investigate this matter, the transgenic strain SWG001 carrying a mex-5p::Lifeact::mKate2 

fusion, kindly provided by Stephan Grill (Reymann et al. 2016), was used to visualise the cortex 

of cells (Figure 6). Cortical dynamics were tracked using SIMI©Biocell by marking the cortices 

at 8 different positions favouring, whenever it was possible, intersections with other cells. 

 

Figure 6  Recording the cell position. The cortex of cells is visualised by a Lifeact::mKate2 fusion gene under the 
control of the mex-5 promoter (SWG001 (Reymann et al. 2016)) at the frames 175 and 188 of the recording (A and 
B). The green squares mark the cortex of the cell, while the red square marks the centre of the cell. (C) The red 
octagon represents the cells cortex at frame 175, the white octagon at frame 188. The green dots represent the 
centres calculated from the green dots for each frame while the blue dots represent the visually determined centres. 
The effective migration based on both is indicated in orange. Scale bar 5 µm. From Memar et al. (Memar et al. 

2018). 

The position of the visually determined centre of the cell is compared to the centre calculated 

from the cortex. The corresponding marks only deviate on average by 1.11 ± 0.53 µm (mean 
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± SD, n = 15), which corresponds to only 10 % of the diameter of a cell at the 128-AB stage 

analysed here. The effective migrations (displacement of a cell from birth to mitosis; Figure 65) 

determined using both methods do not display major differences in either the length or 

orientation (Memar et al. 2018). Following the cortices of different cells over time reveals 

dynamic changes of cell shapes and positions during the migrations throughout the cell cycle 

(Figure 7). Cells not in contact with each other at the beginning of the 128-AB stage are 

touching or even overlapping at the end of the 128-AB stage. The movements of these cells – 

following the whole cell using the cortex – overlap with the simultaneously tracked centre of 

the cell with only little differences as shown before (Figure 6).  

 

Figure 7  Cellular and cortical dynamics. Three cells are displayed throughout the 128-AB stage. Each dot 
represents a point on the cell cortex visualised by Lifeact::mKate2. The lines connecting the dots are interpolated. 
The centre dot was assessed as the visually determined centre of the nucleus. The cortical and cellular dynamics 
visualised here can also be viewed in an accompanying video (Video 1). The grid has a width of 20 pixel. Scale bar 

5 µm. 
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THERE IS NO STANDING STILL 

Cell focussing requires a well-attuned interplay of target signals and corresponding migrations 

of cells. To collect optimal information on how cells move, the movement of cells in 128-AB 

stage N2 embryos was assessed with a temporal resolution of 1 s/frame and subsequently 

lineaged. A DIC image series with intervals of 175 s was arranged to visualise the 

measurement of both the general movement and effective migration (Figure 8). Not only single 

cells as indicated before (Figure 7) but all cells within the embryo display constant movements 

that are eventually translated to migrations in the range of a cells’ diameter or more. The 

constant movements of cells are also shown in corresponding videos with temporal resolutions 

of 1 s/frame and 35 s/frame (Video 2 and Video 3). 

 

Figure 8  Dynamics of cells in embryogenesis. A DIC time series in 175 s intervals is shown. The asterisks 
highlight a cell with a displacement in the range of its own diameter. The orange dotted line indicates the distance 
of this cell from the start until the end of the image series. Scale bar 10 µm. 

When cells are not in direct contact with other cells, the formation of lammellipodia can be 

observed in the DIC recordings (Figure 9). This reflects the previously shown cortical dynamics 

and confirms earlier observations from embryos cultured without eggshell in the normal 

embryonic context (Schnabel et al. 2006; Bischoff and Schnabel 2006b). The formation of 

lamellipodia and the general cortical dynamics (Figure 7) are further evidence that the 

observed movements — at least in the long run — are actively regulated, rather than just the 

result of a passive placement of cells by mitoses only (Sulston et al. 1983; Schnabel et al. 

1997).  
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Figure 9  DIC time series of an N2 embryo at the 128-AB stage. The same embryo is depicted in intervals of 7 
s. The framed area is shown in threefold magnification in the upper right corner of each picture. The formation of 

lammelipodia can be observed (see arrowheads). Scale bar 10 µm. 

An evaluation of the trajectories of moving cells at variable temporal resolutions indicates that 

the mass centre of cells, tracked as the centre of the nucleus, is constantly shifting around. 

Even when the total displacement of a cell during the time of analysis is less than 1 µm (Figure 

10, ABarapaap, orange line), cells never stay put – not even for a second. These constant 

movements back and forth are termed ‘dancing’ for resembling dancing steps. These steps, 

as small as they are, eventually translate into guided effective migrations. It is interesting that 

cells are constantly moving and apparently do not initiate movements upon receiving specific 

target signals as it was postulated for the zebrafish primordial germ cells (Hartwig et al. 2014). 
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Figure 10  2D projections of cell movements at different temporal resolutions. ABplpapaa, ABplpappp and 
ABarapaap are cells at the 128-AB stage named in accordance to the cell lineage (Sulston et al. 1983). Cells were 

recorded at 1 second/frame and are depicted at variable temporal resolutions of up to 175 s/frame. 
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SHORT TERM PATTERNS OF DANCING CELLS APPEAR RANDOM 

The nuclei and correspondingly the whole cells (Figure 6) are moving in a way resembling 

Brownian motion (Perrin 1909) (Figure 11). The trajectories of cells displayed with high 

temporal resolution (Figure 10; 1 s/frame and 7 s/frame) appear mostly random and rather 

noisy in the short term. 

 

Figure 11  Plot with three traces of particles with a radius of 0.53 µm tracked every 30 s. The grid represents 
a width of 3.2 µm (Modified from (Perrin 1909)). From Wikipedia (https://en.wikipedia.org/wiki/File:PerrinPlot2.svg 

(04.07.2018 15:48)). 

To search for underlying frequencies or periodic patterns in the displacement of cells possibly 

induced by oscillations of the microscope, a Fourier transformation was performed using the 

fast Fourier transformation algorithm (FFT) (Heideman et al. 1984). The analysis of the 

amplitudes of X-Y movements as well as the x- and y- components of movements alone 

revealed no underlying frequencies of movements at 1 s/frame temporal resolution (Figure 12). 

As a proof of principle known frequencies of 1/3, 1/8 and 1/15 Hz were added to the original 

data of the movement and indeed clearly identified (Figure 60, supplementary material). Thus, 

there is no periodicity in the length of a cell’s displacement explaining the frequently observed 

bias in a cell’s path. At least not in the range of up to 0.5 Hz, which would be the highest 

detectable frequency possible in this setup. A possible explanation for this missing periodicity 

might be the fact that cell-cell contacts during the development of C. elegans are highly 

variable. It was recently reported that only about twelve percent of all cell-cell contacts (1114) 

from the 4-cell to the 350-cell stage are reproducible in at least 95 % of 91 analysed WT 

embryos (Chen et al. 2018). 
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Figure 12  No short-term patterns in the dancing movement of cells. The true displacement (A), the x- 
component (B) and the y-component (C) of the displacement of the cell ABarapaaa are plotted against time. Below 

each plot of displacements the result of a Fourier transformation is shown using an FFT algorithm. 

 

The data show that the directionality of migrations only emerges at larger time frames when a 

distinct path becomes visible over time (Figure 10). In conclusion, it appears that a repetition 

or reinforcement of favourable movements in a non-periodic manner adds up the “directed” 

migrations.  
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CELLS MOVE INDEPENDENTLY AND SHOW COMPLEX INTERPLAYS 

The trajectories of individual neighbouring cells show that the movements of cells in the 

embryonic context are not necessarily collective. Cells dance independently of each other to 

reach their intended positions in the body plan. They even take paths in opposing directions 

and exchange neighbourhoods (Figure 13 and Figure 14). 

 

Figure 13  Cells in close proximity can move independently. The positions of closely related cells (spheres) are 
shown at the beginning (A) and the end of the 128-AB stage (B). The spheres’ size reflects the mean cell diameter 
at this developmental stage. (C) The precise movement – or dance – between is shown by small circles and 
correspondingly coloured lines. The End position is indicated by the filled and bigger circle. (D) The vectors from 

start to end (effective migrations) are shown by arrows. Modified from Ralf Schnabel. 

To quantify the patterns of movements, the vectors of the effective migrations (the 

displacement of a cell throughout interphase) of a cell and its six nearest neighbours (at the 

beginning of the analysis) were assessed bioinformatically. A cell was – not too strictly – 

defined as migrating in the same direction as the reference cell when its effective migration 

vector lies within a 45° cone of the vector of the reference cell. This was carried out for all cells 

at the 64- and 128-AB stage respectively and the mean for each stage was calculated. In wild 

types only 45 ± 6 % of cells in the 64-AB stage embryo and 43 ± 6 % of cells in the 128-AB 

stage embryo (mean ± SD, n=4) are by this definition effectively migrating in the same 

direction. To assess the quality of the chosen definition of equal directions, the threshold was 

changed to a 60° cone surrounding the original vector. In this case 25 % of all possible 

directions a migrating cell may take are assessed as “equal”. Even with this rather large 

threshold, only 58 ± 5 % (mean ± SD, n=4) of cells are found to migrate in the “same” direction.  
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Moving through the embryo, cells do not only exchange neighbours independently but also 

display a complicated migratory behaviour in relation to each other. To display this, cells of 

different origin are highlighted in a time-lapse series throughout the 64-AB stage (Figure 14).  

 

Figure 14  Complex migratory behaviour of cells. Embryo N2 #6 is depicted throughout 20 minutes during the 
64-AB stage. Three AB-derived regions (ABala, ABpla and ABpra) are highlighted in blue, green and brown 
respectively. One cell of every highlighted region is marked in a lighter colour. The cells in light green and light blue 
migrate towards each other, turn around each other and afterwards migrate in opposite directions. The orientation 

of the embryo is indicated by the coordinate system in the lower right corner. Modified from Ralf Schnabel. 

After the initial contact the cells are turning around each other (10-20 min). Then, the cells 

loose contact and even their descendants will not come close to each other again. This 

indicates that independent migrations are a widespread phenomenon in developing C. elegans 

embryos. It also indicates that there might be little physical constraints acting on the cells 

during the premorphogenetic development as cells are able to exchange positions and 

neighbours. 
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DANCING CELLS IN OTHER ANIMALS 

The dance of cells in C. elegans embryos might indicate a new way of organising migration 

and pattern formation. The question is now whether this is a unique feature of C. elegans 

development or perhaps a general phenomenon widespread in nature. As a first step to unravel 

this question, several animals of different branches of the animal kingdom were selected for 

single cell analyses. Oikopleura dioica, Thuilina stephaniae, Drosophila melanogaster, Danio 

rerio, and mouse embryonic fibroblasts were chosen for representing different branches of the 

bilateral Tree of Life (Figure 15, modified from Giribet 2016). 

 

Figure 15  Abbreviated Tree of Life.  The phylogenetic tree based on bilateral animals shows the evolutionary 
relationship of the species analysed. The tree is based on the Tree of Life proposed by Gonzalo Giribet in 2016 

(Giribet 2016).  

Zebrafish recordings of the developing cerebellum (Video 4) were kindly provided by Ulrike 

Theisen and recorded as published before (Theisen et al. 2018). A recording of a 

dechorionated Drosophila melanogaster embryo at approximately stage 6-9 after the onset of 

gastrulation (Video 5) was made using the standard 4D microscopy protocol of the Schnabel 

laboratory. Mouse embryonic fibroblast recordings of a wound enclosure assay (Video 6) were 

kindly provided by the former laboratory of Hans-Henning Arnold and recorded as described 

before by Ines Lahmann and Sophie Ziegler in five minute intervals for 24 hours (Lahmann 

2013; Ziegler 2013). The eutardigrade Thulinia stephaniae and the tunicate Oikopleura dioica 

were analysed based on recordings from earlier works of Hejnol and Schnabel as well as Stach 

et al. (Hejnol and Schnabel 2005; Stach et al. 2008; Video 7 and Video 8). T. stephaniae cells 

are analysed after the seventh cleavage round before the onset of gastrulation. It deviates from 

the standard recordings as the interval between two frames is 45 s instead of 35 s. The cells 
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of an O. dioica embryo were tracked after the eighth cleavage round after about 150 minutes 

post-fertilisation in the early tailbud stage. This first glance at the situation in other species, 

thus, might also give an additional insight into the different embryonic stages the dance of cells 

can occur in. The assessed data were visualised as described before by projecting the tracks 

at a 2D plane (Figure 16). As shown before for C. elegans embryos (Figure 10), cells in the 

other observed species are also found to be constantly moving in the different stages analysed. 

In most of the observed cells and species the length of steps from one analysed frame to the 

next exceeds the tracking error of 2 pixel (Figure 59, supplementary material). Furthermore, 

short-term directions seem highly variable as it is observed in C. elegans. Only the mouse 

embryonic fibroblasts are an exception: On the short term (in this case five minutes) their tracks 

are fairly straightforward without much erring of directions from one step to the next. On the 

long term of 24 hours, however, this straightforward behaviour is lost and the tracks become 

curvy as exemplarily depicted (Figure 16). On the one hand, this difference might be rooted in 

the large time interval between two frames. On the other hand, much of the behaviour 

described in C. elegans as the dance of cells might be taken over by an extensive formation 

of lamellipodia around the whole cell in the amoeboid-like migrating fibroblast cells (Video 6). 

After a widespread formation of lamellipodia the nucleus follows the leading edge, which is 

possibly explaining the smoother track on the short term. Otherwise the migratory behaviour 

of cells in the analysed species may be well homologised to the dance of cells in 

premorphogenetic C. elegans embryos. For D. melanogaster, T. stephaniae and O. dioica this 

is preliminary evidence as only one embryo each was analysed. After an increase of the 

database further analyses will follow, adding quantitative analyses to the presented qualitative 

descriptions. Nevertheless, these observations in different species – occupying widespread 

positions within the lineage of the bilateral eumetazoa – indicate that the dance of cells might 

be a general biological phenomenon and not just a singularity observed in C. elegans. The 

occurrence of the dance of cells in both the protostomes and deuterostomes even indicates 

the dance of cells to be highly conserved among bilateral animals. 

 

These observations define a new mechanism of cell sorting, which is based on constant 

movements of individually acting cells. In addition, this mechanism appears to be widespread 

among the animal kingdom. The next question is now how these random, Brownian style 

movements which we call the “dance of cells” are translated into guided migrations, placing 

the cells in the correct positions of the body plan. 
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Figure 16  The dance of cells in various branches of the animal kingdom. The path of one representative cell 
per analysed species is shown. In blue the individual steps of the movement are depicted, while the effective 
migration from the start to the end of the analysis is indicated in orange. Distances along the axes are plotted as 
pixel count values. If not mentioned otherwise, the grid has a width of 1 µm. The grid of Danio rerio A has a width 
of 4 µm while the Mouse Embryonic Fibroblast plot has a width of 10 µm. The plot of the mouse embryonic fibroblast 
cell shows a section of 180 x 180 pixel from the original recording while the second plot of the Zebrafish cell (Danio 
rerio B) shows a magnified section of 40 x 40 pixel from the plot Danio rerio A. All other plots show sections of 150 
x 150 pixel. The Mouse Embryonic Fibroblasts were cultured and recorded in vitro while the others were recorded 

in vivo. 
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SHORT TERM MOVEMENTS ARE MODULATED INTO THE EFFECTIVE 

MIGRATION OF CELLS BY THE RHO GTPASE CED-10 

General movement and effective migration are not linked by a linear 

relationship. Movements of the same length produce effective migrations of 

variable lengths. That general movement and effective migration are not 

coupled is implicated by the fact that only the movements increase specifically 

in cells of embryos with prolonged cell cycles whereas the effective migrations 

do not change. A screen for alterations in the migratory parameters revealed 

that the migratory system is extremely inert to perturbations. Only ced-10, an 

orthologue to human Rac1, and tag-335, involved in the production of GDP-

mannose, show a significant decrease of effective migrations, but without 

affecting the general movements and the dance of cells. 

 

MOVEMENT AND EFFECTIVE MIGRATION ARE NOT LINKED BY A SIMPLE LINEAR 

RELATIONSHIP 

The next aim is to dissect the mechanism of how cell focussing guides the migration of cells 

upon the recognition of target addresses. The key question here is how short-term movements 

(the dance of cells) are translated into guided effective migrations. It is observed that cells 

display individual dances with shorter and longer effective migrations, although cells do not 

appear to move less (Figure 13 and Figure 10). To assess their connection, the effective 

migrations of single cells were plotted against their general movements at the 64- and 128-AB 

stage (Figure 17; see Figure 65 for a definition of general movement and effective migration). 

At these stages, all wild type (WT) embryos display a positive correlation. However, this 

correlation generally varies from weak to moderate with r values from 0.32 to 0.72. Additionally, 

the r² values indicate that 48 to 80 % of the variance in effective migrations at the 64-AB stage 

cannot be explained by a linear relationship of the two parameters. This becomes even more 

obvious at the 128-AB stage with 78 to 90 % of the variance not corresponding to a linear 

relationship. In all analysed WT embryos, the same general movement causes variable lengths 

of effective migrations. For example, general movements in the range of 0.3 embryo lengths 

(EL; on average approximately 50 µm) in embryo N2 #2 produce effective migrations ranging 

from 0.04 to 0.3 EL. This demonstrates that effective migrations must be controlled by other 

means than just the length of general movements. 
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Figure 17  Correlation of movement and effective migration. The scatter plots depict effective migration as a 
function of movement at the 64-AB and 128-AB stages. Each dot represents a single AB-derived cell. The grey line 
shows the linear regression. ‘r’ denotes the correlation coefficient and ‘r²’ the coefficient of determination (goodness 
of fit). 

 

Cells dance all the time – even during long cell cycles  

The 𝐷𝐹̅̅ ̅̅  (the mean quotient of general movement and effective migration) is elevated in cib-1 

(e2300) embryos from 2.6 to 3.3 when embryos are shifted to the restrictive temperature in the 

64-AB stage (Findeis 2013). The gene cib-1 codes for a thymidylate synthase involved in the 

production of dTTP. A deficiency of this nucleotide causes an elongation of the cell cycle by a 

retardation in the S-phase. The increase of the 𝐷𝐹̅̅ ̅̅  is caused by the prolonged cell cycles 

elongating the time of development until the premorphogenetic stage for about an hour (308 

versus 405 frames). Embryos shifted to the restrictive temperature at the 32-AB stage still 

develop to apparently healthy larvae, just slower (Elsner 2008). The developmental time in C. 

elegans is also elevated when incubated at temperatures lower than 25°C. As this does not 

affect the variability of cell positions in the embryo (Schnabel et al. 1997), an alteration of 

temperature is a good means to investigate the correlation of general movement and effective 

migration. Therefore, development time, general movement and effective migration were 

assessed from embryos recorded from 10°C to 25°C incubation temperature – approximately 

the natural range of viability of C. elegans (Corsi et al. 2015). The further data are – if not 

mentioned otherwise – based on key-cell analyses established during the work on this thesis 

(Figure 56, Figure 57 and Figure 58, supplementary material). Here, only a subset of 122 cells 

is analysed throughout the development from the 8- to the 256-AB stage, chosen for occupying 

characteristic positions at the 256-AB stage. First, the developmental time was measured. It 

rises from 119.3 ± 19.6 min (mean ± SD, n=7) at 25°C to 775 ± 23.5 minutes at 10°C (mean ± 
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SD, n=3), which is 6.5 times slower than at the higher temperature (Figure 18). The measured 

general movement also increases at lower temperatures, although not directly proportional to 

the developmental time. It increases from 25.16 ± 4.23 EL (mean ± SD, n=7) at 25°C up to 

43.81 ± 12.54 EL (mean ± SD, n=3) at 10°C, a 1.74-fold increase. This discrepancy might be 

caused by a slower metabolism or generally slowed biochemical reactions at lower 

temperatures (Arrhenius equation (Logan 1982)). As C. elegans is poikilothermic, this may 

lead to the cells dancing slower – although the movement of cells does not seem to be affected 

as strongly as the cell cycle length. However, the effective migration is not significantly altered 

at the different temperatures. The distances migrated between birth and mitosis remain 

constant, independent of how much the cells dance and move in between. This is in line with 

the cell focussing hypothesis, where cells are described to be able to sort (dance) around local 

minima (Bischoff and Schnabel 2006b). Cells stop the effective migration, but not the dance 

upon reaching the destined neighbourhood. 

 

Figure 18  The influence of growth temperature on different aspects of development. (A) The graph shows 
the developmental time in minutes in dependency of the growth temperature. (B) and (C) show the total distance of 
the movement of cells and the effective migration, respectively both in dependency of growth temperature. Migratory 
data were determined using the key-cell analysis. The data are shown as scatter plot with mean values as bars and 

error bars showing SD.  

 

Summing up, these results are consistent with the hypothesis that general movements and 

effective migrations are independently controlled processes. Thus, cell focussing must 

somehow act on the dance of cells in a yet unknown manner to guide effective migrations. Cell 

focussing introduces a bias in a cell, which – in the long run – modulates the general movement 

to effective migration. 
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THE MISSING LINK — THE CONNECTION BETWEEN GENERAL MOVEMENT AND 

EFFECTIVE MIGRATION  

To search for the nature of the link between general movement and effective migrations, 

mutants and RNAi were used to identify alterations in either of the two parameters (Figure 19). 

The first gene tested was tag-335 which is coding for the C. elegans orthologue of human 

GDP-mannose pyrophosphorylase B. This gene is responsible for the production of GDP-

mannose, an important component of N-linked glycosylation. Glycosylation patterns have been 

proposed before by Nadin Memar and Jennifer Juras as possible addresses in cell focussing 

(Burda and Aebi 1999; Varki, ed. 2009; Memar 2012; Juras 2015). In tag-335 (RNAi) embryos, 

effective migrations are significantly reduced without an observable effect on the general 

movement. This further supports the previous notion that effective migration and general 

movement are uncoupled. The reduced effective migrations upon the inhibition of tag-335 will 

be addressed later. The next candidate is glp-1 (e2144) with its drastic rearrangements 

compared to the wild type (WT) (Figure 4). It was already shown earlier that total movements 

of cells are not affected despite these extensive rearrangements (Hutter and Schnabel 1994, 

1995; Schnabel et al. 2006). In previous works, however, the beelines of cells were analysed 

(the distance of founder cells at the 8-AB stage to their descendants at the 256-AB stage). 

 

Figure 19  Quantitative overview of the screen for a deviation in general movements and effective migration. 
The left graph shows the general movement of the cells and the right graph the effective migration, both in 
dependence of the experimental condition. The data were collected using key-cell analyses. The data are analysed 
using scatter plots with mean values and error bars show SD. Only statistically significant changes compared to the 
WT (N2) are marked by asterisks and were determined by t-tests. The p-values were adjusted for multiple 

comparisons using the Dunn-Sidák correction. ** = p < 0.01 *** = p < 0.001. 

Thus, I reassessed glp-1 using a new key-cell approach (Figure 56, Figure 57 and Figure 58, 

supplementary material). However, no differences between WT and glp-1 could be measured 

this way either (Figure 19). The same is true for mom-5 (t3454) embryos despite the fact that 
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fate assignment and planar polarity are severely affected upon deficiencies in the Wnt 

signalling pathway (Thorpe et al. 1997; Bischoff and Schnabel 2006a). Conducting a 

knockdown of mom-5 in glp-1 (e2144) embryos does not significantly alter general movements 

or effective migrations either, although AB-derived fates are strongly reduced, possibly even 

to eight times ABala (Hutter and Schnabel 1994, 1995). Summing up, fates per se and planar 

polarity are likely no major contributors to the control of the migratory system. Despite being 

responsible for the provision of addresses and target positions, these genes do not control the 

migratory behaviour itself (Figure 14). Mutants from a previously conducted screen (Memar 

2012; Wiekenberg 2012; Luthe 2013) displaying defects at the premorphogenetic stage or 

during morphogenesis but without indications of altered cell fates were analysed and are now 

tested for functions in regulating the migratory behaviour. The strain GE4600 (isolation number 

NF_49_G10) (Findeis 2013) was shown to carry a temperature sensitive allele of fntb-1 (t3211) 

(Table 1 and Table 21).  

Table 1  Overview of the phenotype causing SNPs of the strains GE5907 and GE5381. The affected gene and 
chromosome, the genomic location and the nucleotide and amino acid changes are summarised for each strain. 

Strain Gene Chromosome Position Nucleotide  

change 

Amino acid  

change 

GE4600 fntb-1 V 14449072 G to A G to D 

GE4721 pmr-1 I 13015224 G to A G to S 

      

FNTB-1 is required for the farnesylation of proteins, which belongs to the prenylation class of 

post-translational modifications. During prenylation, hydrophobic moieties (mainly farnesyl or 

geranylgeranyl) are attached to a CaaX motif at the C-terminus of proteins, facilitating an 

attachment to membranes (Schafer and Rine 1992; Rilling et al. 1990). The general movement 

of cells in fntb-1 (t3211) embryos (36.88 ± 2.88 EL; mean ±SD, n=3) deviates significantly from 

the WT (25.09 ± 3.92 EL; mean ±SD, n=9). Further analyses, however, revealed that cell cycle 

lengths are also prolonged. Normalising the general movement to cell cycle lengths of the wild 

type eliminates the significant difference, no longer leaving an indication of an involvement in 

the governance of migratory behaviour. This shows again that cells appear to dance 

independently of the cell cycle length. Despite this, fntb-1 might still have a function in cell 

focussing, as in some cases severe reorganisations of tissues can be observed (Findeis 2013). 

Due to the plethora of possible farnesylation targets and redundancies with 

geranylgeranylation, fntb-1 will only be further examined when a potential target protein is 

identified. Using the CRISPR/Cas9 method, the CaaX motif of candidate proteins may be 

edited to specifically analyse the effect of missing prenylation. The second strain analysed is 

GE5381 (isolation number ND_16_E1) that was shown to carry a ts lethal allele of pmr-1 

(t3483) (Table 1, Table 6 and Table 22). PMR-1 is homologous to the SPCA1 Ca2+/Mn2+ 

ATPase with a function in Ca2+ and Mn2+ homeostasis by facilitating ion transport into the Golgi. 

The accumulated Ca2+ can then be released by IP3 signalling to act as second messenger (van 
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Baelen et al. 2001). For C. elegans it was shown that pmr-1 embryos display defects in 

migration-dependent processes such as gastrulation, ventral enclosure and morphogenesis, 

per se without affecting cell fate specifications (Praitis et al. 2013). Furthermore, it was reported 

that migration defects are correlated with the temperature sensitive phase about two hours 

after the 2-cell stage (~ 64- to 128-AB stage). In precursors of epithelial cells and ventral 

neuroblasts, significant reductions (on average 44 %) of migrations occur. Despite this, the 

authors could not prove a direct link of calcium signalling to migrations. As an alternative 

explanation they propose a generally weaker temperature stress tolerance in the cytoskeletal 

dynamics of migrating cells, which normally would be rescued by a pmr-1 conferred 

mechanism (Praitis et al. 2013). Nevertheless, the described ts phase and migratory 

behaviours made pmr-1 an interesting candidate for a function in cell focussing. Despite the 

described lineage-specific reduction, a global analysis of cellular migratory behaviour using 

the key-cell analysis revealed no significant alterations of either general movement or effective 

migration. The last strain from the ts screen covered in this analysis is GE5891 (t3482). Here, 

the identification of the phenotype causing gene was not yet possible (Table 7). Despite this, 

it was chosen for this analysis for its variable phenotype with cells detaching from the embryo 

during embryogenesis (8/24) and deviations at the 4-cell stage (12/24) (Figure 20). This 

indicates an aberration in cell adhesion (Ralf Schnabel, personal communication). Similar to 

fntb-1, GE5891 embryos display a subtle (but not significant) increase in the general 

movement, correlating with increased cell cycle lengths. 

  

 

Figure 20  DIC micrograph series of GE5891 embryos. (Top) The embryo loses a subset of cells during 

elongation (see arrowheads). (Bottom) Embryo with a rotating 4-cell stage. The arrowheads show the same cell 
and indicate the clockwise rotation. On the upper left side of each micrograph, the time of development since 
fertilisation is shown (hh:mm and (mm:ss)). The embryos were recorded at 25°C. Scale bar 10 µm. 
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THE RHO FAMILY GTPASE CED-10 LINKS EFFECTIVE MIGRATIONS TO GENERAL 

MOVEMENTS  

The pmr-1 (t3483), just like the fntb-1 (t3211) mutant and glycosylation defects described later, 

indicate some functions of the genes related to cell focussing, but they, like glycosylation, also 

have broad general importance in cell biology and development. The last gene discussed is 

ced-10, a C. elegans orthologue to human Rac1 and a member of the Rho family of small 

GTPases known for their role as major signal transducers for numerous cellular processes. 

Among all other processes this family is known for its role in the regulation of cytoskeletal 

reorganisations (Jaffe and Hall 2005). In C. elegans, ced-10 contributes to the regulation of 

processes like cell death engulfment, mitotic spindle orientation, actin-based growth cone 

guidance and the movements of gastrulation, ventral enclosure, and gonadal distal tip cell 

migration (Reviewed by Saenz-Narciso et al. 2016). In contrast to the aforementioned genes, 

however, the known downstream pathways seem specific enough to allow a further 

assessment of a potential function in the migratory system analysed here (Figure 21).  

 

Figure 21  Regulation of embryonic cell migrations by CED-10/Rac. Prominent migratory events in development 
as gastrulation and ventral enclosure depend on cytoskeletal rearrangements initiated by CED-10/Rac signalling. 

Modified from (Saenz-Narciso et al. 2016). 

