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Abstract 
 
It is well known that tight coordination of cell division timing is essential for proper 
cell fate specification and tissue growth during metazoan development. However, 
how cell divisions are coordinated in vivo is largely unknown. In this thesis, a high-
content screening was conducted to identify genes responsible for temporal 
coordination of cell division during Caenorhabditis elegans embryogenesis. A total 
of 822 genes were depleted using RNA interference (RNAi). The genes were 
prioritized based on their degree of conservation in human, as well as their roles in 
development. In addition to RNAi, an experimental pipeline was established, 
including 3D time-lapse imaging of an RNAi perturbed C. elegans embryos followed 
by automated lineaging, which allows systematic quantification of division timing of 
each individual cells up to approximately 350-cell stage. To identify genes with a 
significant reduction in the asynchrony of division between sister cells (ADS) upon 
perturbation, average division timings of each cell between at least two replicate 
perturbed embryos was compared against the average division timings of 92 wild 
type embryos. It was found that cell fate determinants were not only important for 
maintaining fate asymmetries, but are also imperative for establishing ADS 
regardless of cellular context. Hence, the results demonstrate that fate and temporal 
asymmetries share a common genetic architecture. The temporal coordination appears 
to facilitate cell migration during fate specification or tissue growth. 
 
Given the observation that perturbations of signalling pathways, especially Wnt and 
Notch pathways, are frequently associated with the ADS, it would be essential to map 
the exact signalling event that takes place at cellular level which is responsible for a 
given ADS or fate asymmetry. To this end, a miniMos transposon-meditated 
transgenic technique was adopted to insert a fusion between GFP and a promoter 
derived from individual components of the two signalling pathways into the C. 
elegans genome. The resulting insertion was crossed into a strain expressing 
lineaging markers, which allows automated lineaging and gene expression profiling 
to map the expression of each component with single cell resolution. A combination 
of cellular expression and cell-cell contact data would lead to a comprehensive map 
of each signalling event during C. elegans embryogenesis. Our preliminary results on 
cell-cell contacts and cellular expression validated the existing signalling events and 
identified potential novel ones that are associated with either ADS and/or fate 
asymmetry.  
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1. General Introduction 
 

In this thesis, I used Caenorhabditis elegans as a model to study in vivo cell cycle 

control during embryogenesis. The first part of this thesis focused on coordination of 

cell division timing, which is essential for proper cell fate specification and tissue 

growth. The invariant embryonic cell lineage of C. elegans provides us an excellent 

model to study the temporal regulation of cell division or ADS as well as genetic 

control over in cell fate asymmetry. 

 

Given the importance of Notch signaling events in breaking fate asymmetry, I also 

investigated the signaling events at the cellular resolution during embryogenesis. In 

order to map the signaling events at cellular level, worm strains carrying a single 

copy insertion of promoter::GFP fusion transgenes were obtained for various 

components in the pathway through minimal Mos1 transposon method (miniMos) 

(Frokjaer-Jensen et al., 2014). The details of this method would be described later in 

this chapter. 

 

1.1 Overview 
Nowadays, most of our knowledges on eukaryotic cell cycle regulation mainly are 

based on the study of single-celled microorganism such as Saccharomyces cerevisiae 

or mammalian cell culture (Hartwell et al., 1974). The advantage of using S. 

cerevisiae to study cell cycle progression is that it is one of the simplest eukaryotic 

systems to work with but contains most of the essential components for cell division, 

growth and survival. Due to its fast cell cycle, it is feasible to be manipulated under 

laboratory conditions.  However it does not give us sufficient information on how cell 

divisions between individual cells are spatially and temporally coordinated, as every 

single cell tends to divide independently from each other. Hence, as C. elegans’s 

complete embryonic lineage was documented by Sulston and his colleagues back in 

1983 (Sulston et al., 1983), its embryogenesis makes an excellent model of studying 
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temporal control over cell division, which allows studying how cell cycle is regulated 

in vivo in a temporally and spatially dependent manner. The complete embryonic 

lineage serves as a gold standard for subsequent genetic screen for genes that could 

be responsible for cell cycle defects. 

 

 

1.2 C.elegans as a genetic model organism 
In the year of 1967, Sydney Brenner first proposed using C. elegans as a genetic 

model organism to study neurobiology. He designed the experiment to investigate 

mutations affecting animal behaviours (Brenner, 1974). Brenner found that C. 

elegans mutant could easily be obtained using a chemical mutagen Ethyl 

methanesulfonate (EMS) (Sulston and Brenner, 1974, Brenner, 1974).  C. elegans is a 

nematode that is approximately 1mm long in its adult stage, with a rapid life cycle of 

around 3 days under 20 degree Celsius.  It is usually found as a hermaphrodite in 

nature, and the natural occurrence of its male is found to be less than 0.2% in wild or 

laboratory cultivation.   

 

There are many advantages of using C. elegans as a genetic model organism.  These 

includes the ease of maintenance as described by Brenner (1974), short life cycle 

enabling fast experimentation, transparent body that allows observation of every 

stages of its development to trace invariant cell lineage, and feasible RNA 

interference (RNAi) for rapid assessment of its gene function (Fire et al., 1998, 

Simmer et al., 2003).  I would like to go into the details for a subset of these 

advantages in this chapter. 

 

1.2.1 C. elegans embryogenesis and invariant cell lineage 
As mentioned earlier, one of the advantages of using C. elegans as a genetic model is 

their fast life cycle. It takes approximately 3 days for it to grow from embryo to adult 

at room temperature (Figure 1.1A). In this thesis, I mainly focused on one of its 

developmental stage, i.e., embryogenesis (Figure 1.1B), which takes approximately 
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14 hours upon fertilisation to hatching larva. Sulston and his colleagues published the 

complete embryonic cell lineage of C. elegans in 1983 (Sulston et al., 1983). Cell 

lineaging is referred to as the tracing of cellular generations by observing cell 

divisions and migrations over time, hence developmental history of a differentiated 

cell tracing back to its specific progenitor. Due to the transparency of its embryo, 

Sulston managed to observe lineage total of of 558 surviving cells in a hatching larva 

using Normaski DIC microscopy. He spent one and a half years with 8 hours per day 

looking under the DIC microscope to complete the embryonic cell lineage (Sulston 

and Ferry, 2002). He observed that during embryogenesis, a total of 671 cells are 

generated, with 113 and 111 cells undergoing programmed cell death in 

hermaphrodite and male respectively (Sulston et al., 1983). 

 

The C. elegans cell lineage (Figure 1.2) is invariant, meaning that its cell division 

timing, programmed cell death and fate specification show almost no variation 

between individual embryos. The lineage shows a high complexity. An intriguing 

question remains unclear, i.e., why a small nematode such as C. elegans requires such 

a complex lineage to assemble its body parts. Defective cell division timing during 

embryogenesis undoubtedly would lead to abnormalities during embryonic or larval 

development (Horvitz and Sulston, 1980). Cell division timings between independent 

cells need to be tightly controlled to achieve proper tissue formation and 

organogenesis.  

 

After describing the cell lineage, the next level would be to look at the regulatory 

mechanisms behind the invariant cell lineage. There are two general approaches to 

achieve this goal. The first is through genetic approach, as we believe that mutation in 

certain gene or gene family could affect cell division timing in a specific lineage or 

even in a specific cell. In this thesis, I would perform RNAi experiment combined 

with automated lineaging to look at effect on how a mutation in certain gene would 

affect cell division