In ced-10 (t1875) mutants, effective migrations are significantly reduced to 7.94 ± 0.88 EL 

(n=5), corresponding to 69 % of the wild type (Figure 19). It seems this difference is used to 

produce the normal patterning. Again, there is no apparent influence on the general movement 

of cells which remains in the wild type range (23.09 ± 3.29 EL). This specific reduction indicates 

a function of ced-10 in the translation of the dance-driven general movement of cells into 

effective migration. 

As already suggested before, ced-10 indicates that the short-term movement of cells and the 

resulting effective migration are independently regulated processes. This is demonstrated by 

the fact that they can be affected experimentally independently of each other. Furthermore, 

general movement and effective migration of cells during the proliferative phase until the 

premorphogenetic stage are highly stable and specifically regulated. Most of the analysed 

mutants in a variety of genes in this work (and further mutants analysed in the Schnabel 

laboratory not shown here) display no deviations at all. Only a tag-335 knockdown and ced-10 

mutant embryos which were part of this search display significantly reduced effective 

migrations, with the latter one offering a hint of how the two processes may be mechanistically 

linked. In the next chapter it will thus be discussed why and how Rac signalling defines the link 

between general movement and effective migration. 



Results and discussion 

35 

ACTIN BRANCHING LINKS RANDOM MOVEMENTS TO DIRECTIONAL 

MIGRATIONS THROUGHOUT DEVELOPMENT 

Mutants in the Rac signalling pathway show a significant reduction of effective 

migrations but do not affect the general movements. Mutants related to other 

members of the Rho family of small GTPases display no defects in the migratory 

behaviour. Downstream of CED-10, the reduction of effective migrations is 

linked to the C. elegans WAVE/SCAR complex known to cause actin branching. 

Only about 40 % of cells in wve-1 mutants migrate effectively more than a cell 

radius and thus leave the spot they have been placed into by mitoses which 

may be just chance. During development, the reduction of effective migrations 

is most prominent at the 64- and 128-AB stages where the effective migrations 

are usually rising in normal development. Loss of wve-1 and gex-3 activity is 

deleterious to pattern formation, with the patterning resembling simulated 

embryos without any effective migrations. A complete loss of directionality 

explains both, the reduced effective migrations and the observed pattern in 

wve-1 and gex-3 mutants. Thus, I conclude that cell focussing acts on the level 

of effective migration. The WAVE/SCAR mediated actin branching, which is 

controlled via Rac signalling, translates the dance from random, short-term 

movements into effective migrations. 

 

RHO FAMILY OF SMALL GTPASES – AN OVERVIEW 

Knowing that it is possible to affect the migratory system in ced-10 (t1875) mutants, I searched 

for further genes known to be related to Rac signalling. As RAC1 is a member of the Rho family 

of small GTPases, this chapter begins with a brief overview of this protein family.  

The Rho family of small GTPases forms a distinct group within the superfamily of Ras-related 

GTPases. Members of this family are known to act as molecular binary switches cycling 

between a GTP-(active) and GDP-bound stage (inactive). Furthermore, they are reported to 

function in a huge variety of different signal transduction pathways (Boguski and McCormick 

1993). Generally, they are known for their diverse roles in the regulation of morphology, 

movement and behaviour of eukaryotic cells (Etienne-Manneville and Hall 2002). The best 

studied members are RHOA, CDC42 and RAC1. They regulate the assembly of stress fibres 

(RHOA), filopodia (CDC42) and lamellipodia (RAC1) (Ridley and Hall 1992; Ridley et al. 1992; 

Nobes and Hall 1995; Etienne-Manneville and Hall 2002). RHO1 is described to act at the rear 

end of migrating cells, generating contractile forces via ROCK (rho-associated, coiled-coil-

containing protein kinase) mediated myosin light chain phosphorylation (Jaffe and Hall 2005). 
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Despite being differentially regulated, the formation of filopodia and lamellipodia is driven by 

ARP2/3 (Actin related protein) mediated actin polymerisation and branching, which is relevant 

here. CDC42 regulates the ARP2/3 complex via WASP (Wiscott-Aldrich syndrome family) 

proteins (Symons et al. 1996). Rac-dependent lamellipodia formation is governed by WAVE 

(WASP-family verprolin-homologous protein) family proteins (Miki et al. 1998; Rohatgi et al. 

1999; Eden et al. 2002; Jaffe and Hall 2005; Insall and Machesky 2009). Proteins reported to 

interact with WASP and WAVE have homologues throughout the eukaryotes from 

Saccharomyces cerevisiae, Dictyostelium discoideum, Drosophila melanogaster and C. 

elegans to Homo sapiens (Takenawa and Suetsugu 2007). The regulation and function of the 

Rho family of small GTPases is, of course, more complex than the brief description presented 

here. There are overlapping downstream targets and cross talks and regulatory cascades differ 

when, for example, looking at neuronal targeting or macrophage migration (Govek et al. 2005; 

Pixley 2012; Schmitz et al. 2000; Nobes and Hall 1995).  

THE REGULATION OF ACTIN DYNAMICS IN MIGRATING CELLS IN C. ELEGANS 

The pathways that regulate actin dynamics in C. elegans and work through the Rho family of 

small GTPases, as described here, are briefly summarised (Figure 22). Ventral enclosure in 

C. elegans embryos requires rho-1 (RhoA) activity. The activities of let-502 (Rho kinase) and 

mlc-4 (myosin regulatory light chain) downstream of rho-1 have also been shown to contribute 

to ventral enclosure movements (Fotopoulos et al. 2013; Wernike et al. 2016). A loss of CDC-

42 also causes an aberrant ventral enclosure (Zilberman et al. 2017). In dorsal intercalation 

CDC-42 activity is enriched at the medial tip, likely interacting with WSP-1 (Walck-Shannon et 

al. 2016). Ventral enclosure defects, similar to those observed after a loss of cdc-42 activity, 

occur after a knockdown of wsp-1. Cells stop migrations and a lack of filamentous actin 

accumulation in hypodermal cells was observed. Additionally, a loss of wsp-1 activity was 

reported to resemble deficiencies of members of the C. elegans Arp2/3 complex (Sawa et al. 

2003). In a search for in vivo roles of homologues of mammalian neural tube defect genes in 

C. elegans, two members of the C. elegans WAVE complex were identified causing defects in 

gastrulation. It was also shown that all of the five WAVE complex members of C. elegans (wve-

1/Wave1, gex-2/Sra1, gex-3/Nckap1, abi-1/Abi1, and nuo-3a/Brick1) are necessary for 

gastrulation, which may not be surprising. In Xenopus laevis defects in nckap1, homologous 

to C. elegans gex-3, affect neural tube closure (Sullivan-Brown et al. 2016). Furthermore, it 

was reported that wsp-1 and wve-1 act in concert in the regulation of dorsal intercalation in C. 

elegans (Walck-Shannon et al. 2015). Additionally, gex-2 and gex-3 deficient embryos fail 

morphogenesis with normally specified tissues. Hypodermal constrictions squeeze out internal 

structures as the ventral hypodermis is not fully enclosing the embryo before the onset of 

elongation (Priess and Hirsh 1986; Soto et al. 2002). 
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Figure 22  Abbreviated overview of the regulation of actin dynamics with C. elegans homologues. Loss of 
function phenotypes of proteins highlighted by white letters are examined in this work. Modified from (Patel et al. 
2008) 

In addition, it was reported that embryos die similarly when WVE-1 or ARP-2/3 is lost. The 

RAC1-WAVE/SCAR-ARP2/3 pathway is necessary for the sub-cellular enrichment of F-actin. 

It was concluded that the regulation of actin by this pathway “[…] is required for epithelial cell 

organisation and movements during morphogenesis” (Patel et al. 2008). These movements 

and actin reorganisations during embryonic development are at least in part regulated by 

neuronal guidance genes. The axonal guidance receptors UNC-40/DCC, SAX-3/ROBO and 

VAB-1/EPHR contribute to F-actin enrichments necessary for hypodermal morphogenesis 

(Bernadskaya et al. 2012). Furthermore, it was observed that sax-3 and vab-1 mutant embryos 

share similar phenotypes like defects in early gastrulation cleft enclosure and later in ventral 

enclosure. These defects are attributed to defects in cell migrations of hypodermal and 

neuroblast cells (George et al. 1998; Ghenea et al. 2005).  

 

In the studies just cited, phenotypes related to gastrulation and ventral enclosure have been 

described. The analysis in this work, however, focusses on the development from the 12-cell-

stage until the premorphogenetic stage, occurring before the final ventral enclosure 

movements. Defects during this interval – which coincides with the main phase of cell focussing 

(64-AB to 128-AB stage) – have not yet been described and will be analysed here. The focus 

lies on the question if there are cell focussing defects occurring before the ventral enclosure. 



Results and discussion 

38 

EFFECTIVE MIGRATIONS ARE SPECIFICALLY REGULATED BY CED-10/RAC 

SIGNALLING 

Mutants for some of the previously described genes (summarised in Figure 22) were subjected 

to 4D-analyses using the key-cell-set of lineages (Figure 56, Figure 57 and Figure 58, 

supplementary material). The mutants related to RHO1 and CDC42 signalling (rho-1 (ok2418) 

and wsp-1 (gm324)) show no significant aberrations in either general movement (28.08 ± 0.74 

and 25.7 ± 1.51; mean ± SD, n=3) or effective migration (12.26 ± 0.78 and 0.3 ± 1.04; mean ± 

SD, n=3) (Figure 23). The mutants related to RAC1 signalling all display significantly reduced 

effective migrations similar to those reductions observed in ced-10 mutants (reduced to 9.26 

± 0.79 EL, mean ± SD, n=3). 

 

Figure 23  Graphical overview of the effect of Rac signalling genes on cell movements and effective 

migration. The left graph shows the general movement of the cells and the right graph shows the effective 
migration, both depending on the respective genotype. The data was assessed using key-cell analyses.  The data 
is shown as scatter plot with mean values as bars and the error bars showing SD. Only statistically significant 
changes compared to the WT are marked by asterisks and were determined using t-tests. The p values are not 
adjusted for multiple testing as each test represents a single experiment based on the hypothesis that the gene 
tested has the same effect as ced-10. The results were clustered in a single graph for demonstration purposes. ** 
= p < 0.01, *** = p < 0.001. 

The sax-3 allele ky123 was already analysed in the Schnabel laboratory. The observed 

phenotype with ventral enclosure defects, however, was only conclusive to a limited extent in 

earlier analyses by Julia Averbeck (Averbeck 2007). In mutants of the WAVE complex 

members wve-1 (ok3308) and gex-3 (zu196), the reduction of effective migration is the 

strongest with 7.95 ± 1.24 EL (mean ± SD, n=6) and 6.83 ± 0.93 EL respectively (mean ± SD, 

n=4), compared to the WT with 11.46 ± 0.93 EL (mean ± SD, n=9). In gex-3 (zu196) embryos, 

the effective migration only corresponds to approximately 60 % of the WT. The fact that two 

proteins of the SCAR/WAVE complex show similar reductions indicates that this complex is 

required for the normal effective migration of cells. This complex guides the polymerisation of 

F-actin by activating the Arp2/3 complex (Miki et al. 1998; Machesky and Insall 1998; Pollard 

2007). On these grounds I conclude that effective migrations are derived from the dance of 
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cells by Rac signalling mediated regulation of actin polymerisation. It was recently reported 

that the neurotransmitters acetylcholine, glutamate and glycine are acting as regulators 

controlling neuronal migration in the developing zebrafish hindbrain (Theisen et al. 2018). 

Thus, SAX-3 (ROBO) with its known function in axonal guidance and gastrulation cleft as well 

as ventral enclosure (Zallen et al. 1998; Brose et al. 1999) is an interesting candidate for a 

receptor mediating cell focussing. If SAX-3 acts similar in cell focussing as its widespread 

homologues in axonal targeting, it might work as a receptor for repulsive cues (Kidd et al. 1998; 

Brose et al. 1999; Kidd et al. 1999). The weak effect of sax-3 mutants, when compared to the 

others analysed in this work, might indicate redundancies with other receptors. Preliminary 

evidence not shown here indicates that VAB-1 (EphR), despite its previously described role in 

different types of migration (gastrulation cleft and ventral enclosure) and overlapping functions 

with SAX-3 (George et al. 1998; Ghenea et al. 2005), is not contributing to the regulation of 

effective migrations. This would be in accordance with a model of the regulation of the pathway 

of axonal guidance cues down to Arp2/3 reported in 2002 by Bernadskaya et al.. The authors 

proposed VAB-1 to be inhibiting the function of SAX-1 (Bernadskaya et al. 2012). If vab-1 is 

also negatively regulating the effects of sax-3 in the regulation of effective migration, a 

knockout of vab-1 should indeed not reduce them. However, since only two embryos displaying 

highly variable effective migrations with different alleles of vab-1 are analysed here, this has 

to be regarded with due care.  

 

Since it is very unlikely that one receptor is sufficient to guide the cell migrations of cell 

focussing, further efforts are necessary to identify new cell focussing receptors and the 

corresponding addresses. This quest will be addressed in a supplementary part of this work. 

For now, the focus lies on the question of how the Rac signalling pathway is linked to effective 

migrations and cell focussing. This is followed by a brief analysis of the sax-3 loss of function 

phenotype. Then, the results are summarised in a new model of cell guidance in the C. elegans 

embryo. 
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Effective migrations coinciding with cell focussing depend on the SCAR/WAVE 

complex 

To analyse why effective migrations in ced-10 or wve-1 mutants are reduced, the directed 

migrations of cells in embryos were further examined considering all AB-derived cells by 

quantifying cells actually leaving the place they were born at. Those with an effective migration 

greater than a cell radius were counted throughout development from the 8-AB stage until the 

end of the 128-AB stage (Figure 24, A). In WT embryos, approximately three quarters of the 

analysed 248 cells (75.3 ± 2.2 %; mean ± SD, n=3) effectively migrate more than their own 

radius. In ced-10 and wve-1 mutants this value is significantly reduced to 53.8 ± 10.7 and 45.8 

± 1.4 % (n=3), respectively. The sax-3 sample shows only slightly reduced values which are 

not significantly altered and was thus not further analysed. The analysis was broken down to 

the mean effective migrations during the individual stages between the 8-AB and 256-AB 

stages to analyse when during development the reduction of effective migrations occurs 

(Figure 24, B). No significant differences can be detected until the 64-AB stage. Here, mean 

effective migrations remain at 0.060 ± 0.003 EL (~ 2.8 µm) and 0.084 ± 0.030 EL (~ 3.9 µm) 

in wve-1 and ced-10 mutants respectively, while they rise to 0.144 ± 0.034 EL (~ 7.3 µm) in 

the WT (mean ± SD n=3). The difference between the mutant embryos and the WT is persisting 

until the 128-AB stage with a mean effective migration of 0.082 ± 0.004 and 0.077 ± 0.013 EL 

in wve-1 and ced-10 mutants compared to 0.123 ± 0.007 EL in WT embryos. The WT does 

not show a significant difference compared to ced-10 at the 64-AB stage. This is caused by 

the high standard deviations of the WT and ced-10. A higher sample size might thus produce 

a different result. These observations coincide with previous descriptions that cellular positions 

in C. elegans embryos display higher variability until approximately the 64-AB stage (Schnabel 

et al. 1997; Schnabel et al. 2006). Afterwards, during the 64- and 128-AB stages, the similarity 

between wild type embryos grows until the stereotypic premorphogenetic stage with little 

variance is reached. This decrease of disorder was attributed to the onset of active cell sorting 

by cell focussing.  

 

The data of this work correlate with earlier observations of a rise in effective cellular 

movements during the 64- and 128-AB stages (Schnabel et al. 1997; Bischoff and Schnabel 

2006b; Findeis 2013). In wve-1 and ced-10 mutants the mean effective migration remains 

largely constant throughout development with a range of variation from 0.055 to 0.080 EL. The 

rise of effective migrations attributed to the onset of cell focussing, thus, depends on a 

functional SCAR/WAVE complex. 
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Figure 24  Graphical overview of different aspects of cellular migratory behaviour. (A) The graph shows an 
overview of cells moving more than a cell diameter throughout development. (B) The mean effective migration 
distances are broken down to the individual developmental stages. The data are shown as scatter plot with mean 
values as bars and the error bars showing SD. Only statistically significant differences are marked by asterisks and 
were determined by either t-tests adjusted for multiple comparisons using the Dunn-Sidák correction (A) or exact 
permutation tests using the R package coin (Hothorn et al. 2008). For the calculation the different stages are treated 
as if they were independent. This procedure is more conservative and thus does not distort the results although the 
stages are dependent (B). * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. 
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GLOBAL CELL SORTING DEPENDS ON SCAR/WAVE ACTIVITY 

The assessment of patterning and (dis)order at a glance 

To elucidate the anterior-posterior and general patterning, only-X  and 3D distance maps were 

calculated as described by Schnabel et al. (Schnabel et al. 2006) and will be used in the 

following sections of this work. In brief, distance maps allow to assess patterning by calculating 

all possible 256 x 256 distances of AB-derived cells at the premorphogenetic stage. Only-X 

distance maps only assess distances along the anterior-posterior axis (see Equation 1 and 

Figure 66, material and methods). In 3D distance maps the actual three dimensional distances 

of cells are assessed. To allow a visual assessment, distances are translated to defined 

colours and plotted as a matrix. In subtraction maps the AB-cell-pair distances at the 

premorphogenetic stage from compared embryos are subtracted. Similar to the distance maps, 

the resulting values are translated to colours using a defined colour code (see Equation 2 and 

Figure 67, material and methods). Additionally, the (dis)similarity of different embryos was 

assessed using subtraction maps and the average vector dissimilarity (AVD) method (Memar 

et al. 2018). The AVD is a means to quantify differences between embryos when cell positions 

in different embryos are compared based on single cells and their relationship to all other cells 

(see Equation 3). It is a measure of how far cells are displaced on average in an analysed 

embryo compared to a reference embryo based on the original three-dimensional cell-cell 

distances. 

 

THE LOSS OF SCAR/WAVE ACTIVITY DISRUPTS NORMAL PATTERN FORMATION 

Since the SCAR/WAVE complex is needed for the effective migrations coinciding with the 

onset of cell focussing, the next question addressed was how it affects patterning. If the rise in 

effective migration is really linked to cell focussing, the reduction in SCAR/WAVE related 

mutants should also correlate with a disruption of normal patterning. To analyse this, wve-1 

(ok3308) and gex-3 (zu196) mutant embryos were completely lineaged until the 

premorphogenetic stage. Visually, the analysed embryos display defects in the formation of 

the usually y-shaped structure of the descendants of the ABarp lineage, defects in the ventral 

enclosure of the embryo, and the distinctive Gex (gut exterior) phenotype (Figure 61, 

supplementary material). Ventral enclosure defects as well as the Gex phenotype have already 

been attributed to a loss of SCAR/WAVE activity before (Soto et al. 2002; Patel et al. 2008). 

Following this initial visual assessment, the embryos were bioinformatically analysed to discern 

changes not described yet (Figure 25). All wve-1 and the gex-3 mutant embryo show distinct 

deviations to the WT in both, the only-X and 3D distance maps complementing the visual 

assessments. While wve-1 #2 and wve-1 #3 still show some similarity to the WT when the 

anterior-posterior patterning is observed, the normal pattern seems completely lost in wve-1 
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#1. The same is observed for the anterior-posterior patterning in gex-3 #1, which seems more 

similar to wve-1 #1 than to the WT. Since both mutations are kept in stock using genetic 

balancers, this variance might be attributed to maternal or even great-maternal rescue as the 

analysed embryos are derived from homozygous mothers. This is an effect also observed in 

Wnt related mutants (Ralf Schnabel, personal communication). In analysed mutant embryos 

the 3D patterning deviates substantially from the WT while appearing to be rather similar 

among themselves. The distance maps indicate that patterning in SCAR/WAVE mutant 

embryos is stronger affected than indicated by the 3D representations of cells. Before further 

evaluations to quantify the similarity of the embryos are discussed, it is assessed whether the 

observed deviations really reflect a defect in cell focussing or not. 

 

Figure 25  Pattern formation in SCAR/WAVE complex mutant embryos. Distance maps of WT (N2), wve-1 and 
a gex-3 embryo are arranged as labelled in the figure. Both only-X (OX) and 3D distance maps are shown. 
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The loss of functional patterning in SCAR/WAVE complex mutants is dominant 

over the reorganisation of cells observed in glp-1 

To double-check whether a loss of wve-1 truly affects cell focussing, I followed an idea 

established by Marcus Bischoff in the Schnabel laboratory and challenged the system by 

analysing a glp-1 (e2144) wve-1 (ok3308) double mutant. The rationale behind this strategy is 

that the drastic reorganisations observed in a glp-1 (e2144) mutant (see Figure 4) require an 

extraordinary activity of the cell focussing system (Bischoff and Schnabel 2006b; Schnabel et 

al. 2006). Thus, this setup should emphasise any cell focussing or guiding defect in wve-1 

(ok3308) embryos and a strain with the genotype 
𝑤𝑣𝑒−1 (𝑜𝑘3308)

hT2I

𝑔𝑙𝑝−1 (𝑒2144)

hT2III
  was constructed 

(Table 16, Material and Methods). To analyse the patterning, the premorphogenetic stages of 

glp-1 and glp-1 wve-1 double mutants were compared using the 3D representations of nuclei 

as well as the only-X and 3D distance maps (Figure 26).  

 

Figure 26  Pattern formation in glp-1, wve-1 and glp-1 wve-1 double mutants. 3D representations of nuclei, 
only-X (OX) and 3D distance maps are shown. The 3D representations on the right are coloured according to the 
adopted fate. The 3D representations of the nuclei of the embryos are shown with anterior to the left after being 
rotated into the minimum difference when compared to WT #1. The colour code indicating cell fates is depicted at 

the bottom of the figure (Schnabel et al. 1997). 
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Indeed, the glp-1 wve-1 #1 embryo deviates substantially from the reference glp-1 #1. The 

characteristic manifestation of the eight AB-derived regions found in glp-1 (e2144) embryos is 

altered in the double mutant. Also, the distance maps of double mutants lose the typical 

‘chessboard’ pattern of glp-1 embryos. Similarly to the wve-1 single mutants (Figure 25), the 

strength of the patterning defects is variable with only the strongest observed phenotype shown 

here. The effect of a loss of wve-1 activity in the double mutant is also visible at the level of 

three-dimensional patterning as indicated by the 3D distance maps. Here, the effect seems 

even stronger than that observed looking at the anterior-posterior distances only (only-X). 

When the 3D representations of nuclei are coloured according to the adopted fates in a glp-1 

(e2144) mutant embryo context, rather than according to their descent, the effect of missing 

WVE-1 becomes even more prominent (Figure 26). Instead of a strictly bipolar embryo with all 

cells of the ABala fate being anterior and all with the ABarp fate being posterior, this strict 

separation along the anterior-posterior axis is lost in the double mutant. What remains, 

however, is that there is still hardly any intermingling of cells belonging to different regions. 

There is some overlay of ABala and ABarp-derived cells with “sheets” of cells of a region lying 

over each other but no real mixing. Despite the drastic effects of a wve-1 knockout on 

patterning described so far, the SCAR/WAVE complex seems to have no substantial influence 

on the separation of different regions per se. This raises the possibility that cell focussing acts 

independently of a potential other system keeping the different embryonic regions distinct and 

coherent, general adhesion for example.  

 

Mutants of the SCAR/WAVE complex do not share a common local order   

As the global order in SCAR/WAVE is severely altered and even the drastic reorganisations of 

glp-1 (e2144) mutants are disrupted in a wve-1 mutant context, the order within different 

regions was also assessed to elucidate a possible systematic change (Figure 27). The 

embryos analysed here are each rotated into the minimum difference compared to N2 #1 as 

measured by the AVD. The arrangement of the ABarp-derived cells in N2 #2 resembles N2#1 

strongly, which demonstrates the high fidelity of the cell focussing system in the normal 

situation. The SCAR/WAVE mutants wve-1 #1 and gex-3 #1, however, differ strongly from 

each other and the WT. The clear distinction of the four highlighted sub-regions found in the 

WTs is lost and replaced by a strong overlap. The anterior-posterior arrangement of cells within 

the sub-regions, though, remains intact, which might be caused by the still present anterior-

posterior bias of the mitoses (see consecutive cell pairs; for example 1-2, 3-4 …). This loss of 

structure can also be observed in other regions and mutant embryos. 
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Figure 27  Local order of cells in the ABarp-derived region at the premorphogenetic stage. (A) The principle 
of data acquisition and portrayal for this analysis using N2 #1 as example. The embryos are rotated as shown by 
the coordinate system by rotation into the least difference to the N2 #1 reference. The cells are labelled from one 
to 32 according to their position in the lineage from anterior to posterior and subsequently projected to a single 
plane. For a better overview cells belonging to different sub-lineages are coloured as shown in (A). (B) SCAR/WAVE 

mutants and another WT reference are shown as labelled.  

 

It seems that the mutants, except from a strong deviation from the WT, do not share a common 

pattern as the left-right and anterior-posterior arrangement of the sub-regions is variably 

altered. This would be expected if patterning is achieved by cell focussing. Perturbations of the 

cell focussing system should cause a random placement of cells without common 

arrangements in different individuals. Therefore, I will assess next how the SCAR/WAVE 

mutants differ from the WT globally and how the observed phenotypes can be explained. 
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SCAR/WAVE mutants are less diverse when compared among themselves than 

when compared to the wildtype but still show substantial differences 

 

WT embryos, which feature very similar but not completely identical cell positions, show a 

correspondingly stereotypic pattern when analysed using distance maps (Schnabel et al. 

2006). This is of course reflected in the subtraction maps of two WTs, which mainly show very 

dark colours reflecting only little differences in cell positions (Figure 28). The AVD of a 

comparison of two WT embryos is 0.072 EL (Figure 28). As depicted before (Figure 25), the 

stereotypical patterns found in WT embryos are changed drastically in wve-1 and gex-3 

embryos. While the distance map of the embryo wve-1 #2 still fairly resembles the WT, the 

wve-1 #1 and gex-3 #1 embryos show no resemblance to the WT pattern anymore. This is 

also reflected by the subtraction maps showing a bright colouring indicating substantial 

differences. The dissimilarity of mutant embryos compared to the WTs measured by the AVD 

varies from 0.27 to 0.32 EL. Careful lineage analyses of these embryos show no evidence for 

fate transformations as an explanation for these aberrant patterns. Thus the observed 

disruptions in patterning can be interpreted on first sight as a bona fide cell focussing defect. 

When wve-1 and gex-3 embryos are compared, the dissimilarity is still high with AVDs ranging 

from 0.168 to 0.2 EL. This also indicates that the deviations of cell positions observed in the 

presented mutants, despite being on a similar global level of disorder, do not reproduce a 

common pattern. At first glance, it remains an open question how a loss of WVE-1 and GEX-

3 with a subsequent loss of branched F-actin (Patel et al. 2008) can cause this defective and 

variable patterning.  
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Figure 28  Pattern formation in SCAR/WAVE complex mutant embryos. Distance maps of wild type (N2), wve-
1 and a gex-3 embryo are arranged in a matrix as labelled. At the intersection of two distance maps the respective 

subtraction is shown together with the corresponding AVD for that specific comparison.  

To classify the level of disorder of the different wve-1 and gex-3 embryos, the AVD values of 

different mutants with known and unknown fate alterations were calculated by comparison to 

a consensus WT (Figure 29). The AVD of a bioinformatically produced only-mitosis embryo 

was also included in this assembly. In this artificial embryo the effective migrations have been 

completely subtracted and only the contribution of the mitoses remains to pattern the embryo.  
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Figure 29  Distribution of AVDs. The AVDs of different mutant embryos compared to the WT consensus are 
plotted from low values (left) to high values (right). The X-axis shows the different genotypes or conditions 

respectively. OM denotes an only-mitosis embryo with bioinformatically removed effective migrations. 

It is striking that embryos with known fate alterations causing cell rearrangements (apx-1, 

mom-5 and glp-1) show higher AVDs (and thus disorder) than all other embryos analysed here 

when compared to the WT, including the only-mitosis embryo where cells are only placed by 

the mitoses. The embryos without known fate transformations (fntb-1 and tag-335) both have 

lower AVDs but still show remarkable variance when compared to the WT. The comparisons 

of wve-1 and gex-3 embryos with WT embryos result in AVDs ranging from 0.27 to 0.32 EL 

(Figure 28), which is higher than the disorder of only-mitosis embryos (0.22 ± 0.03 EL; mean 

± SD, n=28; Table 32) but lower than in embryos of apx-1, mom-5 and glp-1. No fate 

transformations are observed in the analysed wve-1 and gex-3 embryos, suggesting that cells 

may be predominantly placed by mitoses in these embryos where the slightly higher AVD 

values may be explained by the residual effective migration. 

 

In summary, pattern formation is drastically changed in a variable manner in wve-1 and gex-3 

mutant embryos. The effect of wve-1 is dominant over the reorganisations observed in glp-1 

embryos as shown by the analysis of glp-1 wve-1 double mutants. Taken together, the results 

show that the normal patterning of embryos and the drastic reorganisations observed in glp-1 

– both realised by cell focussing – depend on the SCAR/WAVE complex activity. Considering 

the previously described role in the regulation of effective migrations, these results support the 

previously indicated function of the SCAR/WAVE complex in cell focussing. It appears that the 

indicated loss of cell focussing in mutants of the SCAR/WAVE complex causes mitoses to 

become the dominant patterning force. This notion will be addressed next. 

 

 

active rearrangements 
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MITOSES ARE THE MAIN PATTERNING FORCE UPON DISRUPTION OF THE 

SCAR/WAVE COMPLEX DURING C. ELEGANS EMBRYOGENESIS 

 

So far it is an open question of how the loss of SCAR/WAVE activity and the probable 

subsequent loss of actin branching affects the guidance of cells while they are still moving 

around. There are different possibilities to explain both, the reduced effective migrations and 

the loss of functional patterning. One possibility is that the cells may just be hampered in their 

migrations to the intended correct destinations. In this scenario the SCAR/WAVE complex 

would just be a supplementary agent supporting the translation of general movements to 

effective migration. To address this possibility the effective migrations of the embryo N2 #1 

were bioinformatically reduced to 60 % of their original magnitude, reflecting the strong effect 

on effective migrations in gex-3 (zu196) embryos. While reducing the effective migration, the 

orientation of the direction vector for each cell was saved. The patterning of this theoretical 

embryo is then compared to the WT and wve-1 cell arrangements (Figure 30).  

 

Figure 30  A reduction of effective migrations to SCAR/WAVE mutant levels alone is not sufficient to explain 

patterning effects. The only-X distance maps of N2#1, wve-1 #1, N2 #1 with effective migrations reduced to 60 % 

of the original value and N2 #1 without any effective migrations (only mitosis) are shown. 
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The distance map of the embryo with effective migrations reduced to 60 % of their original 

length resembles the WT distance map much more than that of the strong wve-1 (ok3308) 

mutant embryo (wve-1 #1) displaying a similar reduction of effective migrations (69,4 %). The 

simple reduction of effective migration only causes the pattern to “blur” a little bit compared to 

the original WT pattern. The wve-1 (ok3308) embryo, instead, much more resembles the 

bioinformatically generated embryo N2 #1 where all effective migrations have been reduced 

to 0 %. In fact, this embryo reflects an embryo where only the mitoses contribute to patterning 

(Figure 30, N2 #1 only mitosis). To achieve a more quantitative analysis, wve-1 (ok3308) and 

gex-3 (zu196) mutant embryos were compared to theoretical embryos with gradually reduced 

effective migrations varying from 100 to 0 % of their original length. Similarity was again 

elucidated using subtraction maps and AVD values (Schnabel et al. 2006; Memar et al. 2018). 

Both embryos show the least dissimilarity when compared to embryos with effective migrations 

that are reduced to 20 % of the original length of the WT. Thus, mitoses indeed become the 

main contributors to patterning upon the disruption of the SCAR/WAVE complex although the 

subtraction maps and the AVDs in these comparisons still indicate substantial differences with 

values of 0.220 or 0.216 EL respectively. These differences might be explained by cleavage 

angles, which in WTs are randomly deviating from the a-p axis by on average 40° during 

development (assessed by using the vectors of both daughter cells in reference to the last 

position of the mother cell).   

Due to this intrinsic variability in the mitoses directions along the a-p axis, the patterning in 

only-mitosis embryos exhibits a random element. When comparing different bioinformatically 

generated only-mitosis embryos with 0 % effective migration, the mean difference measured 

using the AVD is 0.22 ± 0.03 (mean ± SD, n=28) (Table 32; appendix). Embryos where cells 

lost their main guidance component seemingly cannot become more similar than that. Neither 

fate transformations in glp-1 (e2144) mutant embryos nor a loss of wve-1 activity seem to have 

an influence on the variability of mitoses and their influence on patterning. 

 

These measurements are consistent with the notion that the order of SCAR/WAVE mutant 

embryos corresponds to a reduction of effective migrations to 20 % although only a reduction 

to 60 % is measured. This striking discrepancy is addressed in the next section. It remains to 

be summarised that mitoses appear to be the main (random) patterning force when the 

WAVE/SCAR complex is disrupted. This reduces effective migrations to a degree that they are 

no longer contributing to the correct placement of cells. 
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Figure 31  Classification of the patterning in WAVE/SCAR complex mutant embryos. The top rows show 
3D representations and only-X distance maps of a series of N2 #1 derived embryos, where the effective 
migrations are gradually reduced from 100 % effective migration to an only-mitosis embryo. On the left side from 
top to bottom wve-1, gex-3 and N2 embryos are presented, again as 3D representations and only-X distance 
maps. At the intersections comparisons of the respective embryos are shown by a subtraction map of both only-
X distance maps and the corresponding AVD values below. For each genotype the comparison with the lowest 
variance is highlighted in orange. The variance was calculated using the AVD and calculating the sum of pixels 
of cells that are deviating in the respective comparisons. 
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Random rotations of shortened effective migrations reproduce the patterning 

phenotype observed in mutants of wve-1 and gex-3 

Due to the fact that cells are still moving and dancing normally in SCAR/WAVE mutants (Figure 

23 and Figure 63), the observed patterning defects resembling those in artificial embryos 

produced by placing cells by mitoses only with an additional displacement of 20 % of the 

normal effective migration need another explanation. A potential explanation for the observed 

reduction of effective migrations is that cells are not hindered in their movements but err 

randomly around upon the disruption of the SCAR/WAVE. This should finally result in cells to 

be placed at randomly wrong positions as it could indeed be demonstrated in wve-1 and gex-

3 mutants (Figure 27). As cells in this scenario err aimlessly around, no substantial changes 

in patterning should emerge in addition to the essentially random patterning of cells by mitoses. 

To simulate this scenario of randomly erring cells, new calculations based on the previously 

shown embryos with effective migrations reduced to 60 % of the WT were performed (Figure 

30). The shortened vectors of effective migrations of these embryos were additionally rotated 

randomly in all directions to simulate a complete loss of guidance. The resulting distance maps 

strongly resemble the pattern observed in the wve-1 (ok3308) mutant #1 (Figure 32).  

 

Figure 32  Randomly placed cells can explain wve-1 mutant patterning. The distance maps are arranged as 
depicted within the figure. Both simulations displayed were generated by shortening and subsequently randomly 
rotating the original effective migration vectors of N2 #1.  
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This procedure, however, does not recapitulate the migrations producing this pattern. This 

approach also results in situations not possible in nature with different cells potentially 

occupying the same positions. Despite resulting in a similar patterning, this simulation cannot 

be used to further test my hypothesis that cells in SCAR/WAVE mutants lack the guidance to 

their final positions. The problem is that the dance of cells is not considered in this simulation 

since only the effective migrations, normally resulting in the effective placement, are used. 

 

The Rac signalling pathway regulating actin dynamics is responsible for the translation of 

apparently random movements to effective migrations bringing the cells to the correct 

destinations. Mutants of the SCAR/WAVE complex have significantly reduced effective 

migrations while the movement of cells per se is not affected. Coinciding patterning defects 

converging towards a theoretical pattern that emerges only from the cellular displacements by 

mitoses can be observed. This indicates that the SCAR/WAVE complex executes signals 

integrated by ced-10/Rac1 to guide cell migrations. A loss of guided migrations can be 

simulated approximately by randomly turning shortened effective migration vectors, resulting 

in a pattern similar to that of wve-1 embryos. 
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RANDOM MOVEMENTS ACCOUNT FOR THE ABERRANT PATTERNING AND REDUCED 

EFFECTIVE MIGRATIONS AFTER DISRUPTION OF SCAR/WAVE ACTIVITY 

The loss of SCAR/WAVE activity is modelled using an agent-based model 

simulation of embryogenesis simulating randomly moving cells. Using 

appropriate realistic parameters, the agents reproduce the loss of SCAR/WAVE 

activity since the simulated embryos produce patterning defects and changes 

in migratory behaviour similar to those of the wve-1 and gex-3 mutants. This 

suggests that cells in the mutant dance unbiased and thus randomly. 

 

The patterning defects of wve-1 and gex-3 mutant embryos are based on random 

movements 

The previously described first approach to simulate the wve-1 loss of function phenotype with 

a random placement of cells supports the hypothesis that a loss of SCAR/WAVE activity 

causes random migrations. Thus, a more sophisticated agent-based model simulation was 

designed to allow a further consolidation of this hypothesis and to test its plausibility (Figure 

33). In agent-based modelling, cells act as individuals whose actions and interactions with one 

another model the whole system (Thorne et al. 2007). If the parameters are appropriately 

chosen, the emergent behaviour of the simulation is the same as in the natural system. This 

part of my work was done in close collaboration with the laboratory’s bioinformatician Christian 

Hennig who wrote the appropriate code. The simulation is designed to allow all AB-derived 

cells to act on their own while migrating randomly and continuously from the 8-AB stage to the 

256-AB stage. The algorithm starts with the preparation of the lineages of the cells considering 

parameters like cell cycle lengths, cell identities and corresponding radii, which are all based 

on distributions derived from actual embryos. Only the starting positions of the cells are directly 

transferred from the 12-cell stages of existing embryos. To elaborate the model, the original 

datasets of the embryos N2 #1, N2 #4 and wve-1 #1 were amended by tracing all cells at 35 

s/frame to provide a precise data base for the simulation. At this temporal resolution, the step 

sizes in WTs and wve-1 embryos are indistinguishable (Figure 62 and Figure 63). These data 

were used to determine the distribution of the movement step lengths along the X-, Y-and Z-

axes. The Z-axis, however, deviates in its resolution from the X- and Y- axes due to the 

microscopic recording as individual sections have a distance of about 1.1 µm. In contrast to 

the X-axis, the Y- and Z- axes are not fixed since embryos rotate variably in different 

recordings. Therefore, it was assumed that movements along all axes are the same. The 

distribution of step lengths for the Z-axis was, thus, assigned based on the X- and Y-

distributions, which indeed display no assessable differences (Figure 62, Figure 63 and Table 

8). 
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Figure 33  High level representation of the agent-based simulation model used to simulate the loss of a 

functional SCAR/WAVE complex. In the preparation step the lineage of each cell is prepared with corresponding 
cell radii depending on their identity and randomly determined cell cycle lengths (based on the original distributions). 
The coordinates of cells at the 12-cell stage are taken from actual embryos to define the starting positions. The 
movement simulation starts by randomly selecting a cell present at the chosen time (frame). The algorithm then 
determines whether the cell needs to move or divide. In both cases vectors are randomly generated based on 
respective distributions previously provided. It is then checked whether cells are too close to each other. In this 
case the step is denied and a new step is generated. If there is no collision with another cell, it is controlled whether 
or not the cell has moved through the egg shell. If the cell remained within the egg shell, the algorithm switches to 
the next cell, if not, another random step is generated. If no solution is found after the 256th time, the corresponding 
vector is shortened until the conflict is resolved. Conflicts are resolved analogously for mitoses with the difference 
that no new random vectors are created. 
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Similarly, the distribution of the contribution of mitoses to the cell transport was determined. To 

allow the individual cells to act independently of external inputs, the cell cycle lengths (frame 

numbers) of the three reference embryos were also determined to assess the distribution of 

cell cycle lengths for every cell at every stage. In the simulation each cell is assigned a specific 

cell cycle length, the next dancing step and the contribution of mitosis based on the choice of 

a random generator selecting the appropriate parameter from the respective distributions of 

the natural values. Additional restrictions were added to the simulation to create a model 

reflecting the wve-1 embryogenesis as close as possible.  

 Different cells are not allowed to take the same position (Figure 34). 

 Cells are not allowed to leave a spheroid surrounding the embryo, which simulates the 

constriction of the egg shell. 

 To simulate a regionalisation of cells derived from the same founder cell at the 12-cell 

stage (ABala, ABarp, MS …) observed in WT and mutants of the SCAR/WAVE 

complex, cells derived from the same founder cell are allowed to get closer to each 

other than those from a different. This rule is implemented within the “collision module”. 

 

 

Figure 34  Collision module of the simulation. Firstly, the algorithm assesses whether the two cells in question 
belong to the same or different regions derived from the founder cells at the 12-cell stage. Then the distance 
between the two cells is evaluated. For cells of the same region a distance smaller than 30 % of the cell radius is 
evaluated as a collision. Cells belonging to different regions are assessed as colliding when their distance is below 
80 % of their cell radius. 

 

 

 



Results and discussion 

58 

If cells infringe this set of rules, a new vector is applied to resolve the conflict for a maximum 

of 256 times. If a conflict is not resolved by this procedure, the vector is gradually shortened to 

minimise conflicts. This termination rule is implemented to avoid that the simulation cannot 

leave a cycle when no legal placement is possible. Using this framework, the algorithm 

continuously and randomly simulates the movement of all cells based on single cell entities 

until the premorphogenetic stage with 256 AB-derived cells. After 33 simulations seven 

simulated embryos with the least violations against these pre-set rules were selected for further 

analyses. This was necessary as the chosen parameters to implement a regionalisation of 

cells descending from the same founder cells cause deviations compared to natural embryos 

and it was impossible to resolve all collisions. In the simulations, the regionalisation ratio 

measured as the ratio of all neighbours of a cell to those with a common origin at the 12-cell 

stage varies from 0.62 to 0.8 with the neighbours of a cell being determined by assessing the 

seven cells closest to the reference cell. Those with values reflecting wve-1 embryos with a 

ratio close to 0.68 were chosen. WT embryos have a regionalisation value of 0.63 ± 0.01 (n=3). 

The embryos chosen for the analyses are also based on three different starting positions of 

cells.  

The analysis of the in silico embryos starts with a visual assessment of the 3D representations 

of nuclei. As expected, the y-like shape formed by the descendants of ABarp is lost as well as 

the general, normal organisation of the embryo in all considered simulations (Figure 35). Some 

cells in the simulations lose contact to their own region or intermingle within other regions, but 

for the most part cells form distinct regions as it is observed in the WT or wve-1 embryos. The 

in silico randomly simulated embryos also deviate, maybe not unexpectedly, from natural 

embryos in the aspect that they sometimes form holes in the embryo where cells detach from 

each other, resulting in a slightly more irregular shape of the embryo. 
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Figure 35  3D representations of in silico embryos at the premorphogenetic stage compared to WT #1 and 

wve-1 #1. The starting coordinates of the cells at the 12-cell stage are from N2 #2 (Simulation #1 and #2), N2 #1 
(Simulation #3) and wve-1 #1 (Simulation #6). All embryos have been rotated into the minimum of differences 
compared to N2 #1 as measured by the AVD. The descendants of the eight blastomeres at the 12-cell stage are 
coloured according to the code shown at the bottom of the figure (Schnabel et al. 1997). The arrowheads indicate 

irregularities and holes occurring in some simulated embryos. 

The holes might be caused by the regionalisation rule implemented in the “collision module” 

that is, for example, not balanced by a general adhesion component trying to keep all cells in 

contact with each other, independent of their origin. In nature cells usually do not easily detach 

from each other, especially not within the analysed 35 s intervals. In the simulation algorithm 

this detachment may happen when violations against the spatial restriction rule (collisions) are 

resolved. It becomes apparent in the simulated embryos that the 8-AB-derived regions derived 

from the founder cells of the 12-cell stage do not elongate any more and more or less form 

around the position they are born (Figure 36). This, after all, is expected when cells are moving 

randomly. In contrast, most regions in the WT finally occupy positions far away from their 
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ancestors at the 12-cell stage. In wve-1 mutant embryos the reduced spreading can also be 

observed, although not as strong as in the simulation. This can be best explained by a residual 

activity of wve-1 (for example caused by a maternal contribution). 

 

Figure 36  Manifestation of the regions derived from the founder cells at the 12-cell stage. The embryos N2 
#1, wve-1 #1 and simulation #1 are displayed from left to right. (A) 3D representations at the 12-cell stage. (B) The 
beelines of the eight AB-derived cells of the 12-cell stage indicate the expansion of the different regions based on 
their starting point at the 12-cell stage. (C) 3D representations at the 256-AB stage.The descendants of the eight 
blastomeres at the 12-cell stage are coloured according to the code shown at the bottom of the figure (Schnabel et 

al. 1997). 

Of course the agent-based model simulation has some shortcomings. The real embryo 

obviously resolves the collision problem as real cells are elastic bodies. Also, cell adhesion 

appears to be a very intricate process. Nevertheless, the formal handling of these processes 

in the in silico embryos further supports the notion that active and guided migrations are the 

main patterning force (Bischoff and Schnabel 2006b; Schnabel et al. 2006). The visual 

impression (Figure 35) is additionally quantified by calculating subtraction maps and AVDs of 

different embryos compared to in silico simulations (Figure 37). When the WT N2 #1 is 

compared to the random simulations, the mean resulting AVD is 0.382 ± 0.016 EL (mean ± 

SD, n=7; Table 33), which is even higher than that between wve-1 mutants and the WT (0.27 

to 0.32 EL). This highlights the drastic alterations compared to the WT and the power of 

random movements – normally supressed by cell focussing – displacing cells in a magnitude 

comparable to active reorganisations. The subtraction map of the comparison of N2 #1 and 
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simulation #1 highlights ABp-derived lineages normally spreading out along the anterior-

posterior axis (Figure 37). This is in line with the previous results that the different regions in 

the in silico embryos are hardly spreading along the anterior-posterior axis. Comparing random 

simulation #2 to embryo N2 #1, after effective migrations have been completely removed (N2 

#1 OM), results in an AVD of 0.28 EL, which is slightly above the range defined by the only-

mitosis embryo comparisons (0.22 ± 0.03; mean ± SD, n=28; Table 32, appendix). However, 

this is not surprising as cells in the simulation are migrating randomly – additionally to the 

placement by mitoses – and thus indeed should display larger average displacements. 

 

Figure 37  Categorisation of patterning in simulated random migration embryos. Distance maps are depicted 
as labelled in the figure with N2 #1, N2 #1 OM, wve-1 #1 and simulation #3 in the first row compared to the 
simulations in the second row. The subtraction maps in the third row are resulting from subtractions of the distance 
maps on top of one another. The corresponding AVD measuring the 3D disorder of cells of the respective 
comparisons is shown below the subtraction maps.  

The strong wve-1 (ok3308) mutant wve-1 #1 also exceeds this range defined by the only-

mitosis comparisons with an AVD of 0.309 EL by about 40 % when compared to a simulation. 

As only-mitosis embryos deviate from normal embryos in the respect that different cells may 

occupy the same positions, the mean level of disorder between the simulations #1 to #5 was 
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also assessed to determine a baseline of (dis)order caused by random migrations. This results 

in a mean AVD of 0.32 ± 0.01 EL (mean ± SD, n=10; Table 34, appendix). The aforementioned 

comparison of wve-1 #1 to simulation #5 results in a level of disorder of 0.31 EL. The mean 

AVD of seven simulations compared to wve-1 #1 and gex-3 #1 is 0.31 ± 0.04 EL (mean ± SD 

n= 14; Table 33, appendix), which is not significantly different from the mean disorder 

measured from the comparisons of simulations introduced before (p = 0.21). The lower 

dissimilarity of SCAR/WAVE mutants compared to WT embryos or each other (Figure 28) 

might be caused by either residual guidance activity in the mutants or other factors like cell 

adhesion not taken into account by the simulation. Finally, despite the high variance in different 

simulated embryos, they share common patterns. When a consensus embryo is calculated 

from seven different simulated embryos, the anterior-posterior patterning of cells visualised by 

distance maps is converging towards that of only-mitosis and wve-1 embryos, which can be 

expected when the effects of random migrations effectively cancel each other out (Figure 38). 

Despite the notable variance between the three distance maps, underlying similar patterns can 

be recognised. These observations further support the previous notion that the remaining 

effective migration of cells in wve-1 mutants cannot effectively change the patterning 

generated by the mitoses anymore. 

 

Figure 38  Agent-based model simulations converge to only-mitosis patterning. Distance maps are depicted 
as labelled in the figure with wve-1 #1, N2 #1 OM (only-mitosis) and a consensus of the seven simulated embryos 

used in this work (Simulation).  

Random migration simulations display a highly variable patterning deviating strongly from the 

normal WT pattern. Despite some differences between the wve-1 mutant and N2 only-mitosis 

patterning, the averaged consensus simulation appears consistent with my hypothesis that 

mutants in genes of the SCAR/WAVE complex execute essentially random migrations. 

Therefore, the migratory behaviour of the simulated embryos will be analysed in the next 

section. 
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The dance of cells without guidance causes reduced effective migrations similar 

to loss of SCAR/WAVE activity 

Since there are no indications for a bias in the dance of cells in wve-1 or gex-3 mutants, it 

remains a question how the loss of directionality and guidance influences the effective 

migratory behaviour. To address this, the in silico embryo simulations were analysed to 

evaluate whether a loss of guidance indeed explains the observed dance patterns in mutants 

of the RAC signalling pathway (Figure 39).  

 

Figure 39  2D projections of real and simulated cell movements of ABplapapa. (A) Data derived from WT #1 
(B-F) Different in silico embryos with randomly assigned dancing steps.  In blue the individual dancing steps of the 
movement are shown, while the effective migration is indicated in orange. Distances along the axes are plotted as 
pixel count values. The grid has a width of 1 µm corresponding to 9.8 pixel. 

Comparing the trajectory of the cell ABplapapa from N2 #1 at the 128-AB stage to trajectories 

of simulations without guidance, it becomes obvious that (long) effective migrations are indeed 

strongly reduced upon the loss of guidance. After this visual illustration, the migratory 

behaviour of all 122 cells used for the key-cell-analysis was analysed (Figure 40). To render 

the amount of migrations comparable to the previous analyses, the continuous steps along the 

Z-axis have to be transformed to discrete values corresponding to those of the microscopy-

derived data. This is achieved by dividing the Z-values by an empirically derived scaling factor 

from original embryos. Additionally, the simulated datasets have to be thinned out properly to 

correct an effect analogous to the coastline paradox (Mandelbrot 1967) where the values for 

the general movements rise proportionally to the sampling frequency. The number of 

coordinates in the in silico datasets was randomly pruned to correspond to the number in WT, 
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wve-1 (ok3308) and gex-3 (zu196) mutants. As expected, effective migrations calculated in 

the simulation (8.50 ± 0.82 EL; mean ± SD, n=7) are significantly lower than those previously 

described in WT embryos (11.5 ± 0.9 EL; mean ± SD, n=9). The lengths of effective migrations 

in the simulations converge to the range of 6.83 to 7.95 measured in gex-3 and wve-1 mutants 

(6.83 ± 0.93 and 7.95 ± 1.24 EL respectively; mean ± SD, n=4 and n=6). The difference 

between in silico and gex-3 embryos might be caused by features not or only insufficiently 

covered by the simulation. It was, for example, recently reported that the individual subunits of 

the WAVE regulatory complex of Dictyostelium discoideum have additional roles beyond the 

activation of the Arp2/3 complex (Litschko et al. 2017). This offers an explanation for the slightly 

stronger reduction of effective migrations of gex-3 mutants observed in this work. Considering 

this after all not large difference of only 20 %, the reductions of effective migration (compared 

to the simulation) are consistent with the notion that there is no or almost no residual guidance 

after the loss of SCAR/WAVE activity.  

 

Figure 40  General movements and effective migrations of WT and mutants of the SCAR/WAVE complex to 

randomly generated movement simulations. The left graph shows the general movement of the cells and the 
right graph the effective migration in normal, mutant and simulated embryos. The data were assessed using key-
cell analyses. The data are shown as scatter plot with mean values as bars and the error bars show SD. Only 
statistically significant changes compared to the simulation are marked by asterisks and were determined using t-
tests. The p values are not adjusted for multiple testing as each test represents a single theoretical experiment 
based on the hypothesis that the simulation shows an effect similar to mutants of the SCAR/WAVE complex. The 
results are clustered in a single graph for demonstration purposes. * p ≤ 0.05, ***  p ≤ 0.001. 

The general movements in the simulation (21.88 ± 1.78 EL; mean ± SD, n=7) are not 

significantly different to wve-1(ok3308) (22.9 ± 2.2 EL; mean ± SD, n=6) or gex-3 (zu196) 

mutants (20.5 ± 2.6 EL; mean ± SD, n=4) and also similar to WT embryos (25.1 ± 3.9 EL; 

mean ± SD, n=9), suggesting that the dance is recapitulated very well in the simulations. Also, 

the mean effective migrations were calculated for the individual developmental stages from 8- 

to 256-AB to assess whether the global reduction of effective migrations also correlates with a 

missing peak during the 64- and 128-AB stages as observed in wve-1 (ok3308) mutants 

(Figure 41).  
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The effective migrations in the simulations indeed display strong differences compared to the 

WT embryos at the 64- and 128-AB-stages. In the simulations the average effective migrations 

at the 64- and 128-AB stages are 0.073 ± 0.013 and 0.070 ± 0.008 EL (mean ± SD, n=3). 

Essentially, they are not changing substantially during development as it can be observed in 

wve-1 and ced-10 mutants (Figure 24). If the simulations and wve-1 embryos are directly 

compared, no significant differences in the average effective migrations can be detected 

throughout development (Figure 41). It is striking that the simulations reproduce the effective 

migrations of wve-1 and ced-10 at the 64- and 128-AB stages so closely. These data are 

consistent with the hypothesis that SCAR/WAVE regulated by Rac signalling directs the 

otherwise random movements of the dance of cells into guided migrations during these stages.  

 

Figure 41  Overview of average effective migration distances broken down to different developmental 

stages. The data are shown as scatter plot with mean values as bars and the error bars showing SD. Statistically 
significant differences are marked by asterisks and were determined by exact permutation tests using the R 
package coin (Hothorn et al. 2008). During the calculation the different stages are treated as if they were 
independent. This procedure is more conservative and thus does not distort the results although the stages are in 
fact dependent. * p ≤ 0.05. 

 

A complete loss of cell guidance is a valid explanation for the observed phenomena in mutants 

of members of the SCAR/WAVE complex. The globally reduced effective migrations normally 

peaking at the 64- and 128-AB stages, the levels of dissimilarity compared to normal embryos 

and the patterning of cells itself are consistent with the results in agent-based simulations 

where the effective migrations result only from randomly determined movements. In summary, 

I conclude that CED-10 dependent Rac signalling to the SCAR/WAVE complex mediates 

directionality to migrating cells throughout development, especially and with great intensity 

during cell focussing. Since a loss of CED-10 has the same effect as the loss of WVE-1 and 

GEX-3, it might be the only molecular switch integrating the signals of cell focussing. 
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THE ROLE OF SAX-3 IN PATTERNING THE C. ELEGANS EMBRYO 

 

Assessment of patterning defects in sax-3 embryos 

After establishing the signalling pathway transducing information perceived for cell focussing, 

it still needs to be elucidated how the signals translated by the SCAR/WAVE complex into 

guided migrations are displayed and perceived. The first potential cell focussing receptor 

emerging in this work is SAX-3, classified for its known upstream function in the CED-10/Rac 

signalling pathway. It is essential for ventral enclosure movements (Ghenea et al. 2005) and I 

observe a significant reduction of effective migrations in this work (Figure 23). In this context, 

I reanalysed 4D recordings from Julia Averbeck recorded during her bachelor thesis in the 

Schnabel laboratory (Averbeck 2007), starting with analyses of the 3D representations of cell 

positions (Figure 42). 

 

Figure 42  3D representations of sax-3 mutant embryos at the premorphogenetic stage compared to the 

WT. The different analysed sax-3 (ky123) embryos and the WT N2 #1 are depicted as labelled. The descendants 
of the eight blastomeres at the 12-cell stage are coloured according to the code shown at the bottom of the figure. 
The orientation of the embryos is indicated by the coordinate system on the right side of the colour code with anterior 

oriented to the left and dorsal facing to the viewer. 
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The 3D-representations show that the ABarp-derived left and right hypodermal V cells are 

migrating together and the normal Y-like structure of the ABarp descendants is not forming 

properly. The posterior lineages of ABarp cells are not unfolding laterally and the 

corresponding group of cells remains bar-shaped and shifted either to the left or right side, 

touching descendants of ABpra or ABpla (sax-3 #2-4), respectively, but not both. Similarly, 

lateral movements of descendants of ABplp and ABprp seem to be reduced as the ventral 

surface is not enclosed at the observed stage. This is in accordance with previous reports 

describing ventral enclosure defects in sax-3 mutants (Ghenea et al. 2005). 

Previously, sax-3 was not further considered to function in cell focussing because its ventral 

enclosure phenotype is very common and the sophisticated bioinformatic tools used in this 

work to analyse morphological phenotypes were not available more than 10 years ago. 

Therefore, the global pattering is now re-assessed by analysing anterior-posterior and 3D cell 

patterning. The only-X distance maps show no obvious deviations in the analysed sax-3 mutant 

embryos. The patterning along the anterior-posterior axis seems more or less normal. In 

contrast, the 3D distance maps of sax-3 embryos show stronger deviations when compared to 

the WT, raising the possibility that SAX-3 functions on the lateral axes of the embryo (Figure 

43). 

 

Figure 43  Anterior-posterior and 3D patterning in sax-3 mutant embryos. The top row shows only-X and the 
bottom row 3D distance maps. The first distance maps on the left show the WT N2 #1 as reference. 

 

SAX-3 is involved in the guidance of lateral movements 

For a more quantitative analysis of the observed deviations, the sax-3 mutant embryos were 

assessed by comparisons to the WT and bioinformatically generated embryos with reduced 

effective migrations. Here, subtraction maps and AVD analyses permitting a quantification of 

the average misplacement of cells were used to further assess the patterning defects in the 

different sax-3 (ky123) embryos. This strategy, already used before in the analysis of 



Results and discussion 

68 

SCAR/WAVE mutants (Figure 31), was chosen as the reduced effective migrations in sax-3 

(ky123) embryos resemble those in wve-1 or gex-3 mutants (Figure 23). It was also tested 

whether the previously described alterations in patterning (Figure 43) resemble those observed 

in the SCAR/WAVE mutant embryos, which converge to an only-mitosis patterning. All sax-3 

embryos display the smallest variations in anterior-posterior patterning when compared to the 

unmodified WT#1, which can be deduced as these comparisons show the overall darkest 

subtraction maps (Figure 44).  

 

Figure 44  Classification of the patterning in sax-3 mutant embryos. The embryos sax-3 #1-4 are compared to 
bioinformatically generated embryos with gradually reduced effective migrations ranging from 100 % to 0% of the 
original length using subtraction maps and the AVD method. The subtraction maps elucidate the differences in 
anterior-posterior patterning. Below each subtraction maps the AVD of each comparison is shown, additionally 
indicating the three-dimensional differences of cell positions. The least differences in anterior-posterior patterning 
are indicated by an orange frame surrounding the subtraction maps and the least difference in 3D patterning is 
indicated by the AVD values highlighted in orange. The numbers one to four denote the different sax-3 (ky123) 

embryos analysed. 

The differences are still larger than those of a comparison of different WTs and the individual 

sax-3 mutant embryos do not recapitulate a common pattern as the subtraction maps of the 

first column display a considerable variability. This resembles the mutants in the SCAR/WAVE 

pathway. The three-dimensional patterning assessed by comparisons to embryo N2#1 using 

the AVD method shows mean deviations of 0.185 ± 0.033 EL (mean ± SD, n=4), which is 
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substantially more than the AVD of 0.072 EL resulting from a comparison of N2 #1 and N2 #2 

but lower than the AVDs of 0.32 or 0.27 EL of wve-1 and gex-3 embryos. The AVD values, 

however, are reduced by a mean of 0.023 EL (~ 1.2 µm) when the sax-3 embryos are 

compared with embryos whose effective migrations were reduced. Embryo sax-3 #3, for 

example, features an AVD of 0.231 when compared to the normal WT embryo N2 #1. When 

the effective migrations are reduced to 60 % or 40 % the value decreases to 0.206 EL, but 

increases again to 0.209 EL (20 %) and finally to 0.217 EL with no effective migrations (0 % – 

only mitosis). Generally, the least deviations to WT embryos appear when the effective 

migrations are reduced in the range of 80 to 40 % of the WT level. These reductions, although 

weaker than those observed in wve-1 and gex-3 mutants (Figure 31), still indicate that the 

defects in the global order of sax-3 (ky123) embryos seems to follow the same logic as that 

seen in mutants of the SCAR/WAVE complex. This analysis also supports the previous notion 

that the global patterning along the lateral axes is stronger affected in sax-3 mutants than 

anterior-posterior patterning. This rather strange stronger displacement along the lateral axes 

is also seen in calculations of AVD values for each axis alone (Table 29; Equation 4). In WT 

embryos, only little variance between the individual axes can be observed. In sax-3 (ky123) 

embryos, however, the cells’ displacement is about twice as high along the Y- and Z-axes 

(0.076 ± 0.025 EL and 0.081 ± 0.008 EL) compared to the deviations along the X-axis (0.049 

± 0.011 EL), which are closer to the WT. While only the AVD of the X- and Z-axes differ 

significantly (p = 0.001) in sax-3 embryos, no significant differences between the axes can be 

observed in the WT and wve-1 embryos. 

Table 2  Overview of axes-specific AVD values. (Top) Mean AVD values of WT, sax-3, and wve-1 embryos are 
compiled for the individual axes (AVD X, AVD Y and AVD Z). (Bottom) Statistically significant differences were 

assessed by two- ailed paired (sax-3 vs. sax-3) or unpaired (sax-3 vs. WT) t-tests. 

 mean ± SD n 

Genotype AVD X [EL] AVD Y [EL] AVD Z [EL]  

WT 0.034 ± 0.008 0.041 ± 0.015  0.051± 0.014 4 

sax-3 0.049 ± 0.011 0.076 ± 0.025 0.081 ± 0.008 4 

wve-1 0.121 ± 0.012 0.102 ± 0.017 0.147 ± 0.014 3 
 

Comparison p value Comparison p value Comparison p value 

sax-3 X vs. WT X 0.070 sax-3 X vs. sax-3 Y 0.096 WT X vs. WT Y 0.096 

sax-3 Y vs. WT Y 0.053 sax-3 X vs. sax-3 Z 0.001 WT X vs. WT Z 0.001 

sax-3 Z vs. WT Z 0.012 sax-3 Y vs. sax-3 Z 0.655 WT Y vs. WT Z 0.655 

 

Despite showing weaker effects, the patterning in sax-3 embryos tends to that observed in 

wve-1 embryos which converges to an only-mitosis patterning. The results demonstrated here 

furthermore indicate a specific role for SAX-3 in guiding lateral migrations as displacements 

along the Y- and Z-axes are stronger than those observed along the X-axis.  
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THE MOTOR FOR THE DANCE 

Interestingly, in the extensive previous screens none of the analysed genes were found to 

regulate the dance of cells itself – cells are always moving even in cases where effective 

migrations are reduced substantially. Christian Wartenberg tried to address the open question 

of what is driving the dance of cells during a practical course by applying either cytochalasin 

D, colchicine or blebbistatin to embryos at the early 64-AB stage. These drugs should interfere 

with the most likely candidates for driving the movements observed in dancing cells – actin 

filaments, microtubules and myosin motors. These components are described as central in 

various different types of cell migrations (Vicente-Manzanares et al. 2005; Vicente-

Manzanares et al. 2007; Etienne-Manneville 2013). Blebbistatin is described as a non-muscle 

myosin II inhibitor, which in C. elegans was already shown to cause NMY-2 to dissociate from 

the germline cortex without affecting the actin cytoskeleton itself (Straight et al. 2003; Kachur 

et al. 2008). Cytochalasin D treatment is reported to disrupt actin filament networks increasing 

the number of filament ends (Schliwa 1982). Colchicine is reported to potently block the 

polymerisation of microtubules by forming a complex with tubulin that adds to the microtubule 

ends and by influencing the geometry between tubulin molecules (Margolis and Wilson 1977; 

Andreu and Timasheff 1982). Quite intriguingly, Christian so far was not able to affect the 

movements of the dance of cells in embryos treated with either of the described drugs. Despite 

this being preliminary evidence, these results stress the necessity to further investigate the 

motor of the dance. The only way to stop the dance of cells discovered so far is to kill the 

embryos using a summarised maximum intensity blue light (488 ± 9 nm) exposition of 100 s. 

During the 64-AB stage this results in cells abruptly standing still at the position occupied while 

being irradiated (Figure 45). Some movements of droplets can still be observed after this 

treatment, but mitoses entirely stop and nearing the end of the recorded 2.5 hours cells 

eventually swell up, indicating that osmotic homeostasis has ceased working. The assessed 

movements and displacements of cells within the analysed 35 s intervals are considerably 

reduced after the irradiation compared to before and then only within the range of the tracking 

error (Figure 59). This demonstrates that the movements of the dance are real and not just an 

artefact induced by the microscope recording as no changes in the recording setup are realised 

during that experiment. In addition to testing further drugs interfering with the cytoskeleton, the 

influence of other actin filament organising factors like formins (Liu et al. 2010) might be 

analysed for their role in either the dance of cells or cell focussing.  
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Figure 45  The dance of cells is actively regulated. 2D projections of the movements of two cells of one C. 
elegans embryo at the 64-AB stage (ABplappa and ABplpaaa). In blue the individual dancing steps of the movement 
are shown, while the effective migration is indicated in orange. Yellow points indicate coordinates assessed after 
the embryo was irradiated with 488 ± 9 nm blue light for 100 s. Distances along the axes are plotted as pixel count 
values. The cells are tracked at 255 consecutive frames for the duration of approximately 2.5 hours. The grid 

represents a width of 1 µm. 
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A TWO-STEP MODEL OF THE TRANSLATION OF THE DANCE OF CELLS 

INTO DIRECTED EFFECTIVE MIGRATIONS BY CELL FOCUSSING 

I conclude proposing a model integrating the results shown and discussed in this work so far 

(Figure 46). Cells in the C. elegans embryo migrate extensively to establish the body plan. 

Interestingly, the body plan is assembled by distinct and coherent regions before the onset of 

morphogenesis. The ordering migrations are a part of the fate of cells and depend on local and 

direct cell-cell interactions (Schnabel et al. 1997; Schnabel et al. 2006; Bischoff and Schnabel 

2006b). Previously, the Schnabel laboratory reported the general concept and framework of 

cell focussing itself. However, information on the nature of the necessary interactions as well 

as how cells translate perceived information remained elusive.  

 

Figure 46  Two-step model of the regulation of directionality by cell focussing during the organisation of 

cells into the body plan. (I) In the first step cells are active but randomly moving, driven in a yet unknown manner. 
(II) In the second step perceived signals are integrated via CED-10 (RAC1) which activates the SCAR/WAVE 
complex. This in turn activates the ARP2/3 complex to steer actin polymerisation to introduce a directional bias to 

the undirected movements of the first step. 

The model based on the cell focussing hypothesis elucidated here, derived from the analysis 

of cell behaviour, specifically addresses two aspects important for cell migrations: How are 

migrations initiated and how is positional information integrated? I propose that cell focussing 

guides cells in a two-step, interconnected mechanism. The basis are small but constant 

movements of individually acting cells that do not need to be specifically activated, which 

spares a complication. The active movements termed the dance of cells occur randomly on 

the short term of 35 s and strongly resemble the movements of the Brownian motion. A visible 

directional bias only emerges at larger time scales and is introduced in a second step acting 

independently of the motor of the dance. The molecular biological realisation of the second 

step – the introduction of a directional persistency – is initiated by the recognition of target 
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signals, perceived, for example, by SAX-3/ROBO. These are integrated by CED-10/RAC1 

which subsequently activates the SCAR/WAVE complex. This in turn activates the ARP2/3 

complex to polymerise branched actin filaments (Patel et al. 2008; Eden et al. 2002). The 

regulation of actin dynamics introduces the bias to the dance of cells, eventually steering the 

cells into the appropriate direction to reach the intended position in the body plan patterning 

the embryo. This way the general movement of a cell is decoupled from its guidance by 

perceiving positional information from surrounding cells. In line with this model, it was 

previously stated that the failure of ventral enclosure observed in mutants associated to RAC 

signalling correlates with altered protrusive activity in migrating cells associated with 

decreased filamentous actin accumulation (Patel et al. 2008). Such lammellipodia like-

protrusions are also observed in this work (Figure 9). The question of how the cortical 

enrichment of branched actin introduces the observed bias to the dance of cells remains as of 

yet mysterious. It is possible that lamellipodia-like structures introduce the directional bias 

in a way resembling the classical crawling. Although lamellipodia are not easily visible in 

the densely packed C. elegans embryo, they are indicated by the observable cortical 

dynamics (Figure 7 and Video 1). Alternatively, the local regulation of cortical actin may 

locally influence the rigidity of the cell, thus biasing the direction of the next dancing 

step. A behaviour similar to that observed in SCAR/WAVE deficient C. elegans embryos is 

also seen in mouse ARPC3-/- fibroblast cells. ARP2/3 deficient cells exhibit defects in the 

directional persistency, causing a considerable delay of wound enclosure in a wound healing 

assay. The directional persistency in these cells is even lost in the presence of strong 

chemotactic gradients of EGF. The migration of mouse embryonic fibroblasts per se, as in C. 

elegans, is not depending on the ARP2/3 complex (Suraneni et al. 2012; Lahmann 2013; 

Ziegler 2013). This supports my notion that a loss of SCAR/WAVE activity directly upstream 

causes a loss of cellular directional persistency in the in vivo context of the premorphogenetic 

development of C. elegans. The question for what is driving the dance of cells and thus the 

movements still remains open. Further experiments to block the polymerisation of actin 

filaments, microtubules or motor proteins during the 64- and 128-AB stages might answer that 

question. 
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ADDITIONAL EXPERIMENTS 

INVESTIGATING AND ESTABLISHING CANDIDATES FOR THE 

SPECIFICATION OF ADDRESSES 

 

The first part of this work established the mechanics of how cell focussing translates positional 

information (addresses) into directed migrations to specific appropriate positions in the body 

plan. According to the cell focussing hypothesis, cells sort through a series of local cell-cell-

interactions, which are assumed to be mediated by membrane-associated addresses (Bischoff 

and Schnabel 2006b; Schnabel et al. 2006). The nature of these addresses and corresponding 

receptors, however, is still unknown with only one potential receptor identified so far (SAX-3). 

It is possible that cells display various different classes of molecules in variable numbers to 

their surroundings resulting in what we observe as address-related behaviour. Alternatively, 

following the fact that cell fates are specified in a binary manner (Kaletta et al. 1997), a variation 

of only eight molecules (addresses) could be enough to unambiguously mark all AB-derived 

cells at the premorphogenetic stage (28=256). One molecule more would be enough for a 

freshly hatched larva with its 558 (29=512) cells and with ten molecules (210=1024) all somatic 

cells of an adult hermaphrodite could be identified and ordered. Therefore, I focus here on the 

search for components of the actual cell address system, as one receptor alone likely falls 

short in organising the complex patterns orchestrated by cell focussing. 

First, I will turn my attention on glycosylation patterns. Their involvement as potential 

addresses was first hypothesised, based on good evidence, by Nadin Memar and Jennifer 

Juras. New candidate genes for addresses as well as receptors are then searched by an RNA-

seq approach comparing wild type and mutant embryos expected to display significantly 

changed sets of address-related genes. The rationale of this strategy is that the drastic cell 

rearrangements in glp-1 embryos are caused by the presence of only two of the normally eight 

different blastomere identities at the 12-cell-stage (see Figure 4 and Figure 47 (Hutter and 

Schnabel 1994)). These changes of blastomere identities should be visible in changed 

transcriptomes in comparison to WT embryos. 
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Figure 47  Schematic overview of hypothesised cell fate dependent address changes in glp-1 embryos.  

 

GLYCOSYLATION PATTERNS – (NOT) AN EXPLANATION FOR 

REGIONAL ADDRESSES? 

N- and O-linked glycosylation are essential for the morphogenesis and fate 

determination in C. elegans. Strong reductions of glycosylation cause Wnt or 

Delta/Notch like phenotypes. Cell focussing, however, is not critically impaired 

after a strong reduction of N-glycosylation since the patterning of cells is not 

substantially altered. Also the reduced effective migrations, observed after a 

strong reduction of N-linked glycosylation, are not caused by a defect in the 

guidance system. 

 

Analysing mutants from a large screen for ts lethal mutants, Nadin Memar identified the 

mutation t3091 as a potential cell focussing mutant (Memar 2012). It is an allele of the gene 

pmm-1 coding for an orthologue of the human phosphomannomutase-2. This enzyme plays a 

central role in N-linked glycosylation by providing GDP-mannose, which is necessary for the 

formation of all N-linked glycans (Varki 2009; see Figure 48). N-glycans display a high 

variability of structures with more than 100 different N-glycans that have already been identified 

in the wild type strain N2 of C. elegans (Paschinger et al. 2008). All N-glycans share a common 

core sequence (Manα1-6(Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAcβ1-Asn-X-Ser/Thr, Figure 48 

B), which is further modified to produce highly variable structures (Varki 2009). pmm-1 

embryos show aberrations in the migratory behaviour of cells and in their positioning. These 

defects, the plethora of possible glycosylation patterns and a possible correlation of the N-

glycan composition to the fates of ABala and ABarp in glp-1 mutants (Geyer et al. 2012), 

motivated Nadin to hypothesise that glycosylation patterns (N- and O-linked) at the cell surface 

may code for the “addresses” postulated in the cell focussing hypothesis (Memar 2012).  
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Figure 48  Aspects of N-glycosylation. The abbreviated synthesis pathway of GDP-Mannose (A; modified from 
(Burda and Aebi 1999) and (Memar 2012) and main classes of N-linked oligosaccharides (B; modified from (Varki 

2009) are shown. The core structure shared by all N-glycans is highlighted in grey. 

The potential involvement of glycosylation was further addressed by Jennifer Juras and myself, 

screening the RNAi library of Julie Ahringer (Kamath et al. 2003) for embryonic lethal 

phenotypes of genes relevant for glycosylation. The results of this screen are summarised in 

the master thesis of Jennifer Juras (Juras 2015). Fourteen candidate genes were identified in 

this screen and further analysed by an RNAi feeding approach. Considering N-linked 

glycosylation, the most promising candidate was tag-335, which is coding for an orthologue of 

human GDP-Mannose Pyrophosphorylase B, lying downstream of pmm-1 in the synthesis 

pathway of GDP-Mannose (Figure 48). In RNAi feeding experiments tag-335 causes 94 % 

lethality (see Figure 50, A for terminal phenotypes). Using 4D-microscopy and bioinformatic 

analyses, Jennifer showed that cells occupy aberrant positions in premorphogenetic embryos. 

Cells also have reduced effective migrations. A completely analysed embryo displays an 

effective migration of 33 EL compared to 47.8 ± 5.8 observed in wild type embryos (mean ± 

SD, n=7). Interestingly, this reduction of effective migrations does not coincide with a reduction 

in the general movement of cells (107.9 EL), which lies in the range of wild type embryos with 

a general movement of 101.9 ± 16.6 EL (mean ± SD, n=7) (Juras 2015). This appears 

consistent with the hypothesis that N-glycans are involved in cell guidance but not he dance. 

The second class of glycosylation are O-linked glycans. A major part of this group belongs to 

the mucine type of O-linked glycans, which can be found ubiquitously in mucus, on cell 

surfaces and bodily fluids and are frequently antigenic (Hakomori 1999; Schwientek et al. 1999; 

Varki 2009; Johnson et al. 2013). The simplest mucine type O-glycan is an N-

acetylgalactosamine (GalNAc) covalently linked to a serine or threonine residue of a protein 

by the enzyme polypeptide N-acetylgalactosaminyltransferase (ppGalNAc-T). This enzyme 
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defines the starting point for the synthesis of the known core structures of mucine type O-

glycans (Figure 49; (van den Steen et al. 1998; Hagen and Nehrke 1998; Varki 2009)). The 

core 1 structure, also called T-antigen for its antigenicity, is the most frequent of the mucine 

type O-glycans and is the basis for the synthesis of more elaborated structures (van den Steen 

et al. 1998; Varki, 2009); see Figure 49). 

 

Figure 49  Mucine type O-glycan core structures (from (Juras 2015); modified from (Johnson et al. 2013)) 

In an RNAi feeding experiment no embryonic lethality or phenotype whatsoever could be 

assessed for the genes gly-4, gly-5, gly-7, gly-8 and C27D9.1, which are involved in O-

glycosylation (Juras 2015). It was postulated before that this may be due to the high 

redundancy of genes responsible for O-linked glycosylation processes. C. elegans has at least 

eight genes known to code ppGalNAc-Ts (Schachter 2004). Therefore, it could not be 

assessed whether O-linked glycans have an effect on patterning or not. To cope with the 

redundancy, Jennifer proposed to analyse a knockdown of the C. elegans T-synthase 

homologue, since this glycosyltransferase has only one copy in the genome of C. elegans (Ju 

et al. 2006; Juras 2015). 

Following this proposition, I analysed the strain VC1706 carrying a balanced knock out allele 

of C38H2.2 encoding a T-synthase (Ju et al. 2006). Even though C38H2.2 (ok2175) 

homozygote worms are generally sterile (Wormbase.org), some eggs can still be found. All 

seven embryos analysed by 4D-microscopy were embryonic lethal with most of them 

displaying an aberrant morphogenesis without obvious defects in tissue specifications resulting 

in a “scrambled egg” phenotype (Figure 50 B).  
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Figure 50  Terminal phenotypes of (A) tag-335 (RNAi) and (B) C38H2.2 (ok2175). Scale bar 10 µm. 

Lineage analyses using SIMI©BioCell revealed that four out of seven embryos showed a glp-

1 like phenotype as indicated by specific aberrant cell death patterns and anterior migrations 

of TL (ABplappppp), implying an ABala fate of the cell (Hutter and Schnabel 1994, 1995). Since 

GLP-1, the C. elegans Notch receptor homologue, is known to be N- as well as O-glycosylated, 

this finding corresponds to the expectations (Blair, 2000; Brückner et al., 2000). Furthermore, 

mucine type O-linked glycosylation of the Core 1 type generally seems to be essential for the 

correct execution of morphogenesis as embryos still die, even when cell fates are executed 

correctly. The analysis of migratory behaviour, however, revealed no aberrations in C38H2.2 

(ok2175) mutants. The general movement (26.92 ± 1.036 EL; mean ± SD, n=3) and effective 

migration (12.11 ± 1.41 EL; mean ± SD, n=3) of cells do not differ significantly from the wild 

type (Figure 51). This indicates that the previously observed reduction of effective migrations 

in a tag-335 (RNAi) background is specific for N-linked glycosylation. C38H2.2 was not further 

analysed as sporadic cell fate changes hamper the assessment of changes in pattern 

formation and no aberrations in the migratory behaviour were observed.  

The analysis of more tag-335 (RNAi) embryos interfering with N-glycan synthesis using a key-

cell-analysis (Figure 56, Figure 57 and Figure 58, supplementary material) confirmed the 

observations of Jennifer. No evidence for cell fate changes as a cause for the aberrant 

positioning of cells were found, indicating that these are caused by the already described 

migratory aberrations only. The mean effective migration of tag-335 (RNAi) embryos in the 

key-cell analysis is significantly reduced to 8.26 ± 0.23 EL (mean ± SD, n=3), which 

corresponds to 72.8 % of the wild type level (Figure 51). The question remaining, however, is 

whether the guidance system is affected in tag-335 (RNAi) embryos or not. An alternative 

explanation for a reduction of effective migrations could be that cells cannot migrate efficiently 

anymore. In that case cells still aim for their intended destinations by migrating into the correct 

direction but fail to reach the proper position in the body plan. 
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Figure 51  Overview of the migratory parameters upon deficient glycosylation. The left graph shows the 
general movement of the cells and the right graph shows the effective migration of N2 (n=9) and after inactivation 
of N- and O-linked glycosylation (n=3). The data are analysed using scatter plots with mean values and error bars 
show SD. Statistically significant changes compared to the wild type (N2) are marked by asterisks and were 
determined by a one-way ANOVA followed by Dunnett’s multiple comparisons test. *** = p < 0.001. 

To distinguish the alternative scenarios only-X distance maps were evaluated (Figure 52). As 

described before, anterior-posterior patterning is slightly but distinctly altered (Juras 2015). 

However, the WT pattern can still be recognised in the blurred tag-335 (RNAi) distance maps 

despite the in part drastic changes of the positions of cells in 3D representations of the nuclei. 

To assess whether cell focussing is truly affected, I again followed the previously described 

idea established by Marcus Bischoff and again challenged the system using a glp-1 (e2144) 

background for the analysis of tag-335. This time a tag-335 RNAi feeding experiment was 

conducted in a glp-1 (e2144) mutant background (Figure 52). 

 

Figure 52  The influence of deficient N-linked glycosylation on anterior-posterior patterning. Only-X distance 
maps are depicted as labelled in the figure. The distance maps of wild type and glp-1 embryos are compared to 

corresponding embryos after a knockdown of tag-335 RNAi (feeding). 
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As described before, the drastic reorganisations observed in a glp-1 (e2144) mutant (see 

Figure 4; (Bischoff and Schnabel 2006b; Schnabel et al. 2006) should uncover any possible 

cell focussing or guiding defect induced in tag-335 (RNAi) embryos because of the drastic 

requirement of the cell focussing process under this specific circumstances. The general 

distance map picture after a tag-335 knockdown compared to the distance map of a glp-1 

(e2144) embryo is not substantially altered. If anything, the pattern is slightly blurred, which 

may be merely caused by a small impairment of cell movement.  

 

Thus, as the glp-1 (e2144) pattern is still formed, it is likely that the cell focussing system does 

not depend on N-linked glycosylation. It is an interesting question, though not addressed in 

this work, which process causes the blurring of the distance maps. However, one could 

speculate that the N-linked glycosylation may be involved in the reading of the addresses. In 

summary, I conclude that after a strong reduction of N- and O-linked glycosylation cells still 

know where to go, suggesting that the address system of cell focussing is still present. 

Therefore, I will discuss next how further candidates for a contribution to cell focussing can be 

identified. 
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RNA-SEQ AS A MEANS TO UNRAVEL POTENTIAL ADDRESS CODING 

GENES 

While all cells of an organism are equal in respect to their genome, different cells differ in their 

equipment of mRNAs (transcriptome) and proteins (proteome). According to the cell focussing 

hypothesis, cells have unique identities that cause a differential arrangement of cells. This 

means that these identities should have a physical counterpart. Because fate transformations, 

as observed in glp-1 mutant embryos, cause a new systematic arrangement of cells (Schnabel 

et al. 2006), it can be assumed that the change of addresses should also be reflected at the 

level of mRNA and subsequently proteins. Thus, as a means to identify the addresses, 

Jenniffer Juras and Cathrin Struck prepared an RNA-seq experiment to elucidate the 

transcriptomes of temperature sensitive glp-1 (e2144) and apx-1 (t3208) embryos with their 

known fate alterations (Hutter and Schnabel 1994, 1995) as well as the WT (compare Figure 

4). Using liquid culture cultivation to harvest large amounts of embryos, the worms were shifted 

to the restrictive temperature of 25°C when most of the population reached the L4 stage while 

growing at 15°C. Embryos were harvested by bleaching when the great majority had not 

progressed further than the premorphogenetic stage. This resulted in a mixed-stage culture 

from just fertilised to comma-staged embryos, which was subsequently frozen using liquid 

nitrogen for later sequencing. The RNA-seq procedure, with the isolation of RNA, depletion of 

ribosomal RNA, cDNA synthesis, subsequent Illumina sequencing with paired end reads (75 

bp) and the eventual annotation of reads was done by Adam Warner in the context of a 

cooperation. My analyses of this work started with lists of normalised (RPKM) and raw count 

values annotated to specific genes (Table 17; both original data sets are attached). Further 

analyses were then conducted using R and appropriate software packages acquired from 

http://bioconductor.org. 

 

Quality control, exploratory analyses and data visualisation  

The transcriptome data analyses are based on the DESeq2 software determining differentially 

expressed (DE) genes based on the read counts per gene and taking into account a low 

number of replicates (Love et al. 2014). Before the evaluation of DE genes, the different 

datasets were assessed for plausibility using heatmaps of Euclidian sample-to-sample 

distances as well as PCA (Pearson 1901) plots (Figure 53). These plots are based on rlog-

transformed values of the resulting DE gene data sets and were used to assess overall 

similarity between samples and to check whether they reflect the expectations from the 

experimental design. Practically speaking, it was tested whether the samples of a specific 

genotype are more closely related with each other than with the other genotypes. Looking at 

the heatmaps, it is clear that the datasets of a single genotype are indeed more similar to each 

http://bioconductor.org/
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other than to other genotypes. Only the data of N2_2 and t3208_3 are grouped closer to the 

respective other group. This is also observed in the PCA plot. As a mixing-up of the different 

samples could not be ruled out conclusively, the datasets were excluded for further analyses. 

Furthermore, e2144_3 was excluded as it did not cluster with the other two glp-1 related 

datasets. The mutant t2732 was also analysed together with the already mentioned glp-1 and 

apx-1 mutants relevant for this thesis. This mutant was first isolated by Arendt Hintze and 

further analysed by Katharina Luthe (Hintze 2007; Luthe 2013). Over the years, the mutant 

was characterised with a probable adhesion phenotype and could be linked to the seemingly 

nematode specific gene M01G5.1 by Cathrin Struck and Henning Schmidt. As it is not certain 

yet whether the previously described changes in t2732 coincide with fate alterations, the data 

from this mutant was only used to strengthen the quality assessment by raising the numbers 

of individual datasets. 

 

Figure 53  Heatmaps of sample-to-sample distances and PCA plots based on rlog-transformed values. (A) 

Before the exclusion of the datasets highlighted by red circles. (B) After the exclusion of the data sets.  
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The specific mutants show distinct and comparable expression profiles. This notion is further 

supported when the genes with the highest variance across all samples are analysed (Figure 

54). When both the 30 (A) and 250 (B) genes with the highest variance are plotted and 

highlighted according to their relative deviation from the mean across all samples, the different 

genotypes display an overall high similarity. These two examples further emphasise the 

similarity between the same genotypes as well as the distinction of different ones. As the 

exploratory data analysis reflects the expected differences of glp-1 and apx-1, the respective 

datasets were used to determine differentially expressed genes compared to the WT.  

 

Figure 54  Explorative data analysis. Two heatmaps of relative rlog-transformed values are shown. (A) Based on 
30 genes displaying the highest variance across all samples. Based on 250 genes displaying the highest variance 
across all samples. Relative deviations from the mean across all samples are coloured according to the colour code 
on the right. 
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DIFFERENTIAL GENE EXPRESSION ANALYSIS 

To determine candidate genes contributing to cell focussing, the DE genes of the mutant 

conditions were determined using the DESeq2 programme (Love et al. 2014). This programme 

takes differences in sequencing depth and differences in library composition into account 

before statistically testing for significant differences in gene expression by normalising the read 

counts beforehand. To normalise the count values, the influence of outliers is reduced and 

genes with zero read counts in one or more samples are excluded, trying to focus on putative 

housekeeping genes expressed equally across all samples. After determining p values based 

on the normalised counts, genes with too few counts are removed as they would disturb the 

following Benjamini-Hochberg correction (Yoav Benjamini 1995) at the threshold of α = 0.05. 

DE genes for glp-1 and apx-1 were determined using the WT strain N2 as a reference and 

summarised (Table 3). Approximately half of the about 20000 genes of C. elegans were 

excluded from the analysis due to too small count values across all samples. Among the 

remaining roughly 10000 genes, 22.8 % are differentially expressed in the glp-1 and 30 % in 

the apx-1 background. These lists were further used as starting point for the search for 

candidate genes of cell focussing. 

 

Table 3  Summarised results of the differential expression analysis. The number of differentially expressed 
genes with either a positive or negative log2 fold change (LFC) value is displayed based on the genes with a 
nonzero total read count. The p values in DESeq2 are calculated using the Benjamini-Hochberg adjustment to 
account for the false discovery rate. 

N2 vs glp-1 N2 vs apx-1 

Out of 9777 with nonzero total read count Out of 10538 with nonzero total read count 

adjusted p-value < 0.05 adjusted p-value < 0.05 

LFC > 0 (up)   662 (6.8 %) LFC > 0 (up)   1158 (11 %) 

LFC < 0 (down) 1610 (16 %) LFC < 0 (down) 2007 (19 %) 

mean count < 13 mean count < 10 

 

As cell focussing acts on the level of single cells directly interacting with each other, the 

corresponding gene products responsible for the guidance of migrations should be displayed 

at the surface of cells. Because of this and the prospective cell focussing receptor SAX-3 

established before in this work, the resulting lists were matched with transmembrane protein 

coding genes compiled in a work of the Hutter laboratory (Suh and Hutter 2012) (Figure 55). 

As the AB-derived fate changes in glp-1 and apx-1 are well known (Hutter and Schnabel 1994, 

1995), the main focus should also lay on genes differentially expressed in both mutant 

genotypes. Filtering the DE gene lists according to both of these criteria results in a list of only 

106 remaining candidate genes. 
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Figure 55  Venn diagram showing the overlaps of DE genes of glp-1 (e2144), apx-1 (t3208) and genes 

containing a transmembrane domain (TM genes). The Venn diagram was generated using the online tool from 

http://bioinformatics.psb.ugent.be/webtools/Venn/ 

This dataset of 106 potential membrane-associated genes differentially expressed in glp-1 and 

apx-1 mutant embryos was further sorted in meaningful bits and was grouped in four broad 

categories corresponding to the fate changes in the mutants: 

1) Genes presumably linked to the ABala fate. 

Up regulated in glp-1 (e2144) and apx-1 (t3208) (Table 4). 

2) Genes presumably linked to the ABp fate. 

Down regulated in glp-1 (e2144) and apx-1 (t3208) (Table 9). 

3) Genes presumably linked to the ABalp and ABara fates. 

Down regulated in glp-1 (e2144) and up regulated in apx-1 (t3208) (Table 10). 

4) Genes presumably linked to the ABarp fate. 

a) Genes up regulated in glp-1 (e2144) and not differentially expressed in apx-1 

(t3208) (Table 11). 

b) Up regulated in glp-1 (e2144) and down regulated in apx-1 (t3208) (Table 12). 

 

The only blastomere identity multiplied in both glp-1 (e2144) and apx-1 (t3208) mutants is 

ABala (four times in glp-1 and two times in apx-1). Genes coding for addresses related to the 

ABala fate should, thus, be enriched in list 1) which is exemplarily discussed (Table 4).  
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Table 4  Overview of genes predicted to contain transmembrane domains up regulated in glp-1 (e2144) and 

apx-1 (t3208). The first column shows the gene names or sequence IDs. The second shows vertebrate homologues 
or basic gene descriptions (accessed from www.wormbase.org). Mean RPKM values also based on the raw 
datasets used for the differential expression analysis are shown. Fold changes of gene expression in glp-1 and apx-
1 are shown as measured compared to the wild type based on raw count values determined using DESeq2. The 
list is ordered from the highest RPKM in the wild type to the lowest. Deviations of mean RPKM and fold changes 

may be explained by different normalisation procedures. 

  mean RPKM Fold Change 

Gene / 

sequence ID 

Blast matches / 

Description 

WT glp-1 apx-1 glp-1 apx-1 

clec-266 Isoform 2 of C-type lectin 

domain family 10 member A 

224.1 715.5 535.8 2.43 2.75 

aqp-2 Isoform 1 of Aquaporin-3 35.5 165.7 53.0 3.39 1.79 

T09B4.5 No information available 23.8 65.9 78.0 1.79 3.16 

F18C5.10 No information available 16.5 40.8 36.4 1.96 2.87 

F59F4.2 Stress-associated 

endoplasmic reticulum 

protein 2 

9.9 26.9 40.6 2.13 5.94 

T23B3.2 No information available 3.8 10.7 39.2 2.41 11.79 

C30G4.4 No information available 2.4 2.3 5.8 2.23 2.75 

tag-275 Isoform 1 of Disintegrin and 

metalloproteinase domain-

containing protein 28 

2.1 10.7 3.6 3.27 2.06 

M04B2.7 No information available 1.5 1.7 3.1 2.31 2.69 

C48E7.1 No information available 1.3 7.6 4.2 4.53 3.78 

F52E1.9 TMEM55B (transmembrane 

protein 55B) and TMEM55A 

(transmembrane protein 

55A) 

1.2 5.6 3.0 3.25 3.23 

Y54G2A.11 No information available 0.7 1.8 1.3 3.46 3.01 

cutl-26 No information available 0.7 2.2 1.1 3.61 2.73 

nac-1 Solute carrier family 13 

member 5 

0.5 3.3 1.2 4.32 2.87 

slo-2 Isoform 2 of Potassium 

channel subfamily T 

member 1 

0.4 0.6 0.9 2.38 3.03 

kcnl-1 Isoform 1 of Small 

conductance calcium-

activated potassium 

channel protein 3 

0.3 0.4 0.6 2.89 2.93 

tsp-11 Tetraspanin-6 0.2 1.3 0.6 4.41 4.08 

R173.3 Isoform 1 of Neuroligin-4 0.2 0.4 0.4 3.16 3.73 

dpy-1 Isoform 2 of Collagen alpha-

1(XII) chain 

0.1 0.3 0.3 2.89 4.03 

F23F12.3 Solute carrier family 22 

member 7 

0.1 0.3 0.2 2.13 2.16 
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The other queries can be found in the supplementary material section and are only briefly 

discussed. In both glp-1 (e2144) and apx-1 (t3208) mutant embryos ABp and derived fates 

should not be specified. Thus, genes correlated to addresses of ABp-derived cells might be 

present in category 2) and correspondingly for the other sets. Using the web-based application 

STRING (https://string-db.org (Snel et al. 2000; Szklarczyk et al. 2017)) it was analysed 

whether an enrichment of interactions, functional terms (GO (Ashburner et al. 2000; The Gene 

Ontology Consortium 2017) or KEGG terms (Kanehisa and Goto 2000; Kanehisa et al. 2016)) 

exists within this set of genes. However, except for two interactions within this set of 20 genes 

no functional enrichments could be determined in this set of potential ABala-related 

transmembrane protein coding genes. This is unexpected as neuronal related genes should 

be highly enriched in this set of genes as the blastomere ABala – on which the queries are 

aimed for – produces mostly neuronal cells (Sulston et al. 1983). One can speculate that the 

mixed-staged culture of embryos analysed is too young to detect sufficient quantities of 

neuron-specific genes. Screening for enrichments in the combined queries aiming for ABarp 

related genes (Table 11 and Table 12; supplementary material), however, fifteen putative 

interactions are reported in contrast to two expected in a random gene set of this size. 

Additionally, this dataset shows functional enrichments expected with a prevalence of ABarp-

related genes. Among others the GO terms “cell adhesion” (GO:0007155 ) and “molting cycle, 

collagen and cuticulin-based cuticle” (GO:0018996) are enriched. These two can be 

associated with hypodermal cells dominantly produced by the ABarp blastomere. 

In apx-1 (t3208) mutants two blastomeres adopt the ABara fate and three the ABalp fate while 

both of them are missing in glp-1 (e2144) mutant embryos. Category 3) should correspondingly 

contain genes associated to addresses derived of these blastomeres. ABarp-derived genes 

should be enriched in category 4a) with genes up regulated in glp-1 (e2144) mutants, but not 

differentially regulated in apx-1 (t3208). There should be no blastomere identities multiplied in 

glp-1 (e2144) while missing in apx-1 (t3208) (Hutter and Schnabel 1994, 1995). However, 

depending on how gene expression is affected in Delta/Notch mutants additionally to the 

known fate alterations and how gene expression is affected in P1-derived cells, some genes 

related to ABarp might be down regulated in apx-1 (t3208) mutants, although the blastomere 

identity is still present. This might explain the 23 genes found in category 4b). Interestingly, 

sax-3 as a likely cell focussing receptor is differentially expressed in apx-1 (t3208) mutants 

only. Being down regulated, sax-3 might be associated with an ABp-derived blastomere 

identity, although it should then also be downregulated in glp-1 mutant embryos. Displaying 

ventral enclosure defects with the ABplp- and ABprp-derived regions not touching anymore, 

sax-3 (ky123) embryos support this notion. What does not match are the defects of sax-3 

embryos in the ABarp-derived lineage. These cannot be explained by the differentially 

expressed gene sets analysed here. It was previously reported that sax-3 is expressed in 

https://string-db.org/


Results and discussion – additional experiments 

88 

ventral neuroblasts and hypodermal cells during ventral enclosure without specifying which 

cells exactly (Ghenea et al. 2005). Further work will address the question in which cells sax-3 

is expressed exactly. This might support the notion of an expression in ABp-fate-derived cells, 

despite the problems addressed before. In the previous analysis of differentially expressed 

genes the fold change of expression is not taken into account. An alternative approach 

searching for address-related genes is looking at the fold changes of gene expression. Here, 

the genes with a fold change of expression reflecting the relative changes in blastomere 

identity composition can be chosen as candidate genes. A query for ABara candidate genes 

(1.5 – 2.5 fold upregulation in apx-1 and unspecified down regulation in glp-1) produced nearly 

the same list of candidates as can be found in category 3) with only one gene missing. A similar 

query for ABalp candidates (2.5 – 3.5 fold change in apx-1) showed no genes falling in that 

category. It was further tested whether the DE gene lists contain any chemokines as this family 

is already known to guide cell migration (Wolpe and Cerami 1989; Murphy et al. 2000). 

However, a comparison of the DE genes derived from glp-1 and apx-1 mutant embryos 

compared to a list of putative chemokines and chemokine receptors by Nagarathman et al. 

(Nagarathnam et al. 2012) resulted in no matches. 

 

Closing remarks 

Despite producing large sets of differentially expressed genes, the DE gene lists contain 

surprisingly few reasonable cell focussing candidate genes. As the AB-derived blastomeres 

do not produce regions of uniform cells but complex patterns of different tissues (Sulston et al. 

1983), the rationale between this simple hypothesis of an enrichment or decrease of address-

related genes might fall short. Perhaps the chosen approach of bulk sequencing mRNA pooled 

from variably staged whole embryos does not offer the appropriate resolution to identify 

address-related genes. This problem might be resolved by the recently emerging use of single 

cell RNA-seq approaches during the embryogenesis of C. elegans (Tintori et al. 2016). It is 

also possible that the right candidates are already within the compiled lists of differentially 

expressed genes, but we fail to notice them due to our lack of knowledge how addresses are 

specified. Some candidate genes have already been chosen and RNAi experiments or mutants 

will be analysed to gain new insights. So far, the focus laid on genes with an expression of at 

least 10 RPKM in at least one of the conditions analysed. If this does not prove to be 

successful, genes with lower expression might also be considered. The data sets are also a 

good resource to double-check proteomics results – a project still worked on in the Schnabel 

laboratory in the context of a cooperation with the laboratory of Lothar Jänsch. As protein 

translation from mRNA is tightly regulated, not all genes found to be differentially expressed 

here are necessarily translated in the same level. This is supported by preliminary mass 

spectrometry data of N2, glp-1(e2144) and apx-1 (t3208) embryos provided by Lothar Jänsch 
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and Daniel Meston. In a first list of 2967 identified proteins, only 18 are also found in the list of 

transmembrane domain containing genes differentially expressed in both glp-1(e2144) and 

apx-1 (t3208): pigv-1, rnr-2, clec-266, hpo-3, sel-1, pgl-1, hpo-19, letm-1, dhhc-6, evl-18, sac-

1, mogs-1, noah-1, scav-3, wht-2, hpo-5, pmr-1 and noah-2. Moreover, similarly to the 

transcriptome data analysed in depth, the preliminary analyses of the mass spectrometry data 

revealed no reasonable cell focussing candidate genes at a first glance. 

As the posterior daughter and granddaughter of ABplapp strives forward in a glp-1 (e2144) 

mutant background immediately after the mitosis, reflecting the fate transformation to ABala, 

the molecules guiding it forward need to be either already present at the time of mitosis or later 

modified very promptly. Thus, another possibility recently discussed in the Schnabel laboratory 

is that cells might not differ in the set of displayed molecules and receptors. Instead, all cells 

could contain the same set of signalling molecules but differ in modifications of these. If this 

were true, the identification of addresses would be a very demanding task technically. 

However, of the plethora of possible protein modifications, so far only glycosylation was 

analysed in depth but does not seem to be responsible for differentiating addresses of cell 

focussing.  
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VIDEOS REFERENCED IN THIS WORK 

Table 5  Videos referenced in this work with accompanying descriptions 

File name  Description 

Video 1 - Cortex of 

moving cells 128 AB 3 - 5 

fps 

Cellular and cortical dynamics of the three cells displayed in 

Figure 7 during the 128-AB stage. Each dot represents a point 

on the cell cortex visualised by Lifeact::mKate2. The lines 

connecting the dots are interpolated. The centre dot was 

assessed as the visually determined centre of the cell. The grid 

has a width of 1 µm. The playback rate of the video is 5 fps. 

One frame corresponds to 35 s of the original recording. 

Video 2 - Constant 

movements of cells at 

high temporal resolution 

This video shows the development of embryo 

DF_N2_128_1s_2, which is also the source of Figure 8 and 

Figure 9 recorded at a temporal resolution of 1 s/frame 

The playback rate of the video is 25 fps. 

Video 3  - Constant 

movements of cells 

This video shows the development of embryo 

DF_N2_128_1s_2, which is also the source of Figure 8 and 

Figure 9 at the standard temporal resolution of 35 s/frame. The 

playback rate of this video is 5 fps. 

Video 4 - Dance of cells 

in a zebrafish embryo 

Video of the embryo “Position005renamed” provided by Ulrike 

Theisen on which the Danio rerio track of Figure 16 is based. 

The original record has a temporal resolution of 35 s/frame. 

The playback rate of this video is 20 fps. 

Video 5 - Dance of cells 

in a Drosophila 

melanogaster embryo 

Video of the embryo DF_dros_1c on which the Drosophila 

melanogaster track of Figure 16 is based. The original record 

has a temporal resolution of 35 s/frame. The playback rate of 

this video is 20 fps. 

Video 6 – Dance of cells 

in a MEF wounding assay 

Video of the recording “20110919 AB01_05” showing a 

wounding assay experiment on which the MEF track of Figure 

16 is based. The original record has a temporal resolution of 5 

min/frame. The playback rate of this video is 10 fps. 

Video 7 – Dance of cells 

in a Thulinia stephaniae 

embryo 

Video of the embryo HH_HypsUSA_5_a on which the Thulinia 

stephaniae track of Figure 16 is based. The original record has 

a temporal resolution of 45 s/frame. The playback rate of this 

video is 10 fps.  

Video 8 – Dance of cells 

in an Oikopleura dioica 

embryo 

Video of the embryo RS_OIKO_scn9 on which the Oikopleura 

dioica track of Figure 16 is based. The original record has a 

temporal resolution of 35 s/frame. The playback rate of this 

video is 10 fps. 

Video 9 – The dance of 

cells before and after the 

irradiation of the embryo 

with blue light 

Video of the embryo DF_N2_LED_Kill_2B on which the tracks 

of Figure 45 are based. The original record has a temporal 

resolution of 35 s/frame. The playback rate of this video is 20 

fps. 
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KEY-CELL-ANALYSIS 

Lineage analyses can become rather time-consuming as each embryo has to be analysed until 

the premorphogenetic stage. Even when only the AB-derived lineage with its 504 cells is 

traced, an experienced experimenter needs up to five days to analyse one embryo. The key-

cell-analysis was established as an alternative to reduce the work load of classical lineage 

analyses while keeping the analytic strength of whole embryo examinations. To establish a 

key set of lineages, a set of 26 AB-derived cells occupying characteristic positions at the 

premorphogenetic stage and their respective sister cells was chosen (see Figure 56).  

 

Figure 56  Overview of key cells and their respective sister cells at the premorphogenetic stage. The cells 
are shown as 3D representations of their nuclei which were assessed using SIMI©Biocell. The WT #1 reference 
embryo with the colour code (bottom) indicating cell fates is depicted (Schnabel et al. 1997). The embryo is shown 
from dorsal (A) and ventral (B) view. On the right side the key cells and their respective sister cells are highlighted 

and shown in the embryonic context. 

 

This set of cells reflects specific neighbourhoods and represents all eight AB-derived regions. 

Stereotypical cell behaviour like long migration distances as well as particular fates such as 

hypodermal cells or cell deaths were also taken into account. This way only 122 cells in total 

have to be tracked to assess the development until the premorphogenetic stage, compared to 

504 cells when all AB-derived cells are examined. With this reduction it is possible to analyse 

ten embryos in a single week. To assess the validity of the new key-cell-analysis, its 

quantitative results concerning cell behaviour were compared to that of the standard analysis. 

This reveals that looking at the key-cells produces slightly increased values and a higher 

variance when the deviation factors (the quotient of the movement of a cell and its effective 

migration (Findeis 2013)) of different wild types are examined (see Figure 57 left). When 
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different mutants are evaluated, the key-cell-analysis also produces slightly higher values than 

the complete analysis (approximately 10 %). Nevertheless, when different experimental 

conditions are compared, both analyses do not differ drastically in their results (see Figure 57 

right), showing that the chosen cells are well-suited to assess the migratory behaviour of cells.  

 

Figure 57  Comparison of key-cell and complete analyses. The left plot shows a scatter plot of the DFs of 
several wild types. On the right side the DFs of embryos with different genetic backgrounds are plotted with matching 

samples linked by a line. 

It was then tested whether the chosen set of cells is suitable to predict or show changes in the 

pattern formation of embryos. For this, the set of key cells and their respective sister cells at 

the 256-AB stage were used to calculate distance maps and each pixel was magnified eight 

times to allow an easier assessment. Looking at these maps, it is easily possible to recognise 

the wild type pattern (Figure 58 A and B). For glp-1, apx-1 or mom-5 (Figure 58 C, D and E) 

the final characteristic patterns can also be recognised easily when the distance matrices of 

these 26 cells are compared. Lastly, the AVD values of the standard analysis were compared 

to those of the key-cell-analysis. Again, no obvious deviations could be discovered. The 

average AVD difference of wild types is 0.09 ± 0.01 EL in the standard analysis compared to 

0.08 ± 0.02 EL in the key-cell analysis (n=6). The same is true when looking at glp-1 embryos 

with AVDs of 0.44 ± 0.02 EL and 0.41 ± 0.01 EL respectively (n=3).  

Summing up, I concluded that the use of key cells is a suitable measure to elevate the 

throughput of analyses without distorting the results significantly. This methodological 

improvement, together with an improved assessment of aberrations in migratory behaviour 

established previously (Findeis 2013), simplifies the identification of cell focussing mutants. If 

not mentioned otherwise, the measurements of migratory behaviour in this work are referring 

to key-cell analyses. 
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Figure 58  Comparison of key-cell-derived distance maps with their corresponding distance maps at the 

premorphogenetic stage. The left column shows the key-cell-derived distance maps with only 24 cells considered. 
To allow an easier visual assessment, each pixel was magnified by a factor of 8. The right side shows the 
corresponding distance maps with 256 evaluated AB-derived cells. The maps of two different wild types, a glp-1 

embryo, an apx-1 embryo and a mom-5 embryo are shown. 
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TRACKING ERROR 

The strength of the lineage analysis in assessing movements of cells was evaluated by 

assessing the tracking error (Figure 59). It is apparent that all tracks follow the same path. To 

quantify the deviations, precursors of V6L at the 64- and 128-AB stage have been tracked 

multiple times in the same embryo. The mean of those tracks was determined and the deviation 

of the individual tracks to that mean was calculated. The tracking error was determined by 

calculating the mean and standard deviation from the previously calculated deviations, 

resulting in a value of 0.8 ± 0.65 pixel at the 128-AB stage. As only discrete pixels are assessed 

in the lineage analysis, the tracking error was rounded up to two pixels to be on the save side. 

 

Figure 59  Assessment of the tracking error. 2D projections of the movements of the precursor of V6L at 

the 64- (left) and 128-AB stage (right). Each colour represents an independently executed track. The width of the 
grid corresponds to 1 µm. 
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ASSESSING THE POWER OF THE FOURIER ANALYSIS 

To assess the power of the fast Fourier algorithm used for the analysis shown before (Figure 

12), a supplementary analysis was carried out (Figure 60). Sinusoid curves composed from 

the known frequencies of 1/3, 1/8 and 1/15 Hz were added to the original values of the analysis 

shown before (Figure 12). The artificially introduced signals are distinctly recognised by the 

used algorithm, displaying distinct peaks at the known frequencies. 

 

Figure 60  Fourier transformation of a composed signal. A signal composed from a sinusoid curve with the 
superimposed frequencies 1/3, 1/8 and 1/15 is plotted against time (A). (B) The result of a Fourier transformation 

conducted on the data of (A) using an FFT algorithm. 
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IDENTIFICATION OF TS MUTANTS 

In my master thesis I investigated ts embryonic lethal mutants from a previously conducted 

mutagenesis screen (Memar 2012; Wiekenberg 2012; Luthe 2013). The phenotype-causing 

variants of ts embryonic lethal mutants were identified in a collaboration with the Moerman 

Laboratory (UBC Vancouver). Whole genome SNP mappings (Doitsidou et al. 2010) were 

carried out on mutant strains after three iterations of outcrossing with the marker strain 

DM7448. This resulted in compiled lists with homozygous candidate variants in genomic 

regions without an enrichment of DM7448 SNPs. The phenotype-causing variant was then 

identified by complementing the mutant with either a suitable fosmid or a crossing with a 

reference strain carrying a reference allele. GE4600 was shown to carry an allele of fntb-1 by 

a complementation with the fosmid WRM0630cG04 (Table 1 and Table 21). The phenotype-

causing variant of GE4721 was identified as an allele of pmr-1 by a crossing with AZ5 pmr-1 

(ru5) (kindly provided by Vida Praitis (Praitis et al. 2013)) (Table 1, Table 6 and Table 22). 

Table 6  Summarised results of the complementation test of the strains GE4721 and AZ5. The table shows 
the summarised counting results of different strains and crossings at the restrictive temperature of 25 °C. N2 is the 
WT reference, GE4721 the strain to be tested and AZ5 is a reference strain known to carry an allele of pmr-1. The 

table is based on raw data from Table 23 and Table 24. 

 Embryonic lethality [%] n (eggs) n (countings) 

N2 0.5 ± 0.7 887 5 

GE4721 97,9 ± 1,5 527 5 

AZ5 75.9 ± 11.7 639 5 

F1 GE4721 x N2 3,8 ± 3,2 801 5 

F1 GE4721 x AZ5 81,7 ± 5,9 1221 15 

 

Table 7  Candidate genes resulting from WGS SNP mapping of GE5891 with fosmids suitable for 

complementation tests. Asterisks mark fosmids not containing all isoforms of the corresponding gene to be 
complemented. 

Gene Chromo

some 

Position Nucleotide 

change 

Amino acid 

change 

Fosmid 

F49B2.3 I 14312605 T to C L to S WRM063dF12 

osm-9 IV 3554178 G to A S to L WRM065bE12 

Y43B11AL.1 IV 7067755 C to T S to L WRM0632cG08 

cla-1 IV 7624615 C to T P to S WRM0623cD10* 

WRM066dA02* 

sru-6 IV 9490924 C to T S to L WRM0610aD04 

pges-2 IV 10366546 C to T G to E WRM0630dF01 

prx-14 IV 11183813 C to T L to F WRM0633cC01 

B0001.3 IV 12144377 C to T G to R WRM0627cG03 
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ARRANGEMENT OF CELLS IN SCAR/WAVE MUTANTS 

As a first measure to evaluate mutants of the SCAR/WAVE complex, the arrangement of cells 

was assessed using 3D representations of nuclei of embryos lineaged until the 

premorphogenetic stage (Figure 61). The mutants of the SCAR/WAVE complex are not 

identical but share some common features. Most prominent is the aberration in the region 

formed by the descendants of ABarp. In all mutants analysed, the descendants of ABarp loose 

the typical “y” shaped structure. In embryo wve-1 #1 the region does not elongate properly but 

spreads nearly spheroidal. The other common feature visible at first sight is the loss of a proper 

ventral enclosure and gastrulation, which has already been described before (Soto et al. 2002; 

Patel et al. 2008). 
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Figure 61  3D representations of embryos without SCAR/WAVE activity. The cells at the premorphogenetic 
stage are shown as 3D representations of their nuclei assessed using SIMI©Biocell. The N2 #1 WT embryo is 
shown as reference. The embryos are oriented as shown by the coordinate system below the 3D-
representations. The P-derived lineage was only partially assessed in the embryos wve-1 #2, wve-1 #3 and gex-
3 #1.The left column displays the embryos with the dorsal side towards the viewer. The right column shows the 

ventral side. The colour code indicating cell fates is depicted at the bottom of the figure (Schnabel et al. 1997). 
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DISTRIBUTION OF STEP SIZES AND ORIENTATIONS 

To provide a database for the agent-based model simulation, the individual step sizes of cells 

were assessed in 35 s intervals throughout the whole embryogenesis till the 256-AB stage. As 

the Z-axis deviates from the other axes, it needed to be tested whether the z-components of 

individual steps could be simulated based on the X- and Y- distributions. To analyse this 

visually, the abundance of steps of a certain length decomposed to the contribution along the 

X- and Y-axes were counted and plotted individually at the 128-AB stage for wve-1 #1 and N2 

#1 respectively (Figure 62).  

 

Figure 62  The distributions of step lengths in WT and wve-1 embryos are indistinguishable. The step lengths 
of N2 #1 and wve-1 #1 embryos during the 128-AB stage are plotted against their abundance. The X- and Y- 
components of the original steps are separated and plotted individually as indicated by the colour code. Negative 

and positive values indicate the orientation of the step along the respective axis. 

Negative and positive values reflect the orientation of the steps along the respective axes. Both 

N2 #1 and wve-1 #1 display a distribution that, despite failing the normality test, do not deviate 

strongly from a normal distribution (Table 8). No significant differences between the X- and Y-

distributions of the individually analysed embryos could be detected at the analysed 128-AB 

stage (Figure 63 and Table 8). Additionally, only small and not significant differences could be 

assessed when the X- and Y-distributions of N2 #1 are compared; the same is true for the X- 

and Y-distributions of wve-1 #1. Further respective comparisons of the X- and Y- distributions 

of N2 #1 with those of wve-1 #1 lead to the same result 
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This is further stringent evidence that the dance of cells is not affected upon the loss of 

SCAR/WAVE activity. The results furthermore indicate that the Z-components of steps in the 

agent-based model can indeed be generated based on the X- and Y-components data. 

 

Figure 63  Box plot of the step lengths in WT and wve-1 embryos at the 128-AB stage. The medians of the 
respective X- and Y- components of steps of N2 #1 and wve-1 #1 are plotted as labelled. The box surrounding the 
median denotes the upper and lower quartile of values. The whiskers indicate the range from the lowest to the 
highest value. Significance was tested using either paired (dx N2 vs. dy N2 and dx wve-1 vs.  dy wve-1) or unpaired 
(dx N2 vs. dx wve-1 and dy N2 vs. dy wve-1) t tests. Parametric tests were used to compute p values although the 
distributions are not normal as the test is robust, the n is high and the distributions do not differ substantially from 
normal distributions (Figure 62 and Table 8). 

 

Table 8  Summary of statistical analyses of X- and Y- component distribution of steps. (Top) Main aspects 
of the distribution of step sizes derived from Table 36 are summarised. Skewness and kurtosis describe the 
symmetry and peak of the distribution respectively. (Bottom) The test results depicted in Figure 63 are summarised. 
Partial eta squared values are a measure for effect sizes (Cohen 1973). The unpaired tests (bottom two) display 
the difference between means instead of the mean of differences. 

General distribution parameters 

 mean ± SD [px] Skewness Kurtosis 

dx N2 0.01 ± 2.75 -0.01 0.47 

dy N2 -0.04 ± 2.80 -0.01 1.01 

dx wve-1 0.06 ± 3.70 -0.03 0.75 

dy wve-1 -0.01 ± 3.23 0.04 0.59 
 

Summarised t test results 

 P value Mean of differences  

± SD [px] 

Partial eta squared 

dx N2 vs. dy N2 0.20 0.05 ± 3.90 0.0002 

dx wve-1 vs. dy wve-1 0.13 -0.07± 4.35 0.0003 

dx N2 vs. dx wve-1 0.24 0.05 ± 0.04 0.00008 

dy N2 vs. dy wve-1 0.52 0.03 ± 0.05 0.00002 
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CANDIDATE GENES FOR AB-DERIVED, BLASTOMERE-LINKED 

ADDRESSES 

 

Potential ABp (ABpla, ABplp, ABpra and ABprp) fate-linked address specifying 

genes 

This set of differentially expressed genes contains the genes down regulated in both glp-1 and 

apx-1 mutants. As ABp is not specified in both mutants (Hutter and Schnabel 1994; compare 

Figure 4), genes encoding addresses or receptors for cells derived from ABpla, ABplp, ABpra 

and ABprp should be represented in this set. 
 

Table 9  Genes predicted to contain transmembrane domains commonly down regulated in glp-1 (e2144) 

and apx-1 (t3208). The first column shows the gene names or sequence IDs. The second shows vertebrate 
homologues or basic gene descriptions (from www.wormbase.org). Mean RPKM values based on the datasets 
used for the differential expression analysis are shown. Fold changes of gene expression in glp-1 and apx-1 are 
shown as measured compared to the wild type based on raw count values using DESeq2. The list is ordered from 
the highest RPKM in the wild type to the lowest. Deviations of mean RPKM and fold changes may be explained by 
different normalisation procedures. 

  mean RPKM Fold Change 

Gene / 

Sequence ID 

Blast matches / 

Description 
WT glp-1 apx-1 glp-1 apx-1 

rnr-2 Ribonucleoside-

diphosphate reductase 

subunit M2 

1502.5 1039.6 590.5 0.53 0.51 

slc-17.2 Solute carrier family 17 

(Anion/sugar transporter). 

member 5, isoform CRA_a 

373.7 255.1 128.9 0.52 0.46 

pigv-1 GPI mannosyltransferase 2 342.6 238.8 120.2 0.53 0.46 

hpo-3 Isoform 1 of 

Glycosylphosphatidylinositol 

anchor attachment 1 protein 

189.3 122.2 88.1 0.52 0.56 

F11A10.5 Isoform 2 of Suppressor of 

tumorigenicity 7 protein 

175.4 115.6 66.1 0.50 0.50 

sel-1 Isoform 1 of Protein sel-1 

homolog 1 

149.8 113.2 56.3 0.57 0.49 

pgl-1 P-Granule abnormality; 

predicted RNA-binding 

protein containing C-

terminal RGG box motifs # 

145.1 106.0 44.5 0.55 0.40 

C18E9.2 Translocation protein 

SEC62 (preprotein 

translocation factor) 

132.7 95.3 58.3 0.55 0.56 

hpo-19 Isoform 2 of NADH-

cytochrome b5 reductase 3 

130.4 101.1 65.7 0.59 0.64 

F36A2.9 Isoform 2 of Phospholipase 

B1, membrane-associated 

128.2 87.8 46.9 0.52 0.50 
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  mean RPKM Fold Change 

Gene / 

Sequence ID 

Blast matches / 

Description 
WT glp-1 apx-1 glp-1 apx-1 

letm-1 Isoform 1 of LETM1 and 

EF-hand domain-containing 

protein 1, mitochondrial 

122.7 96.1 46.3 0.59 0.50 

F54D7.2 Ethanolaminephospho-

transferase 1 

112.9 80.3 47.1 0.55 0.55 

T13H5.8 Isoform 1 of Cleft lip and 

palate transmembrane 

protein 1-like protein 

110.7 78.2 35.9 0.54 0.42 

dhhc-6 Isoform 1 of Probable 

palmitoyltransferase 

ZDHHC6 

103.2 70.3 36.1 0.52 0.45 

C42C1.8 Isoform 2 of Major facilitator 

superfamily domain-

containing protein 7 

95.9 55.9 30.2 0.44 0.41 

evl-18 Cell division control protein 

45 homolog 

94.2 65.3 31.9 0.52 0.44 

K09E9.3 Glycerophosphodiester 

phosphodiesterase 1 

90.9 69.5 33.1 0.60 0.53 

ZC155.4 Glycerophosphodiester 

phosphodiesterase 1 

86.6 56.2 41.2 0.50 0.60 

sac-1 Phosphatidylinositide 

phosphatase SAC1 

85.1 70.2 25.3 0.63 0.38 

mogs-1 Mannosyl-oligosaccharide 

glucosidase 

85.0 65.6 32.0 0.59 0.49 

R166.2 Isoform 1 of Cleft lip and 

palate transmembrane 

protein 1 

80.0 63.9 24.7 0.61 0.40 

catp-6 Isoform A of Probable 

cation-transporting ATPase 

13A2 

71.6 54.9 25.9 0.58 0.50 

fat-4 fatty acid desaturase 1 70.6 59.2 30.9 0.65 0.54 

scav-3 Lysosome membrane 

protein 2 (ortholog of 

human CD36 antigen) 

70.0 58.0 27.1 0.64 0.50 

B0041.5 Predicted transmembrane 

displaying similarity to the 

F5 subfamily of solute 

carrier family 35 (SLC35F5) 

proteins 

69.3 49.2 29.5 0.54 0.55 

wht-2 Isoform 1 of ATP-binding 

cassette sub-family G 

member 2 

68.9 54.3 33.6 0.60 0.64 

C47E12.2 ADP/ATP translocase 1 68.1 43.4 34.8 0.49 0.66 

yif-1 Protein YIF1A (Yip1 

interacting factor A, 

66.4 54.1 24.6 0.64 0.49 
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  mean RPKM Fold Change 

Gene / 

Sequence ID 

Blast matches / 

Description 
WT glp-1 apx-1 glp-1 apx-1 

membrane trafficking 

protein) 

hpo-5 Isoform 1 of GPI 

transamidase component 

PIG-S 

62.7 49.8 21.0 0.61 0.43 

pmr-1 Isoform 4 of Calcium-

transporting ATPase type 

2C member 1 

61.3 47.7 21.1 0.60 0.45 

mspn-1 Isoform 1 of ATPase family 

AAA domain-containing 

protein 1 

58.7 42.0 28.1 0.55 0.62 

lin-12 Neurogenic locus notch 

homologue protein 2 

58.3 40.4 13.4 0.55 0.31 

imp-3 Predicted to have aspartic-

type endopeptidase activity 

58.2 43.7 23.4 0.59 0.52 

F56A11.5 Isoform 1 of MOSC domain-

containing protein 2, 

mitochondrial 

56.2 36.7 26.4 0.50 0.61 

dhhc-3 Palmitoyltransferase 

ZDHHC3 

55.0 39.5 23.3 0.58 0.56 

syx-18 ZDHHC3 (zinc finger 

DHHC-type containing 3) 

and ZDHHC7  

54.2 40.7 19.4 0.57 0.47 

F54F7.6 No information available 44.7 31.8 13.1 0.55 0.40 

Y48E1B.2 NOA1 (nitric oxide 

associated 1) 

39.0 29.4 11.9 0.59 0.40 

wht-7 Othologous to human 

ABCG1 (ATP binding 

cassette subfamily G 

member 1) and ABCG4 

39.0 26.5 11.7 0.53 0.40 

C01B10.9 Ectonucleotide 

pyrophosphatase/phosphod

iesterase family member 4 

33.7 22.3 11.6 0.51 0.44 

moc-3 Adenylyltransferase and 

sulfurtransferase MOCS3 

29.6 20.3 10.6 0.53 0.45 

mboa-2 Diacylglycerol O-

acyltransferase 1 

29.0 24.4 14.7 0.64 0.63 

R05G9.3 No information available 28.7 16.5 13.9 0.44 0.62 

K07F5.12 Isoform 1 of 

Transmembrane protein 

144 

21.5 12.8 8.4 0.47 0.53 

ZK858.5 TM2D2 (TM2 domain 

containing 2) 

21.5 16.1 10.1 0.58 0.61 

C16C10.1 Solute carrier family 25 

member 40 

20.7 14.3 8.5 0.55 0.55 
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  mean RPKM Fold Change 

Gene / 

Sequence ID 

Blast matches / 

Description 
WT glp-1 apx-1 glp-1 apx-1 

C27A7.6 Isoform 1 of Major facilitator 

superfamily domain-

containing protein 7 

18.0 10.1 12.2 0.45 0.59 

piga-1 Isoform 1 of 

Phosphatidylinositol N-

acetylglucosaminyltransfera

se subunit A 

17.5 13.9 7.1 0.63 0.51 

ncx-1 sodium/calcium exchanger 

1 isoform B 

13.8 10.3 4.4 0.59 0.47 

rhr-1 Rhesus blood-group 

associated glycoprotein 

11.9 5.3 2.9 0.35 0.32 

ugt-64 UDP-

glucuronosyltransferase 1-1 

11.0 8.3 4.6 0.60 0.56 

inx-11 INX-10, isoform b 10.5 8.1 3.3 0.63 0.52 

ant-1.4 ADP/ATP translocase 1 5.4 1.0 1.4 0.18 0.29 

 

Potential ABara and ABalp fate-linked address specifying genes 

Table 10  Overview of genes predicted to contain transmembrane domains down regulated in glp-1 (e2144) 

and up regulated in apx-1 (t3208). The first column shows the gene names or sequence IDs. The second shows 
vertebrate homologues or basic gene descriptions (from www.wormbase.org) if available. Mean RPKM values 
based on the datasets used for the differential expression analysis are shown. Fold changes of gene expression in 
glp-1 and apx-1 are shown as measured compared to the wild type based on raw count values using DESeq2. The 
list is ordered from the highest RPKM in the wild type to the lowest. Deviations of mean RPKM and fold changes 
may be explained by different normalisation procedures. 

  mean RPKM Fold Change 

Gene / 

Sequence ID 

Blast matches / 

Description 
WT glp-1 apx-1 glp-1 apx-1 

emc-6 Orthologoue of human 

EMC6 (ER membrane 

protein complex subunit 6) 

97.1 66.3 186.1 0.52 2.35 

romo-1 Orthologous to human 

C20orf52/ROMO1 and 

budding yeast Mgr2p 

96.2 63.9 145.1 0.51 1.97 

hpo-8 Orthologoue of human 

HACD2 (3-hydroxyacyl-CoA 

dehydratase 2) and HACD1 

86.6 68.9 98.5 0.58 1.92 

F23H11.5 No information available 43.7 29.8 310.5 0.52 8.82 

C56A3.4 Orthologoue of human 

RNF26 (ring finger protein 

26) 

41.9 31.1 53.4 0.55 1.88 

C48B4.7 No information available 33.1 24.3 61.2 0.57 2.25 

Y65B4BL.3 No information available 13.5 8.8 22.3 0.50 2.07 

Y54F10BM.6 No information available 12.9 8.3 18.2 0.52 1.77 

http://www.wormbase.org/
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  mean RPKM Fold Change 

Gene / 

Sequence ID 

Blast matches / 

Description 
WT glp-1 apx-1 glp-1 apx-1 

F41B4.3 Involved in endoplasmic 

reticulum unfolded protein 

response 

10.7 5.7 17.0 0.44 1.92 

 

Potential ABarp fate linked address specifying genes 

Table 11  Overview of genes predicted to contain transmembrane domains up regulated in glp-1 (e2144) 

and not differentially expressed in apx-1 (t3208). The first column shows the gene names or sequence IDs. The 
second shows vertebrate homologues or basic gene descriptions (from www.wormbase.org). Mean RPKM values 
based on the datasets used for the differential expression analysis are shown. Fold changes of gene expression in 
glp-1 are shown as measured compared to the wild type based on raw count values using DESeq2. The list is 
ordered from the highest RPKM in the wild type to the lowest. Deviations of mean RPKM and fold changes may be 

explained by different normalisation procedures. 

  
mean RPKM 

Fold 

Change 

Gene / 

Sequence ID 
Blast matches / Description WT glp-1 apx-1 glp-1 

K09G1.1 Orthologue of human PLLP 

(plasmolipin) and mal (mal, T-cell 

differentiation protein) 

5.9 34 3.7 4.28 

K10D6.2 Encodes three isoforms of a 

claudin homolog that may be 

required for normal cohesion of 

apical junctions in epithelia. 

4.1 19.2 2.9 4.18 

Y57G11C.31 No information available 2 12.8 1 4.46 

C18D11.1 No information available 1.2 6.6 1.8 4.15 

srw-85 Serpentine Receptor, class W. 

Predicted to have G-protein 

coupled peptide receptor activity. 

1.2 3.1 2.1 4.06 

oac-51 Predicted to have transferase 

activity, transferring acyl groups. 

1 4.7 0.6 4.33 

Y67A10A.9 Encodes a claudin homolog that 

may be required for normal 

cohesion of apical junctions in 

epithelia 

1 4.6 0.7 3.53 

F41C3.2 No information available 0.9 4.3 0.9 3.54 

jph-1 Encodes a junctophilin 0.9 4.5 0.9 3.79 

eff-1 Epithelial Fusion Failure. 

Nematode-specific type I 

transmembrane and secreted 

glycoprotein 

0.8 2.6 1.1 4.02 

ptr-15  Encodes a nematode-specific 

member of the sterol sensing 

domain (SSD) proteins, distantly 

paralogous to Drosophila 

PATCHED (PTC) 

0.8 4.1 0.8 4.36 
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mean RPKM 

Fold 

Change 

Gene / 

Sequence ID 
Blast matches / Description WT glp-1 apx-1 glp-1 

best-14 Orthologue of human Best3 

(bestrophin 3) and Best1. 

0.6 3.2 0.5 3.89 

K02E10.4 No information available 0.6 3.9 0.8 4.27 

slo-1 Encodes a voltage- and calcium-

activated potassium (BK) channe. 

0.6 2.2 0.8 3.98 

pqn-73 Predicted to contain a 

glutamine/asparagine (Q/N)-rich 

('prion') domain. 

0.4 1.5 0.6 3.66 

T28F3.5 Orthologue of human ACACB 

(acetyl-CoA carboxylase beta) 

0.2 0.5 0.3 3.5 

Y80D3A.8 Predicted to have protein tyrosine 

phosphatase activity. 

0.2 0.7 0.2 3.71 

twk-7 Orthologue of human KCNK5 

(potassium two pore domain 

channel subfamily K member 5) 

and KCNK17 

0.1 0.2 0.2 3.87 

 

Table 12  Overview of genes predicted to contain transmembrane domains up regulated in glp-1 (e2144) 

and down regulated in apx-1 (t3208). The first column shows the gene names or sequence IDs. The second 
shows vertebrate homologues or basic gene descriptions (from www.wormbase.org). Mean RPKM values based 
on the datasets used for the differential expression analysis are shown. Fold changes of gene expression in glp-1 
and apx-1 are shown as measured compared to the wild type based on raw count values using DESeq2. The list is 
ordered from the highest RPKM in the wild type to the lowest. Deviations of mean RPKM and fold changes may be 

explained by different normalisation procedures. 

  mean RPKM Fold Change 

Gene / 

Sequence ID 
Blast matches / Description WT glp-1 apx-1 glp-1 apx-1 

noah-1 Encodes a PAN and ZP 

domain-containing protein that 

is related to the Drosophila 

extracellular matrix component 

NompA (no-mechanoreceptor-

potential A) 

83.1 351.2 33.3 3.25 0.52 

noah-2 See above 47.0 250.8 16.1 4.17 0.47 

fbn-1 Homologous to the human 

extracellular matrix protein 

fibrillin-1 (FBN1). 

44.4 165.9 9.0 2.87 0.27 

C09F9.2 No information available 37.4 169.6 9.3 3.48 0.31 

lrp-1 Encodes a low-density 

lipoprotein (LDL) receptor-like 

protein most closely related to 

the vertebrate 

gp330/megalin/LRP-2 proteins 

20.0 51.4 4.0 1.99 0.26 

https://www.wormbase.org/search/variation/gp330
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  mean RPKM Fold Change 

Gene / 

Sequence ID 
Blast matches / Description WT glp-1 apx-1 glp-1 apx-1 

ptr-23 Patched related family. ptr-23 

is reported with roles in 

endocytosis, molting, mail tip 

morphogenesis and to be 

expressed in the hypodermis 

18.1 53.9 8.3 2.27 0.60 

crb-1 Orthologous to human CRB1 

and CRB2. Predicted calcium 

binding activity. Reported to be 

expressed in the intestine and 

to localise at the apical part of 

the cell and cytoplasm. 

11.6 24.6 4.6 1.65 0.57 

ddr-2 Orthologous to human DDR2 

(discoidin domain receptor 

tyrosine kinase 2). Exhibits 

tyrosine kinase activity and is 

involved in axon gudiance. 

Expressed in various tissues. 

11.5 24.7 4.3 1.69 0.49 

bicd-1 Orthologous to human BICD1 

and BICD2 (Bicaudal D 

homologue). Predicted 

cytosceletal adaptor and 

dynein complex binding 

activity. Expressed in various 

tissues 

10.7 23.1 4.7 1.69 0.58 

W03F9.4 Orthologous to human CPT1 

(Carnitine O-

palmitoyltransferase 1) 

10.0 24.3 4.2 1.83 0.52 

F40G9.15 Predicted to encode a 7TM 

GPCR domain.  Predicted 

relationship to serpentine 

receptor class z (Srz) 

9.4 22.0 3.8 1.75 0.54 

atgp-1 Orthologous to human 

SLC3A1 (solute carrier family 3 

member 1). Predicted catalytic 

activity and localisation to the 

plasma membrane. 

8.1 18.7 3.7 1.84 0.57 

pat-2 Orthologous to human ITGA8 

(integrin subunit alpha 8), 

ITGAV, and ITGA5. 

Transmembrane signaling 

receptor. Various reported 

functions and domains of 

expresison.  

6.5 22.8 2.4 2.73 0.52 

acs-17 Orthologous to human ACSL3 

(acyl-CoA synthetase long 

5.8 13.2 2.9 1.77 0.60 
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  mean RPKM Fold Change 

Gene / 

Sequence ID 
Blast matches / Description WT glp-1 apx-1 glp-1 apx-1 

chain 3) and ACSL4 (acyl-CoA 

synthetase long chain 4) 

unc-68 Orthologous to human RYR1 

(ryanodine receptor 1), RYR2 

(ryanodine receptor 2), and 

RYR3 (ryanodine receptor 3). 

Predicted calcium binding 

activity. Expressed in various 

tissues with diverse functions. 

4.5 12.0 1.7 2.00 0.54 

syg-1 Orthologous to human 

KIRREL1-3 (kirre like nephrin 

family adhesion molecule). 

Expressed in various tissues 

with diverse functions including 

actin filament bundle 

assembly. 

4.1 9.7 1.4 1.88 0.44 

mua-3 Orthologous to human FBN1-

3. Predicted collagen binding 

activity. Reported to be 

involved in cell-matrix 

adhesion. Expressed in 

various tissues 

3.0 14.2 1.0 3.89 0.45 

T19B10.5 Predicted to contain PDZ 

protein domain 

2.6 9.7 0.8 2.91 0.40 

F32D1.3 Orthologous to human TMTC2 

(transmembrane and 

tetratricopeptide repeat 

containing 2). 

2.6 6.5 0.6 2.23 0.35 

mup-4 Orthologous to human FBN1-

3. Predicted calcium ion 

binding activity. Expressed in 

various tissues. 

2.2 10.1 0.9 3.51 0.53 

F21G4.1 Orthologous to human 

SLCO1A2 (solute carrier 

organic anion transporter 1A2), 

SLCO2A1 and SLCO2B. 

Expressed in the intestine and 

nervous system. 

1.6 5.0 0.7 2.68 0.43 

ptr-1 Orthologous to human 

PTCHD1 and PTCHD4 

1.5 7.3 0.7 3.58 0.46 

F54D1.6 Orthologous to human 

KATNAL2 (katanin catalytic 

subunit A1 like 2) 

1.2 6.2 0.5 4.14 0.44 
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MATERIALS AND METHODS 

ABBREVIATIONS 

Table 13  Abbreviations used in this work 

AB, ABala, P, MS, … Nomenclature of cells in the C. elegans embryo. Depending on the 

cleavage directions either a (anterior), p (posterior), l (left) or r 

(right) are added to the mother cells to name the daughter cell 

ampR Ampicillin resistance 

AU Arbitrary unit 

AVD Average vector dissimilarity 

campR Chloramphenicol resistance 

CGC Caenorhabditis Genetics Center 

DE Differentially expressed 

DF Deviation factor 

dTTP Desoxythymidintriphosphat 

dH2O Distilled water 

EL Embryo length 

FFT Fast Fourier Transformation 

GalNAc N-acetylgalactosamine 

GFP Green fluorescent protein 

GO Gene Ontology 

GTP Guanosine triphosphate 

GTPase Enzyme hydrolysing GTP 

h Hour(s) 

KEGG Kyoto Encyclopedia of Genes and Genomes 

OM Only-mitosis. Referring to embryos whose migrations were 

bioinformatically removed. 

o/N Over night 

ppGalNAc-T Polypeptide N-acetylgalactosaminyltransferase 

RPKM Reads Per Kilobase Million 

RPM Rotations per minute 

RNAi RNA interference 

s Second(s) 

SD Standard deviation 

SNP Single nucleotide polymorphism; exchange of a single nucleotide 

compared to a reference 

STRING Search tool for recurring instances of neighbouring genes 

ts Temperature sensitive 

WGS Whole-genome-sequencing 

WT Wild type 
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GENERAL METHODS 

STRAINS AND CULTIVATION 

Caenorhabditis elegans 

Unless indicated otherwise, the worms were incubated at 15°C in 9 cm petri dishes with NGM 

medium following the procedures described by Brenner in 1979. OP50, an E. coli strain 

auxotrophic for uracil, serves as food source for the worms. The following strains (Table 14) 

were used for this thesis. Strains marked with an asterisk (*) were obtained from the CGC and 

the hash (#) indicates that the strain was created by the International C. elegans Gene 

Knockout consortium. 

Table 14  C. elegans strains used in this work listed with corresponding genotypes. An asterisk (*) marks 
strains obtained from the CGC and the hash (#) indicates strains created by the international C. elegans Gene 

Knockout consortium. 

Strain Genotype; supplementary information 

AZ5 pmr-1(ru5); kindly provided by Vida Praitis (Praitis et al. 2013) 

CX3198 * sax-3 (ky123) 

DM7448 SNP strain; kindly provided by the Moerman laboratory (Mathew 

et al. 2016) 

e2144 glp-1 (e2144) III 

GE4172 ced-10 (t1875) IV / nT1 [qIs51] (IV;V) 

GE4489 apx-1 (t3208) 

GE4600 fntb-1 (t3211); GE5907 (NF49G10) 3 x outcrossed with N2 

GE4704 t3482 VI; GE5891 (NF49B1) 3 x outcrossed with N2 

GE4721 pmr-1(t3483); GE5381 (ND16E1) 3 x outcrossed with N2 

GE6728 mom-5 (t3454) 

N2 Wild type 

NG324 * wsp-1 (gm324) IV 

SWG001 mex-5p::Lifeact::mKate2; kindly provided by Stephan Grill 

(Reymann et al. 2016) 

VC1706 * # C38H2.2 (ok2175) III / hT2 [bli-4 (e937) let-? (q782) qIs48] (I;III) 

VC1830 * rho-1 (ok2418) IV/nT1 [qIs51] (IV;V) 

VC2706 *# wve-1 (ok3308) I / hT2 [bli-4 (e937) let-? (q782) qIs48] (I;III) 

WM43 * gex-3 (zu196) IV / nT1 [unc-? (n754) let-?] (IV;V) 
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Escherichia coli 

E. coli was either cultivated at 100 rpm in LB liquid medium or on petri dishes with LB medium, 

both at 37°C. Strains used in this thesis are depicted in Table 15. 

Table 15  E. coli strains used in this work with corresponding genotypes. 

Strain Genotype 

OP50 Auxotrophic for uracil (Brenner 1974) 

EPI300 F– λ– mcrA Δ(mrr-hsdRMS-mcrBC) Φ80dlacZΔM15 Δ(lac)X74 recA1 endA1 

araD139 Δ(ara, leu)7697 galU galK rpsL (StrR) nupG' trfA dhfr (lucigen.com) 

HT115 F-, mcrA, mcrB, IN(rrnD-rrnE)1, rnc14::Tn10(DE3 lysogen: lavUV5 promoter -

T7 polymerase (Fraser et al. 2000). 

 

Crossbreeding 

To free the genetic background from secondary mutations and create new strains crossings 

were conducted. For a crossbreed five L4 hermaphrodites and fifteen males are transferred to 

a 35 mm NGM plate. After 24 to 48 hours the fertilized hermaphrodites are transferred to new 

plates. If the F1 generation displays about 50 % males, mating was successful and five to ten 

F1 L4 hermaphrodites are isolated to new NGM plates. 25 F2 L4 larvae are isolated to generate 

new lines, which need to be tested for the correct genotype. In the case of temperature 

sensitive mutants, F3 worms of each line are isolated on new NGM plates, shifted to 25°C and 

subsequently tested for lethality. 

 

Complementation test 

Complementation tests were used to verify unknown mutants. The strain to be tested is 

crossed with a reference strain carrying a known allele. The F1 generation is isolated and the 

phenotype of their offspring is assessed. If the offspring dies, the alleles were unable to 

complement each other and the unknown mutation is likely located in the analysed reference 

gene. If the offspring is mostly viable, however, the mutations complement and the mutation is 

likely not in the same gene. 

 

Construction of a glp-1 (e2144) wve-1 (ok3308) double mutant 

As wve-1 (ok3308) mutants are maternally lethal, the used strain VC2706 is balanced by hT2 

balancing parts of chromosome I and III (Edgley et al. 2006). The gene glp-1 is located on 

chromosome III, making it necessary to create a strain where both glp-1 and wve-1 are 

balanced by hT2. As first step for the construction of a 
𝑤𝑣𝑒−1

𝑤𝑣𝑒−1
 
𝑔𝑙𝑝−1

𝑔𝑙𝑝−1
 double mutant, the strains 

glp-1 (e2144) and VC2706 wve-1 (ok3308) I / hT2 [bli-4 (e937) let-? (q782) qIs48] were 

crossed together (Table 16). The viable offspring is composed of individuals with the genotypes 
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𝑤𝑣𝑒−1

+
 

+

𝑔𝑙𝑝−1
 and 

hT2I

+
 

hT2III

𝑔𝑙𝑝−1
. The latter can be recognised phenotypically by a GFP-marked 

pharynx caused by qIs48 (Pmyo-2::gfp; Ppes-10::gfp; Pges-1::gfp) integrated into hT2 . 

 

Table 16  Crossing scheme with Punnet squares for the generation of glp-1 (e2144) wve-1 double mutants. 
Green highlighted fields indicate genotypes displaying a green fluorescent pharynx. Grey highlighted fields indicate 
inviable genotypes. 

𝑔𝑙𝑝 − 1

𝑔𝑙𝑝 − 1
×

𝑤𝑣𝑒 − 1

ℎ𝑇2𝐼
 

+

ℎ𝑇2𝐼𝐼𝐼
 

F1 wve-1 + hT2I hT2III wve-1 hT2III hT2I + 

+ glp-1  
𝑤𝑣𝑒 − 1

+

+

𝑔𝑙𝑝 − 1
 

hT2I

+

hT2III

𝑔𝑙𝑝 − 1
 

𝑤𝑣𝑒 − 1

+

hT2III

𝑔𝑙𝑝 − 1
 

hT2I

+

+

𝑔𝑙𝑝 − 1
 

hT2I

+

hT2III

𝑔𝑙𝑝 − 1
×

𝑤𝑣𝑒 − 1

+

+

𝑔𝑙𝑝 − 1
 

F2 wve-1 + + glp-1 wve-1 glp-1 + + 

hT2I hT2III 𝑤𝑣𝑒 − 1

hT2I

+

hT2III
 

+

hT2I

𝑔𝑙𝑝 − 1

hT2III
 

𝑤𝑣𝑒 − 1

hT2I

𝑔𝑙𝑝 − 1

hT2III
 

+

hT2I

+

hT2III
 

+ glp-1 𝑤𝑣𝑒 − 1

+

+

𝑔𝑙𝑝 − 1
 

+

+

𝑔𝑙𝑝 − 1

𝑔𝑙𝑝 − 1
 

𝑤𝑣𝑒 − 1

+

𝑔𝑙𝑝 − 1

𝑔𝑙𝑝 − 1
 

+

+

+

𝑔𝑙𝑝 − 1
 

hT2I glp-1 𝑤𝑣𝑒 − 1

hT2I

+

𝑔𝑙𝑝 − 1
 

+

hT2I

𝑔𝑙𝑝 − 1

𝑔𝑙𝑝 − 1
 

𝑤𝑣𝑒 − 1

hT2I

𝑔𝑙𝑝 − 1

𝑔𝑙𝑝 − 1
 

+

hT2I

+

𝑔𝑙𝑝 − 1
 

+ hT2III 𝑤𝑣𝑒 − 1

+

+

hT2III
 

+

+

𝑔𝑙𝑝 − 1

hT2III
 

𝑤𝑣𝑒 − 1

+

𝑔𝑙𝑝 − 1

hT2III
 

+

+

+

hT2III
 

     

In the second step males without a GFP-marked pharynx were crossed with hermaphrodites 

with a GFP-marked pharynx. The viable offspring of this crossing consists of four different 

possible genotypes causing a GFP-marked pharynx, indicating the presence of the balancer 

hT2. These larvae were singled out. The offspring of the singled-out worms was then 

independently tested for the presence of glp-1(e2144) and wve-1(ok3308). To test for glp-1 

(e2144), L4 larvae with a GFP-marked pharynx were singled and incubated at 25°C. The 

offspring without fluorescence was singled out and further grown at 25°C. If the worms are 

homozygous for glp-1 (e2144), they develop into sterile adults without proper gonad 

development (Austin and Kimble 1987). To test for the presence of wve-1 (ok3308), larvae 

without a GFP-marked pharynx were singled out and incubated at 15°C. Being homozygous 

for wve-1 (ok3308) causes an inviable offspring indicated by non-hatching eggs. If both criteria 

are met, the originally singled worm had the desired genotype 
𝑤𝑣𝑒−1

hT2I

𝑔𝑙𝑝−1

hT2III
. To assess the 

embryogenesis of double mutants, non GFP-marked L4 larvae born from GFP positive 

mothers are incubated at 25°C and the resulting progeny is analysed. 
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SNP mapping of temperature sensitive mutants 

SNP mapping (single nucleotide polymorphism) is used to map unknown mutations. This 

mapping method uses special strains with a high abundancy of defined SNPs compared to N2 

that are distributed along the whole genome. To assess the position of an unknown mutant, 

these strains are crossbred and the abundancy of marker SNPs is analysed. This way the 

localisation of an unknown gene can be deduced by a local enrichment of WT SNPs. 

 

Whole genome SNP mapping 

Whole genome SNP mappings were executed in cooperation with the Moerman laboratory, 

where the whole genome sequencing and data processing were carried out. The mutant of 

interest is crossbred with a reference strain (DM7448). The resulting F2 was tested for 

temperature sensitivity and then again crossed with DM7448 until three iterations of this 

process were finished. Three ts lines of each DM7448 crossing were sent to the Moerman 

laboratory where they were pooled and whole-genome-sequencing was conducted. 

Subsequent analysis of the WGS data identified genomic regions where the density of marker 

SNPs is decreased, indicating the location of the phenotype-causing variant by its linkage to 

WT SNPs (Doitsidou et al. 2010). To narrow down the list of variants, only homozygous 

variants were taken into account. Those SNPs present in the mapping strain as well as those 

occurring in multiple strains were excluded. Of the remaining SNPs, only those affecting 

proteins were summarised in a list of candidate genes for each analysed strain. Resulting 

candidate genes were then identified using ballistic transformation or complementation tests 

with known strains/alleles. 

 

Assessment of embryonic lethality 

Embryonic lethality was assessed by isolating single L4 larvae of strains to be tested on 35 

mm NGM plates at 25°C. After 24 hours of incubation, the worms are transferred to new plates. 

The eggs continue incubating for further 24 hours. The eggs that are not hatched at this time 

are classified as dead eggs and counted together with hatched larvae to calculate embryonic 

lethality. The offspring is usually observed for three days until the singled hermaphrodites start 

laying only oocytes.  

 

Bleaching of worm eggs 

To harvest a large amount of eggs or to get synchronised worm cultures, bleaching of worm 

eggs with a hypochlorite solution was used. Five to six well-grown NGM plates are rinsed with 

M9 buffer to harvest floating gravid hermaphrodites in a 15 mL falcon tube. Depending on the 
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bacterial load in this suspension worms are left to sink down, the supernatant is suctioned off 

and the worm pellet is rinsed using M9 buffer. The pelletised worms are shaken vigorously for 

two minutes with 5 mL of hypochlorite solution. The worms are then pelletised at 1508x g for 

one minute after which the pellet is rinsed in M9 again. Now the pellet is shaken again with 5 

mL hypochlorite solution until only a few worm carcasses are remaining (30 seconds to three 

minutes depending on the age of the hypochlorite solution). Then the eggs are pelletised again, 

followed by three washing steps using M9 buffer. If a synchronised culture was the aim of the 

procedure, the harvested eggs are cultured for 24 hours in M9 on a teeterboard, which causes 

the hatching worms to arrest at the L1 stage. 

 

Liquid culture cultivation 

As food source for liquid culture cultivations 1 L of OP50 liquid culture is prepared, grown in 

DYT and subsequently concentrated to a final volume of 50 mL using centrifugation. For 250 

mL of liquid culture 20 – 25 large (9 cm) NGM plates are inoculated with C. elegans and 

cultivated at the permissive temperature of 15°C. Gravid hermaphrodites are bleached to 

harvest a large amount of eggs.  

 

A 2 L Erlenmeyer flask with chicane is prepared with: 

 250 mL  S basal 

 2.5 mL  potassium citrate solution (1M) 

 2.5 mL  trace elements solution 

 750 µL  CaCl2 solution (1M) 

 750 µL  MgSO4 solution (1M) 

 

Synchronised L1 larvae are used to inoculate the prepared solution and previously 

concentrated OP50 is added as a food source until the solution becomes cloudy. The flask is 

covered with perforated aluminium foil and incubated on a shaker at 125 rpm until the worms 

have reached the desired stage. 

 

Transformation of C. elegans using a helium particle gun (Gold- spermidine 

method) 

Transgenic worms were created by the use of a helium particle gun (Wilm et al. 1999). In this 

procedure DNA is used to coat gold particles which are shot into the gonad of gravid 

hermaphrodites. 1 mg of gold particles (0.3 – 3 µm ø) are collected in a 1.5 mL tube (Protein 

Low Binding Tubes; Sarstedt) and mixed with 100 µL spermidine solution (50 mM). This 

mixture is mixed for ten seconds in an ultrasonic bath and incubated for ten minutes at room 
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temperature while flicking the tube for three or four times. 16 µg of previously prepared DNA 

is added, followed by another ten minutes of incubation at room temperature with flicking of 

the tube. The DNA mixture contains 8 µg of pPD118.33ΔΔm-cherry as a co-transformation 

marker. After this dH2O is added until the sample has the volume of 360 µL and again incubated 

for 10 minutes with occasional flicking. During this time worms are washed from plates with 

M9 buffer and collected in a 50 mL tube. The DNA-coated gold is precipitated by carefully 

dripping 100 µL CaCl2 (1 M) to the mixture. After briefly but vigorously vortexing the sample it 

is again incubated for ten minutes. During this time the pelletised worms are transferred to a 2 

mL tube and excess buffer is removed. 20 µL of these worms are transferred to the previously 

prepared and cooled NGM plates. After the precipitation of the DNA-coated gold, the sample 

is centrifuged at 17900x g and subsequently washed three times with ethanol (96 %). The 

pellet is then mixed with 200 µL PVP solution and 20 µL of this mixture are used for each shot. 

 

RNA interference (Fire et al. 1998) 

The RNAi feeding method (Timmons and Fire 1998) was used to decrease or abolish the 

activity of a gene without the need to create a mutant. In this method, double-stranded RNA is 

brought to C. elegans by feeding it with genetically modified E. coli strains. The sequence of a 

gene of choice is cloned into the vector L4440 and subsequently used to transform the E. coli 

strain HT115 (DE3). This strain is used as it is RNaseIII-deficient to prevent the digestion of 

the dsRNA and possesses an IPTG-inducible T7-polymerase. To conduct the feeding 

experiments, the protocol of the Ahringer lab was used (Fraser et al. 2000). At the start of each 

experiment the bacteria are plated on LB agar plates containing ampicillin (50 µg/mL) and 

tetracycline (12.5 µg/mL). Single colonies are then used to inoculate 3 mL overnight liquid 

cultures with 50 µg/mL ampicillin (no longer than 18 hours). This liquid culture is used to 

inoculate feeding plates overnight at room temperature in darkness. After the bacteria have 

grown and produced dsRNA, worms are transferred onto these plates and incubated at 20°C. 

After 24 hours of incubation the RNAi phenotype can be observed and the embryos can be 

subjected to 4D-microscopy. 

 

4D-microscopy 

To observe the development of C. elegans embryos 4D-microscopy was used (Hird 1993; 

Thomas et al. 1996; Schnabel et al. 1997). Embryos are usually recorded every 35 s in 25 

focal planes with a distance of 1 µm between two planes producing 3D time lapse movies. To 

prepare a recording, embryos are harvested from gravid hermaphrodites by cutting them in 

two in deionized water. Afterwards the embryos are transferred to an agar pad (4.2 %) on a 

microscope slide and covered using a cover slip. Then dH2O is added, filling up about nine 

tenth of the volume after which the cover slip is sealed using liquid vaseline. This way 
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dehydration is prevented, pressure on the embryos is relieved and there is still enough oxygen 

left to support development of the embryos. Most recordings were generated using a Zeiss-

AxioplanImager microscope with an internal focus drive using a 100x Zeiss Plan-Neofluor-

Objective1.3 with oil immersion. The temperature is regulated by metal rings linked to a 

thermostat and attached to the objective and condenser. The control programme was designed 

by Anja-Kristina Schulz, Christian Hennig and Ralf Schnabel. The pictures are recorded by a 

Sensicam (PCO, Kelheim). 

 

Drosophila melanogaster 

Prior to microscopy, harvested eggs are dechorionated by a two-minute incubation in a 1:8 

dilution of 12 % hypochlorite solution. The embryonic stage was estimated following the 

descriptions of Campos-Ortega and Hartenstein (Campos-Ortega and Hartenstein 1997). 

Single embryos are transferred to a 2 % agar pad. To prevent the agar-pad from becoming too 

thin, standard coverslips are used as spacers while preparing the agar-pad on the object slide. 

Otherwise 4D-microscopy was carried out as described before (Schnabel et al. 1997; Urbach 

et al. 2003). 

BIOINFORMATICS 

General software and online tools 

GraphPad Prism 7 was used for statistical analyses and diagram plotting. Texts and tables, as 

well as statistical analyses and plots, were created using Microsoft Word 2013 and Microsoft 

Excel 2013. Microsoft Access was used for database queries. Figures were designed using 

GIMP 2.8.22 and Microsoft PowerPoint 2013. Videos were created using Windows Movie 

Maker. 

LINEAGE ANALYSIS 

4D movies of developing C. elegans embryos were further analysed using the database 

SIMI©Biocell (Schnabel et al. 1997) (Figure 64). The coordinates of cells are tracked by 

marking the centre of a nucleus, saving the position with its name and timing. Mitoses and 

information about cell fates can be added. Cells are identified and named using the standard 

cell lineage (Sulston et al. 1983) depending on anterior-posterior decisions. Correct cell fate 

adaptions were mainly verified by tracing specific cell deaths or otherwise characteristic cells 

after the ninth cleavage round of the embryos. The collected data was used for further 

calculations, to produce distance maps and generate 3D representations of nuclei, where the 

colour of the spheres indicates the descendants of the blastomeres present at the 12-cell 

stage. Relevant lineage files are attached. 
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Figure 64  Overview of the user interface of SIMI©Biocell with the main features. (A) In the lineage, marked 
cells are marked with red dots indicating that the coordinates are stored. Below the green dots indicating mitoses, 
the cells’ identities are labelled. (B) The video window is used to navigate through the different levels of a recorded 
stack and the development to assess the coordinates of single cells. (C) 3D representations of all currently assessed 
cells are displayed in the 3D view window. By default cells are labelled according to their descent and the currently 
active cell is highlighted in orange. (D) SIMI©Biocell also allows to navigate quickly through the lineage and shows 
information about the currently active cell (E). 
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PHAINOTEA 

All bioinformatic calculations based on coordinates from lineage analyses were performed 

using Phainotea, which was created by Christian Hennig and Ralf Schnabel and is 

programmed in C++. A version to recapitulate the calculations of this work, together with brief 

instructions, is attached. 

 

Analysis of the migratory behaviour of cells 

The directional behaviour of cells as they move through the embryo was measured with the 

focus on the general movement and effective migration of single cells as introduced before 

(Findeis 2013) (Figure 65).  

 

Figure 65  Graphic overview of the main parameters that are quantitatively assessed in the analysis of 

migrations. The starting and final position of cells depicted as spheres are highlighted in light grey. The arrows 
symbolise the displacement of cells by mitosis. The solid lines indicate the general movement of cells in 175 s 
intervals (black spheres). The dashed line shows the effective migration of a cell from its birth to mitosis. Modified 
from (Schnabel et al. 2006) 

The general movement (Figure 65, drawn through line) is assessed by measuring the position 

of cells every five frames (corresponding to 175 s intervals) after bioinformatically interpolating 

the original lineage file to compensate for tracking errors during data acquisition. This is also 

done to counter a drastic increase in values when every frame is taken into account – an effect 

that can always be observed even when different time intervals are chosen during the 4D 

microscopic recording. The effective migration (Figure 65, dashed line) denotes the distance 

each cell migrates from its birth until the onset of mitosis. The migratory parameters are 

measured in each cell cycle from the 8- to the 256-AB stage. If not mentioned otherwise, a 

key-cell-analysis is used where 52 cells from the eight AB-derived regions occupying 

characteristic positions at the premorphogenetic stage of the embryo are analysed. Altogether 

122 cells are analysed and the sum of the individual values is calculated to represent the 

general movement and effective migration in a whole embryo (for a thorough description see 

supplementary material). The contribution of mitosis (Figure 65, arrows) is measured as the 

distances and vector orientations of the mother cell to the individual daughter cells. 
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Scaling of distances 

All cell positions are stored as three-dimensional coordinates with the x- and y- values 

corresponding to pixels from the record. The z- value corresponds to the focal plane of each 

record and thus has only 25 discrete values. On average, each z- value corresponds to 10 to 

13 pixels as embryos have a mean height of 25 µm. Generally the value is approximated, 

depending on the used microscope and optovar setting. The distance of two cells is calculated 

by determining the magnitude of the vector between them based on the theorem of 

Pythagoras.  As C. elegans embryos vary slightly in size, each distance was scaled for further 

analyses. All the distances are transformed from pixel counts into embryo length (EL) based 

on the longest possible distance between two cells found in the lineage file. 

 

Distance maps  

Distance maps (F.A. Bignone 2001; Schnabel et al. 2006) were used to visualise the distances 

of all AB-derived cells, enabling a visual interpretation of all possible distance pairs (Figure 

66). In the case of embryos after the ninth round of cell divisions, 256 times 256 distance pairs 

(65536) can be evaluated at a glance. Two kinds of distance maps were used, only-X and 3D. 

For the former only distances along the anterior-posterior axis are used. The latter uses the 

true distances along all axes. Calculated distances are normalised to embryo length and 

translated into colours using a defined colour-code (Equation 1). 
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Figure 66  The principle of distance maps. (A) To demonstrate the principle of distance maps, only the eight AB-
derived blastomeres of the 12-cell stage are used. Two kinds of distance maps are used in this work, the only-X 
(left) and the 3D map (right). In only-X distance maps, only the differences along the anterior-posterior axis of the 
embryo are assessed. 3D maps assess the distances across all three spatial dimensions. The colours of the two-
headed arrows represent the distances between a cell pair and are derived from the colour-code shown below in 
(B) representing the distances from 0 % to 100 % EL. The matrices shown in (C) display all 64 possible distances 
between two cells in this example translated to coloured blocks, allowing to assess all distances among all cells 

and thus the morphology of the embryo at a glance. Modified from Memar et al. (Memar et al. 2018). 

 

Equation 1  Equation for the calculation of distances of cell pairs and the subsequent translation to colours. 
The magnitude of a vector between two cells (i and j) normalised to EL is determined. The resulting value is 

translated to a colour according to a previously defined colour code ranging from 0 % to 100 % EL. 

𝐶𝑜𝑙𝑜𝑢𝑟𝑃𝑖𝑥𝑒𝑙 =  |(
𝑉𝑒𝑐𝑡𝑜𝑟(𝐶𝑒𝑙𝑙𝑖); 𝑉𝑒𝑐𝑡𝑜𝑟(𝐶𝑒𝑙𝑙𝑗)

𝐸𝐿
)| × 𝐶𝑜𝑙𝑜𝑢𝑟 𝑐𝑜𝑑𝑒 

 

Subtraction maps 

Due to their inherent complexity, subtle deviations to the WT pattern can be hard to recognise 

in distance maps. To simplify the comparison of two distance maps, subtraction maps were 

used. Even subtle differences can be visualised by subtracting the distances underlying the 

compared distance maps (Figure 67 and Equation 2) (Memar et al. 2018). The new colours 

result from the subtraction of the original colour code colours corresponding to 0 % embryo 

length difference (black) to 100 % (yellow). Even if two wild types are compared, the resulting 
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subtraction map is not completely black, reflecting the sensitivity of the method as well as 

natural variability. 

 

Figure 67  The principle of subtraction maps. (A) An artificial distance maps derived from the colour code coding 
the distances within an embryo (left) is subtracted from an equal map rotated 90°. This results in an artificial 
subtraction map displaying the subtraction maps’ colour code from 0% EL (black) to 100 % EL (yellow). (B) shows 
the subtraction of two different 256-AB stage embryos as an example. The resulting subtraction map is very dark, 
reflecting little differences at the premorphogenetic stage of C. elegans.  Modified from Memar et al. (Memar et al. 

2018) 

 

Equation 2  Equation for the calculation of differences of distances of cell pairs between different embryos 

and the subsequent translation to colours. The magnitude of a vector between two cells (i and j) normalised to 
EL is determined for both embryos compared and subsequently subtracted. The resulting value is translated to a 

colour according to a previously defined colour code ranging from 0 % to 100 % EL difference. 

𝐶𝑜𝑙𝑜𝑢𝑟𝑃𝑖𝑥𝑒𝑙 = (|(
𝑉𝑒𝑐𝑡𝑜𝑟𝐸1(𝐶𝑒𝑙𝑙𝑖); 𝑉𝑒𝑐𝑡𝑜𝑟𝐸1(𝐶𝑒𝑙𝑙𝑗)

𝐸𝐿𝐸1
)|

− |(
𝑉𝑒𝑐𝑡𝑜𝑟𝑅𝑒𝑓(𝐶𝑒𝑙𝑙𝑖); 𝑉𝑒𝑐𝑡𝑜𝑟𝑅𝑒𝑓(𝐶𝑒𝑙𝑙𝑗)

𝐸𝐿𝑅𝑒𝑓
)|) × 𝐶𝑜𝑙𝑜𝑢𝑟 𝑐𝑜𝑑𝑒 
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Assessing differences between embryos – The AVD  

The average vector dissimilarity (AVD) is calculated by assessing the three-dimensional vector 

of each of the 32640 possible cell-cell combinations at the 256-AB stage (Memar et al. 2018). 

Afterwards each vector is subtracted from the same vector derived from a reference embryo 

and the magnitude is calculated from the resulting vector. Lastly, the calculated mean of all 

magnitudes is used as a linear measure to compare the similarity of different embryos 

(Equation 3). 

Equation 3  Equation for the calculation of AVD values. The indices “a” and “b” denote the two cells of a 
compared cell pair. “n” denotes the number of compared cell-cell pairs. “X”, “Y” and “Z” denote the respective 
coordinates along the three three-dimensional axes. “Ref” and “Com” denote the reference embryo and the 

analysed embryo. 

𝐴𝑉𝐷 =  

∑ ∑ ||(

𝐶𝑒𝑙𝑙𝑎,𝑏𝑋

𝐶𝑒𝑙𝑙𝑎,𝑏𝑌

𝐶𝑒𝑙𝑙𝑎,𝑏𝑍

)

𝑅𝑒𝑓

− (

𝐶𝑒𝑙𝑙𝑎,𝑏𝑋

𝐶𝑒𝑙𝑙𝑎,𝑏𝑌

𝐶𝑒𝑙𝑙𝑎,𝑏𝑍

)

𝐶𝑜𝑚

||𝑛
𝑏=𝑎+1

𝑛−1
𝑎=1

(
𝑛 ∗ (𝑛 − 1)

2
)

 

Analogously, the AVD is calculated for the contributions of the individual axes (Equation 4). 

 

Equation 4  Equation for the calculation of axis specific AVD values. The indices “i” and “j” denote the two cells 
of a compared cell pair. “ngen” denotes the maximum number of compared cell-cell pairs. “X” denotes the respective 
tested coordinates along the individual axes (X, Y and Z). “Ref” and “Com” denote the reference embryo and the 

analysed embryo. 

𝐴𝑉𝐷𝑐𝑜𝑚𝑝 =  

∑ ∑ |(
𝑋𝑖 − 𝑋𝑗

𝑛𝑜𝑟𝑚
)

𝑅𝑒𝑓
− (

𝑋𝑖 − 𝑋𝑗

𝑛𝑜𝑟𝑚
)

𝐶𝑜𝑚
|

𝑛𝑔𝑒𝑛

𝑗=1

𝑛𝑔𝑒𝑛

𝑖=1

𝑛2
𝑔𝑒𝑛

 

 

Contribution of mitoses, movement, effective migration, deviation factor 

Similar to the work of Schnabel et al. from 2006, different parameters were quantitatively 

assessed (see Figure 65). These are the contribution of mitosis, the movement of a cell from 

its birth to the next mitosis and the effective migration, which is the direct line from the 

birthplace of a cell to the place where the next mitosis occurs. These values are calculated for 

each cell cycle of the AB-derived cells and summed up, starting at the 8-AB stage and ending 

at the 256-AB stage. The end point at the 256-AB stage is arbitrarily chosen, as many cells 

are not mitotic anymore at this stage. The end point was defined as seven frames after the last 

AB-derived cell in this stage was born. The deviation factor (DF) is the quotient of cellular 

movement and effective migration.  
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Developmental time 

Furthermore, the developmental time was assessed by calculating the mean number of stacks 

from birth to mitosis, again each cleavage round separately. 

 

Consensus Embryo 

For some comparisons consensus embryos were produced to mitigate the effect of tracking 

errors and natural biological variance. Several lineage analyses are combined for this by 

calculating the mean position for each cell. This virtual embryo can then be used as a 

reference.  

RNA-SEQ 

RNA-seq data analyses using R 

The RNA-seq data are based on lists with annotated read counts provided by Adam Warner 

(Table 17). 

Table 17  Excerpt from the list of read counts from the RNA-seq experiment. The first column shows the 
considered genes. The first three rows indicate the different genotypes and replicates. The numbers are read count 

values annotated to the respective genes derived from the RNAseq experiment. 

 
N2 glp-1 … 

Replicates … 

Gene N2_1 N2_2 N2_3 e2144_1 e2144_2 e2144_3 … 

2L52.1 556 426 433 856 699 764 … 

2RSSE.1 318 327 368 885 785 780 … 

pot-3 95 71 89 96 85 180 … 

nas-6 9 3 1 14 10 25 … 

4R79.2 10 8 7 20 19 17 … 

6R55.2 0 0 0 2 1 1 … 

… … … … … … … … 
        

 

Based on these RNA-seq data sets, further analyses were conducted using R 3.4.3 (i386) (R 

Development Core Team 2008) and relevant software packages. The script used to process 

the RNA-seq data can be found in the “Workflow DESeq2 R” file on the attachement. The 

original count and data condition matrices are also attached. The following R packages were 

used: 

 DESeq2 (Love et al. 2014) 

 gage (Luo et al. 2009); (Luo 2017) 

 goseq (Young et al. 2010) 

 pathview (Luo and Brouwer 2013) 
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 pheatmap  

Kolde (2015). pheatmap: Pretty Heatmaps. R package version 1.0.8. https://CRAN.R-

project.org/package=pheatmap 

 RColorBrewer  

Neuwirth (2014). RColorBrewer: ColorBrewer Palettes. R package version 1.1-2. 

https://CRAN.R-project.org/package=RColorBrewer 

 genefilter  

Gentleman R, Carey V, Huber W, Hahne F (2018). genefilter: genefilter: methods for 

filtering genes from high-throughput experiments. R package version 1.62.0. 

 AnnotationDbi 

Pagès et al. (2018). AnnotationDbi: Annotation Database Interface. R package version 

1.42.1. 

 org.Ce.eg.db 

Carlson (2018). org.Ce.eg.db: Genome wide annotation for Worm. R package version 

3.6.0. 

 dplyr 

 Morgan (2018). Organism.dplyr: dplyr-based Access to Bioconductor Annotation 

Resources. R package version 1.8.0. 

 

The script was created based on information and scripts from: 

 https://software.rc.fas.harvard.edu/ngsdata/workshops/2015_March/DESeq2.NC11_2

conditions.html 

 https://bioconductor.org/help/workflows/rnaseqGene/ 

 https://bioconductor.org/packages/3.7/bioc/vignettes/DESeq2/inst/doc/DESeq2.html 

 http://www.gettinggeneticsdone.com/2015/12/tutorial-rna-seq-differential.html 

MOLECULAR BIOLOGY 

Fosmids 

Fosmids used in this work stem from the Moerman fosmid library accessible from 

www.sourcebioscience.com, which is based on the vector pCC1FOS (Genbank accession 

EU140751). Before the fosmids could be isolated in large amounts, it needed to be verified 

whether the correct fosmids are present in the frozen bacteria stock. For this the bacteria are 

streaked out on LB chloramphenicol (15 µg/mL) plates and incubated at 37°C o/n. A single 

colony is then used to isolate fosmid DNA, which is used to verify the insert of the fosmid. 

 

 

https://cran.r-project.org/package=pheatmap
https://cran.r-project.org/package=pheatmap
https://cran.r-project.org/package=RColorBrewer
https://software.rc.fas.harvard.edu/ngsdata/workshops/2015_March/DESeq2.NC11_2conditions.html
https://software.rc.fas.harvard.edu/ngsdata/workshops/2015_March/DESeq2.NC11_2conditions.html
https://bioconductor.org/help/workflows/rnaseqGene/
https://bioconductor.org/packages/3.7/bioc/vignettes/DESeq2/inst/doc/DESeq2.html
http://www.gettinggeneticsdone.com/2015/12/tutorial-rna-seq-differential.html
http://www.sourcebioscience.com/
https://www.ncbi.nlm.nih.gov/nuccore/EU140751
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Isolation of Fosmid DNA in small amounts (“mini” preparation)  

A single colony is used to inoculate an o/n culture with 5 mL LB liquid medium with 15 µg/mL 

chloramphenicol and 100 µg/mL arabinose. The arabinose is added to the medium to induce 

the oriV of the pCC1FOS vector, causing a higher yield of fosmid DNA. The cultures are 

incubated at 37°C with constant shaking for no longer than 14 hours. The “NucleoSpin® 

Plasmid EasyPure” kit of Machery-Nagel is then used to isolate the fosmid DNA. 3 mL of the 

grown culture are pelletised in a 1.5 mL reaction tube at 12000x g for 1 min using a centrifuge. 

The supernatant is removed and the pellet is re-suspended in 150 µL buffer A1 by vortexing. 

To induce alkaline lysis, 250 µL of buffer A2 are added and carefully mixed by inverting the 

reaction tube. After 2 min of incubation 350 µL of buffer A3 are added and mixed by carefully 

inverting the reaction tube to neutralise the solution. The resulting precipitate is removed by 

centrifuging the sample at 12000x g. The supernatant is transferred to NucleoSpin columns 

which are centrifuged for 1 min at 1000 - 2000x g to allow the DNA to bind at the silica 

membrane. Afterwards the flow is discarded and the column washed using 450 µL AQ buffer 

and another centrifugation for one minute at 11000x g. To elute the fosmid DNA, the columns 

are preheated to 70°C, equally preheated 50 µL of TE are added and then centrifuged for one 

minute at 12000x g. The eluate contains the isolated fosmid DNA and can be tested using 

restriction digestion and sequencing. 

 

Restriction digestion 

To quickly assess whether the fosmid contains the correct insert, the isolated DNA is digested 

using EcoRI (Table 18). The samples are incubated at 37°C oN. 

 

Table 18  Pipetting scheme for a restriction digestion of fosmid DNA using EcoRI 

EcoRI (10U/µL) 1 µL 

EcoRI buffer (10x) 2 µL 

Fosmid DNA (2 µg) x µL 

ddH2O y µL 

Total volume 20 µL 

 

Agarose gel electrophoresis 

Using agarose gel electrophoresis, the size of DNA fragments could be determined. The gel is 

produced by boiling agarose powder in TAE (1x) medium. After the polymerisation, the gel is 

buffered in TAE (1x) and DNA is filled into pockets of the gel. Fractionation occurs after an 

electrical current is activated and the negatively charged DNA starts moving into the direction 

of the plus pole. The addition of 2.5 µL ethidum bromide (10 µg/µL) per 35 mL agarose gel 



Material and methods 

127 

enables the documentation of DNA fragments using UV light. To assess the size of observed 

DNA fragments the GeneRuler 1kb ladder from Fermentas was used. 

 

Sanger sequencing 

For DNA sequencing the Microsynth SEQLAB Sanger Sequencing service was used 

(https://www.microsynth.seqlab.de/standard-services-560.html). 12 µL of fosmid solution (80 

ng/µL) and 3 µL of the primer CE2425 (GGATGTGCTGCAAGGCGATTAAGTTGG; 3.2 

pmol/µL) were prepared in a single tube and sent to the company.  

 

Isolation Fosmid DNA in large amounts   (“midi” preparation) 

Fosmid DNA is isolated in large amounts using the “NucleoBond® Xtra Midi” kit of Machery-

Nagel. A single colony is used to inoculate a pre-culture of 5 mL LB liquid medium with 15 

µg/mL chloramphenicol and 100 µg/mL arabinose, which is incubated over the course of a day 

at 37° with constant shaking. In the evening the pre-culture is transferred to the main culture 

containing 250 mL LB liquid medium with 15 µg/mL chloramphenicol and incubated oN at 37°C 

while constantly shaking. The grown bacteria are harvested by centrifuging the culture in 

centrifuge beakers at 6000x g for 15 min. The pellet is re-suspended in 8 mL RES buffer by 

vortexing. 8 mL of LYS buffer are added to initiate alkaline lysis and incubated for 5 min after 

carefully mixing the solution. Meanwhile the NucleoBond® Xtra Column and filter are 

equilibrated with 12 mL EQU buffer. The solution is then neutralised by the addition of 8 mL 

NEU buffer, which needs to be mixed until the solution becomes colourless. The lysate is then 

poured through the filter into the column. After the liquid has passed through, filter and column 

are washed using 5 mL EQU buffer applied to the top of the filter. The filter is discarded and 

the column washed using 8 mL of WASH buffer. The DNA is then eluted using 5 mL ELU buffer 

and collected in glass tubes. 3.5 mL of isopropanol are added, thoroughly mixed and 

subsequently centrifuged at 10000x g and 4°C for 30 min. The supernatant is discarded, the 

pellet carefully rinsed using 2 mL of 70 % ethanol and then it is centrifuged at 10000x g for 5 

min. The supernatant is discarded and the pellet left to dry at room temperature. To re-suspend 

the pellet 100 – 400 µL TE buffer are added. Then the tube is sealed and left to incubate over 

night at room temperature while the tube is rotating. The suspension is then transferred to 1.5 

mL reaction tubes and ready for storage. 

 

 

 

 

 

https://www.microsynth.seqlab.de/standard-services-560.html


Material and methods 

128 

BUFFER, MEDIA AND SOLUTIONS 

Calcium chloride solution (1 M) 

 7.351 g CaCl2 x 2 H2O 

 To 50 mL with dH2O 

 

Cholesterol solution (0.5 %) 

 0.5 g cholesterol 

 To 100 mL with 96 % ethanol 

 

DYT 

 16 g  Bacto Tryptone 

 10 g Bacto Yeast Extract 

 5 g NaCl 

 To 1 L with dH2O 

 

Hypochlorite solution 

 6 mL   HOCl (12 %) 

 2,5 mL  5M KOH 

 To 50 mL with dH2O 

 Store at 4°C protected from light 

 

LB Medium 

 10 g  NaCl 

 10 g  bacto tryptone 

 5 g  bacto yeast extract 

 15 g   agar (only add for solid LB medium) 

 Fill up to 1 L with dH2O 

 Sterilise by autoclaving 
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M9 Buffer 

 3 g   KH2PO4 

 6 g   Na2HPO4 

 5 g   NaCl 

 1 mL   MgSO4 

 Fill up to 1 L with dH2O 

 Sterilise by autoclaving 

 

MgSO4 solution (1 M) 

 12.324 g MgSO4 x 7 H2O 

 To 50 mL with dH2O 

 

NGM 

 6 g   NaCl 

 10 g   peptone 

 29 g   agar 

 2 mL   cholesterol solution (0.5 %) 

 To 2 L with dH2O and sterilise by autoclaving 

 Add the following solutions: 

 10 mL   0,1 M CaCl2 

 10 mL  0,1 M MgSO4 

 50 mL   1 M potassium phosphate buffer 

 10 mL   nystatin (1 % stock solution) 

 10 mL   sucrose (20 % stock solution) 
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NGM for RNAi feeding 

 6 g   NaCl 

 10 g   peptone 

 29 g   agar 

 2 mL   cholesterol solution (0.5 %) 

 Fill up to 2 L with dH2O and sterilise by autoclaving 

 Add the following: 

 5 mL   0,1 M CaCl2 

 5 mL   0,1 M MgSO4 

 25 mL   1 M potassium phosphate buffer 

 5 mL   nystatin (1 % stock solution) 

 5 mL   sucrose (20 % stock solution) 

 238 mg  IPTG 

 500 µL  Ampicillin (100 mg/mL stock) 

 

Nystatin solution (1 %) 

 200 mL  7,5 M ammonium acetate 

 200 mL  ethanol (96 %) 

 4 g  nystatin 

 Sterile filtration 

 Store at – 20°C 

 

Potassium citrate solution (1 M) 

 5 g  citric acid monohydrate 

 73.38 g  tri-potassium citrate monohydrate 

 To  250 mL with dH2O 

 

PVP solution 

 10 mg  polyvinylpyrrolidine 

 500 µL  dH2O  

 To 100 mL with absolute ethanol 
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S basal 

 5 g   NaCl 

 1 g   K2HPO4 

 6 g  KH2PO4 

 1 mL   cholesterol solution (0.5 %) 

 To 1 L with dH2O 

 

50x TAE buffer 

 242 g   Tris 

 57.1 mL acetic acid (100 %) 

 100 mL EDTA 0.5 M pH 8 

 Fill up to 1 L with dH2O 

 

TE buffer 

 500 µL  Tris 1 M 

 100 µL  EDTA 0.5 M 

 To 50 mL with dH2O 

 

Trace elements solution 

 0.93 g  EDTA 

 0.345 g FeSO4 x 7 H2O 

 0.1 g  MnCl2 x 4 H2O 

 0.145 g ZnSO4 x 7 H2O 

 0.0125 g CuSO4 x 5 H2O 

 To 500 mL with dH2O 

 Store in darkness 
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APPENDIX 

DATA TABLES 

Table 19  Data table of Figure 18. 

 25°C 20°C 15°C 10°C 

Developmental time 

Time [min] 119 116 286 798 

147 160 308 751 

117 156 311 776 

133    

115    

121    

83    

General movement 

Distance [EL] 22.614 29.174 38.799 58.094 

28.352 26.979 39.537 34.632 

23.039 26.470 37.714 38.706 

28.755    

20.984    

31.381    

21.000    

Effective migration 

Distance [EL] 11.248 11.074 11.414 10.853 

12.019 11.004 10.749 10.321 

10.146 11.599 12.053 11.555 

11.994    

9.924    

12.689    

12.000    
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Table 20  Data table of Figure 19. 

General movement 

N2 22.61 29.29 23.04 28.76 20.98 31.38 21.00 26.29 22.41 

glp-1 24.91 23.95 24.90       

mom-5 31.42 27.06        

glp-1; mom-5 25.99 25.03 25.61       

ced-10 21.85 28.85 22.67 20.85 21.24     

pmr-1 25.05 22.72 24.25       

GE5891 28.68 33.30 30.29       

fntb-1 36.23 40.03 34.39       

tag-335 23.55 25.32 23.94       

Effective migration 

N2 11.25 12.00 10.15 11.99 9.92 12.69 12.00 12.02 11.11 

glp-1 10.16 9.92 10.42       

mom-5 10.60 11.29        

glp-1; mom-5 11.83 10.70 10.31       

ced-10 7.31 7.52 7.99 7.44 9.44     

pmr-1 10.18 10.74 10.18       

GE5891 9.67 12.81 12.35       

fntb-1 11.85 13.68 12.13       

tag-335 8.23 8.50 8.05       

 

Table 21  Candidate genes resulting from WGS SNP mapping of GE4600 with fosmids suitable for 

complementation tests.  The phenotype causing SNP is highlighted in boldface. 

Gene Chromosome Position Nucleotide 

change 

Amino acid 

change 

Fosmid 

clec-165 IV 1246848 C to A V to F WRM0612cE01 

ZK287.4 V 9681455 G to A L to F WRM0610cG12 

D1054.5 V 10775670 G to A S to L WRM0633cF05 

K01D12.1 V 12378528 G to A D to N WRM0611cF10 

srv-9 V 13422739 G to A P to S WRM0629bA10 

fntb-1 V 14449072 G to A G to D WRM0630cG04 

plc-2 V 15195124 G to A R to K WRM0630cD09 

his-3 V 16040946 G to A A to T WRM0631bC03 

ZK285.2 V 16046915 G to A A to T WRM0631bC03 

clec-24 V 16862500 C to T S to L WRM0636aF10 

srh-236 V 17211503 C to T Splice WRM0640bB11 

K10G4.3 V 17264597 C to T E to K WRM0614cH10 

fbxa-174 V 17556009 A to T F to I WRM0639bF12 

srh-283 V 17766168 G to A M to I WRM0612bC09 

fbxa-157 V 17900884 C to T L to F WRM0634aH04 
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Table 22  Candidate genes resulting from WGS SNP mapping of GE4721 with fosmids suitable for 

complementation tests. The phenotype causing SNP is highlighted in boldface. 

Gene Chromo-

some 

Position Nucleotide 

change 

Amino acid 

change 

Fosmid 

Y54E10A.11 I 3185922 C to T R to K  

C32E8.1 I 3796472 C to T P to S WRM068bF07 

che-3  I 8065378 C to T 
 

WRM0637cB09 

F55H12.5 I 8870402 A to G Y to C WRM0635bB05 

oac-44 I 12359147 G to A A to T WRM0618dG01 

flp-33 I 12624494 C to T G to S WRM0635dA11 

pmr-1 I 13015224 G to A G to S  

Y48G10A.1 I 13490886 G to A G to D  

nyn-2 I 13572427 G to A G to R  

best-8 I 14159435 C to T 
 

 

zoo-1 I 14543659 G to A D to N  

F32A7.4 I 14840894 G to A V to I WRM0611dD03 

mrpl-39 V 1821597 T to A L to Q  

Y54E10A.11 I 3185922 C to T R to K  

C32E8.1 I 3796472 C to T P to S WRM068bF07 
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Table 23  Results from the counting of control crossings for the GE4721 complementation test. The offspring 
of five different hermaphrodites of the WT strain N2, the mutant strain GE4721 and the F1 of the crossing between 
GE4721 hermaphrodites and N2 males were analysed at the restrictive temperature of 25°C. The number of dead 
eggs (dE), viable larvae (L), the percentage of dead eggs (% dE) and the number of laid eggs per hermaphrodite 

is listed. 

 
 

dE L % dE n 

N2 1 0 160 0 160 

2 1 73 1,4 74 

3 3 261 1,1 264 

4 0 211 0,0 211 

5 0 178 0,0 178 
 

Mean 0,5 Total 

SD 0,7 887 

 
 

dE L % dE n 

GE4721 1 121 3 97,6 124 

2 108 2 98,2 110 

3 71 3 95,9 74 

4 149 3 98 152 

5 67 0 100 67 
 

Mean 97,9 Total 

SD 1,5 527 

 
 

dE L % dE n 

F1 

GE4721 

x N2 

1 1 170 0,6 171 

2 10 108 8,5 118 

3 5 185 2,6 190 

4 8 136 5,6 144 

5 3 175 1,7 178 
 

mean 3,8 Total 

SD 3,2 801 

 
 

dE L % dE n 

AZ5 1 143 12 92.3 155 

2 128 35 78.5 163 

3 66 37 64.1 103 

4 48 26 64.9 74 

5 115 29 79.9 144 
 

Mean 75.9 Total 

SD 11.7 639 
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Table 24  Results from the complementation test of GE4721 and AZ5. GE5831 males were used to breed AZ5 
hermaphrodites at the restrictive temperature of 25°C. Fifteen crossings were analysed by counting non-hatching 
dead eggs (dE), hatched larvae (L) and larvae dying before reaching the L4 larval stage of the resulting F1. The 
results are summarised as percentage of dead larvae, dead eggs and the number of counted offspring (n) for each 
individual crossing as well as across all with mean standard deviation (SD) and the total number of laid eggs.  

 
dE L dL % dL % dE n 

1 104 18 17 94,4 85,2 122 

2 114 15 15 100,0 88,4 129 

3 118 45 40 88,9 72,4 163 

4 95 30 26 86,7 76,0 125 

5 127 12 8 66,7 91,4 139 

6 84 13 12 92,3 86,6 97 

7 71 17 13 76,5 80,7 88 

8 94 16 13 81,3 85,5 110 

9 130 29 26 89,7 81,8 159 

10 77 20 17 85,0 79,4 97 

11 78 35 32 91,4 69,0 113 

12 79 19 19 100,0 80,6 98 

13 84 21 20 95,2 80,0 105 

14 150 30 26 86,7 83,3 180 

15 105 19 17 89,5 84,7 124 

 

mean 88,3 81,7 Total n 

SD 8,7 5,9 1221 

 

Table 25  Data table of Figure 23. 

General movement 

N2 22.61 29.29 23.04 28.76 20.98 31.38 21.00 26.29 22.41 

sax-3 23.56 23.49 26.20 25.42 24.69     

ced-10 21.85 28.85 22.67 20.85 21.24     

rho-1 27.36 28.05 28.84       

wsp-1 25.20 24.50 27.40       

wve-1 24.00 19.40 25.90 22.10 23.80 22.10    

gex-3 17.80 19.70 24.10 20.20      

Effective migration 

N2 11.25 12.00 10.15 11.99 9.92 12.69 12.00 12.02 11.11 

sax-3 9.02 8.61 10.15 10.34 9.15     

ced-10 7.31 7.52 7.99 7.44 9.44     

rho-1 13.12 12.08 11.59       

wsp-1 9.70 9.70 11.50       

wve-1 7.70 6.90 10.40 7.50 7.50 7.70    

gex-3 6.10 6.70 8.20 6.40      
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Table 26  Data table of Figure 24. 

Effective migration above cell radius 

N2 74.19 77.82 73.79  

wve-1 44.35 47.18 45.97 

ced-10 48.39 46.77 66.13 

sax-3 67.74 63.71 74.19 

Average effective migration 

 N2 wve-1 ced-10 

8-AB 0.050 0.078 0.064 0.065 0.071 0.049 0.084 0.058 0.074 

16-AB 0.078 0.084 0.048 0.048 0.065 0.081 0.047 0.057 0.056 

32-AB 0.056 0.091 0.081 0.058 0.048 0.063 0.058 0.058 0.059 

64-AB 0.165 0.162 0.105 0.052 0.058 0.054 0.077 0.058 0.117 

128-AB 0.121 0.118 0.130 0.076 0.077 0.072 0.067 0.071 0.091 

 

Table 27  Data table of Figure 40. 

General movement 

N2 22.61 29.29 23.04 28.76 20.98 31.38 21.00 26.29 22.41 

wve-1 24.00 19.40 25.90 22.10 23.80 22.10    

gex-3 17.80 19.70 24.10 20.20      

Sim 20.62 20.70 19.01 23.64 23.32 23.39 22.44   

Effective migration 

N2 11.25 12.00 10.15 11.99 9.92 12.69 12.00 12.02 11.11 

wve-1 7.70 6.90 10.40 7.50 7.50 7.70    

gex-3 6.10 6.70 8.20 6.40      

Sim 8.11 7.86 7.31 9.69 8.56 8.98 9.11   

 

Table 28  Data table of Figure 41. 

Average effective migration 

 N2 wve-1 Simulation 

8-AB 0.050 0.078 0.064 0.065 0.071 0.049 0.058 0.093 0.058 

16-AB 0.078 0.084 0.048 0.048 0.065 0.081 0.888 0.069 0.063 

32-AB 0.056 0.091 0.081 0.058 0.048 0.063 0.076 0.085 0.065 

64-AB 0.165 0.162 0.105 0.052 0.058 0.054 0.074 0.086 0.060 

128-AB 0.121 0.118 0.130 0.076 0.077 0.072 0.067 0.079 0.063 
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Table 29  Data table of Table 2. The AVD values of the individual WT, sax-3 and wve-1 embryos are compiled. 

 AVD X [EL] AVD Y [EL] AVD Z [EL] 

N2 Embryo5 0.033 0.027 0.032 

N2 Embryo3 0.035 0.059 0.065 

N2 RS_AK_Barcelona 0.024 0.029 0.058 

N2 #4 0.044 0.049 0.048 

sax-3 #1 0.057 0.106 0.092 

sax-3 #2 0.057 0.054 0.082 

sax-3 #3 0.034 0.058 0.072 

sax-3 #4 0.047 0.086 0.078 

wve-1 #1 0.135 0.118 0.147 

wve-1 3T 0.116 0.105 0.133 

wve-1 #3 0.111 0.084 0.160 

 

Table 30  Data table of Figure 51. 

General movement 

N2 22.61 29.29 23.04 28.76 20.98 31.38 21.00 26.29 22.41 

tag-335 23.55 25.32 23.94       

C38H2.2 28.07 26.63 26.06       

Effective migration 

N2 11.25 12.00 10.15 11.99 9.92 12.69 12.00 12.02 11.11 

tag-335 8.23 8.50 8.05       

C38H2.2 13.58 11.95 10.79       

 

Table 31  Data table of Figure 57. 

 Key Complete 

AW_CH_N2_Chris_2 1.99 1.97 

IB+RS_N2_1 2.39 2.19 

RS_MS_MAx_N2_1_finished_a 2.25 2.23 

Steffen_N2_oben 2.10 2.09 

RS_N2_UBC_1a 2.08 2.03 

DF_N2_Opto2X_save 2.41 2.17 

   

Embryo1_Thout 2.16 1.96 

glp1_THOUT 2.26 2.04 

glp1_2_THOUT 2.16 1.95 

ICapsa2_turned_THOUT 2.44 2.28 

RS_FT_JCmom2or9scn1_bioinf_turned 1.89 1.95 
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Table 32  Crosswise comparison of eight different only-mitosis embryos. The dissimilarity of each embryo is 
presented by AVD values [EL]. Before measuring the AVD, the compared embryos were rotated into each other to 
measure the least possible difference. OM abbreviates only-mitosis. 

 N2 #1 

OM 

N2 #2 

OM 

N2 #3 

OM 

N2 #5 

OM 

wve-1 

#1 OM 

wve-1 

#2 OM 

glp-1 

#1 OM 

glp-1 

#2 OM 

N2 #1 OM ___ 0.17 0.25 0.21 0.205 0.187 0.204 0.201 

N2 #2 OM 0.17 ___ 0.26 0.22 0.22 0.18 0.218 0.218 

N2 #3 OM 0.25 0.26 ___ 0.24 0.26 0.27 0.23 0.28 

N2 #5 OM 0.21 0.22 0.24 ___ 0.25 0.22 0.21 0.24 

wve-1 #1 OM 0.205 0.22 0.26 0.25 ___ 0.21 0.21 0.24 

wve-1 #2 OM 0.187 0.18 0.27 0.22 0.21 ___ 0.21 0.21 

glp-1 #1 OM 0.204 0.218 0.23 0.21 0.21 0.21 ___ 0.24 

glp-1 #2 OM 0.201 0.218 0.28 0.24 0.24 0.21 0.24 ___ 

 

Table 33  Comparisons of N2 #1, wve-1 #1 and gex-1 #1 to different agent-based model simulations without 

guidance. The dissimilarity of each embryo is presented by AVD values. Before measuring the AVD, the compared 
embryos were rotated into each other to measure the least possible difference.  

 Sim #1  Sim #2 Sim #3 Sim #4 Sim #5 Sim #6 Sim #7 

N2 #1  0.403 0.38 0.368 0.375 0.37 0.373 0.407 

wve-1 #1 0.296 0.302 0.330 0.310 0.309 0.285 0.318 

gex-1 #1 0.305 0.305 0.346 0324 0.339 0.198 0.306 

 

Table 34  Crosswise comparison of five different agent-based model simulations without guidance. The 
dissimilarity of each embryo is presented by AVD values. Before measuring the AVD, the compared embryos were 
rotated into each other to measure the least possible difference. 

 Simulation 

#1  

Simulation 

#2  

Simulation 

#3  

Simulation 

#4  

Simulation 

#5  

Simulation #1  ___ 0.298 0.328 0.322 0.325 

Simulation #2 0.298 ___ 0.322 0.308 0.31 

Simulation #3 0.328 0.322 ___ 0.332 0.326 

Simulation #4 0.322 0.308 0.332 ___ 0.33 

Simulation #5 0.325 0.31 0.326 0.33 ___ 
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Table 35  Data table of Figure 62.   

Step length [px] dx N2 128 dy N2 128 dx wve-1 128 dy wve-1 128 

-19 2 0 0 0 

-18 0 0 0 0 

-17 0 0 0 0 

-16 0 0 0 1 

-15 0 0 0 0 

-14 0 0 0 0 

-13 0 0 2 0 

-12 2 1 2 4 

-11 3 0 1 4 

-10 3 5 9 3 

-9 1 10 13 9 

-8 11 26 22 40 

-7 18 41 35 71 

-6 61 86 67 106 

-5 132 159 159 165 

-4 220 249 251 278 

-3 362 392 360 412 

-2 571 553 497 521 

-1 646 660 616 614 

0 778 749 785 730 

1 719 661 631 583 

2 585 501 540 500 

3 393 397 402 375 

4 240 246 274 236 

5 142 120 160 166 

6 57 73 79 81 

7 34 32 39 45 

8 7 23 26 28 

9 10 5 14 16 

10 1 9 6 3 

11 1 1 5 3 

12 0 0 1 3 

13 0 0 1 0 

14 0 0 2 1 

15 0 0 0 0 

16 0 0 0 1 

17 0 0 0 0 

18 0 0 0 0 

19 0 0 0 0 

20 0 0 0 0 
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Table 36  Distributions of step lengths. Data table with raw data of Figure 62, Figure 63, Table 8 and Table 35 

Due to the number of values this table is attached as Excel file.  

 

Table 37  Overview of bacterial freeze stocks used in this work. 

Stock 

number 

Clone name Gene Host Vector Resistance 

162 pPD118.33ΔΔ-m-

cherry #24 

Pmyo-2::mcherry DH5alpha L3790 ampR 

18 L4440-mom-5 mom-5 HT115 L4440 ampR 

72 L4440-tag-335 #23 tag-335 HT115 L4440 ampR 

137 10cG12 ZK287.4 EPI300 pCC1FOS campR 

136 33cF05 D1054.5 EPI300 pCC1FOS campR 

135 11cF10 K01D12.1 EPI300 pCC1FOS campR 

138 29bA10 srv-9 EPI300 pCC1FOS campR 

139 8bG02 fntb-1 EPI300 pCC1FOS campR 

131 31bC03 his-3 
ZK285.2 

EPI300 pCC1FOS campR 

130 36aF10 clec-24 EPI300 pCC1FOS campR 

126 40bB11 srh-236 EPI300 pCC1FOS campR 

133 14cH10 K10G4.3 EPI300 pCC1FOS campR 

129 39bF12 fbxa-174 EPI300 pCC1FOS campR 

128 12bC09 srh-283 EPI300 pCC1FOS campR 

127 34aH04 fbxa-157 EPI300 pCC1FOS campR 

188 8bF07 #1 C32E8.1 EPI300 pCC1FOS campR 

189 37cB09 #3 che-3  EPI300 pCC1FOS campR 

190 35bB05 #6 F55H12.5 EPI300 pCC1FOS campR 

191 18dG01 #7 oac-44 EPI300 pCC1FOS campR 

192 35dA11 #10 flp-33 EPI300 pCC1FOS campR 

195 11dD03 #15 F32A7.4 EPI300 pCC1FOS campR 

188 8bF07 C32E8.1 EPI300 pCC1FOS campR 

213 3dF12 F49B2.3 EPI300 pCC1FOS campR 

176 5bE12 #2 osm-9 EPI300 pCC1FOS campR 

181 32cG08 #3 Y43B11AL.1 EPI300 pCC1FOS campR 

207 23cD10 cla-1 EPI300 pCC1FOS campR 

178 10aD04#1 sru-6 EPI300 pCC1FOS campR 

179 30dF01 #1 pges-2 EPI300 pCC1FOS campR 

209 33cC01 prx-14 EPI300 pCC1FOS campR 

208 27cG03 B0001.3 EPI300 pCC1FOS campR 
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LINEAGE FILES AND CORRESPONDING RECORDINGS USED IN THIS WORK 

Table 38  Lineage file names used in this work with corresponding recordings. The lineage files are attached. 
Due to their size recording files are not attached but can be provided upon request. 

Lineage file name 4D recording 

DF_SWG001_2_core_and_cortex_bottom_128_

nuclei_overview 

DF_SWG001_2 

DF_SWG001_2_core_and_cortex_bottom_128_

1-6 

 

DF_N2_128_1s_1B DF_N2_128_1s_1 

DF_N2_128_1s_2B DF_N2_128_1s_2 

Emb#1con_GFP_in region_3cells Laserdisc 

RS_HH_HypsUSA_5_a HH_HypsUSA_5_a 

DF_Dros_1c DF_Dros_1 

RS_OIKOscn_bioinf_9_final RS_OIKO_scn9 

061217_35_Position005 Position005renamed 

DF_Arp3-20110919-0002_AB01_05 Arp3-20110919-

0002_AB01_05.jpg_Files 

AW_CH_N2_Chris_2 CH_N2_Chris_2 

DF_AW_CH_N2_Chris_2_Dance CH_N2_Chris_2 

DF_N2_Opto2X_save DF_N2_Opto2X 

RS_N2_UBC_1a RS_N2_UBC_1 

RS_N2_UBC_1a_dance  

DF_N2_10_3T DF_N2_10_3 

DF_N2_10_5T DF_N2_10_5 

DF_N2_10_5B DF_N2_10_5 

DF_N2_15_4T DF_N2_15_4 

DF_N2_15_3T DF_N2_15_3 

DF_N2_15_3B DF_N2_15_3 

DF_N2_20_1T DF_N2_20_1 

DF_N2_20_3B DF_N2_20_3 

DF_N2_20_2T DF_N2_20_2 

IB+RS_N2_1b_full IB+RS_N2_1 

RS_AK_Barcelona AK_270109_Histon_GFP_scn_rot_lwf 

LP_RS_n2_1_full LP_RS_n2_1 

Steffen_N2_oben SS_Sabrina_N2_1 

DF_JS_N2_3_turned_b_key js_n2_3_turned 

JS_N2_2_R_key JS_N2_2 

DF_e2144_3T DF_e2144_3 

DF_e2144_L4440_2B DF_e2144_L4440_2 

DF_e2144_3B DF_e2144_3 

DF_ML_mom5_ko_18E2_1T ML_mom5_ko_18E2_1 

ML_mom_5_ko_18E2_1B ML_mom5_ko_18E2_1 

HR_e2144_L4440-mom5_4B HR_e2144_L4440-mom5_4 

HR_e2144_L4440-mom5_7T HR_e2144_L4440-mom5_7 

HR_e2144_L4440-mom5_8T_Key HR_e2144_L4440-mom5_8 

DF_AHO_ced_10_2_L AHO_ced_10_2 
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DF_RS_AHO_ced_10_2_Rt1875_fin AHO_ced_10_2 

DF_NM_ced10_t1875_2L NM_ced10_t1875_2 

DF_NM_ced10_t1875_2R NM_ced10_t1875_2 

RS_ced10JCt875e  

DF_GE5381_2B_key DF_GE5381_2 

AW_ND16_E1_1R_key AW_ND16E1_1 

DF_GE5381_6T_key DF_GE5381_6 

DF_GE5891_OCII_8T_key DF_GE5891_OCII_8 

DF_GE5891_OCII_8B_key DF_GE5891_OCII_8 

DF_GE5891_OCII_7T_key DF_GE5891_OCII_7 

DF_GE5891_OCII_9B DF_GE5891_OCII_9 

DF_NM_NF_49_G10_1L NM_NF_49_G10_1 

DF_t3211_9L_key DF_t3211_9 

DF_t3211_5L_key DF_t3211_5L 

DF_JJ_tag335_8_top DF_JJ_tag335_8 

JJ_tag335_9T_JJ4_bioinf JJ_tag335_9 

DF_JJ_tag335_9B JJ_tag335_9 

JA_sax_3_ky123_1R JA_sax-3_ky123_1 

JA_sax_3_ky123_4L JA_sax_3_ky123_4 

JA_sax_3_ky123_3L JA_sax_3_ky123_3 

JA_sax_3_ky123_2L JA_sax_3_ky123_2 

JA_sax_3_ky123_2R JA_sax_3_ky123_2 

DF_VC1830_rho-1_4B DF_VC1830_rho-1 

DF_VC1830_rho1_2B DF_VC1830_rho1_2 

DF_VC1830_rho-1_3B DF_VC1830_rho-1_3 

DF_NG324_wsp1_3B DF_NG324_wsp1_3 

DF_NG324_wsp1_2T DF_NG324_wsp1_2 

DF_NG324_wsp1_4T DF_NG324_wsp1_4 

DF_VC2706_wve1_2L DF_VC2706_wve1_2 

DF_VC2706_wve1_3B DF_VC2706_wve1_3 

DF_VC2706_wve1_3B_Dance DF_VC2706_wve1_3 

DF_VC2706_wve1_1B DF_VC2706_wve1_1 

DF_VC2706_wve1_3T DF_VC2706_wve1_3 

DF_VC2706_wve1_2R DF_VC2706_wve1_2 

DF_VC2706_wve1_1T DF_VC2706_wve1_1 

DF_WM43_gex3_2T DF_WM43_gex3_2 

DF_WM43_gex3_3B DF_WM43_gex3_3 

DF_WM43_gex3_4T DF_WM43_gex3_4 

DF_WM43_gex3_2B DF_WM43_gex3_2 

DF_glp1_wve1_2B DF_glp1_wve1_2 

DF_glp1_wve1_4T DF_glp1_wve1_4 

AW_CH_N2_agent_1_full.sbc_full  

AW_CH_N2_agent_3_full  

IB+RS_N2_1b_complete_dance_agent_3_full  

IB+RS_N2_1b_complete_dance_bioinf_agent_6

_full 

 

IB+RS_N2_1b_complete_dance_agent_11_full  
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DF_VC2706_wve-1_3B_Dance_agent_5_full  

IB+RS_N2_1b_complete_dance_agent_8_full  

DF_N2_LED_Kill_2B  

DF_VC1706_1_B DF_VC1706_1 

DF_VC1706_3B DF_VC1706_3 

DF_VC1706_3T DF_VC1706_3 

 

KEY TO ABBREVIATED, BIOINFORMATICALLY ASSESSED EMBRYOS 

Table 39  Prominent bioinformatically assessed embryos. Abbreviations for embryos specifically addressed in 
figures and tables are listed with their respective SIMI file name containing the title of the 4D record. 

Abbreviation SIMI file name 

N2 #1 IB+RS_N2_1b 

N2 #2 AW_CH_N2_Chris_2 

N2 #3 DF_N2_Opto2X_save 

N2 #4 RS_N2_UBC_1a 

N2 #5 Steffen_N2_oben 

N2 #6 Emb#1con_GFP_in region_3cells 

gex-3 #1 DF_WM43_gex3_2T 

glp-1 tag-335 (RNAi) DF_e2144_L4440-tag335_4T 

glp-1 wve-1 #1 DF_glp1_wve1_2B 

sax-3 #1 JA_sax_3_ky123_1R 

sax-3 #2 JA_sax_3_ky123_2L 

sax-3 #3 JA_sax_3_ky123_2R 

sax-3 #4 JA_sax_3_ky123_4L 

tag-335 (RNAi) DF_JJ_tag335_9B_turned 

wve-1 #1 DF_VC2706_wve1_3B 

wve-1 #2 DF_VC2706_wve1_3T 

wve-1 #3 DF_VC2706_wve1_1T 

Simulation #1 AW_CH_N2_agent_1_full.sbc_full 

Simulation #2 AW_CH_N2_agent_3_full 

Simulation #3 IB+RS_N2_1b_complete_dance_agent_3_full 

Simulation #4 IB+RS_N2_1b_complete_dance_bioinf_agent_6_full 

Simulation #5 IB+RS_N2_1b_complete_dance_agent_11_full 

Simulation #6 DF_VC2706_wve-1_3B_Dance_agent_5_full 
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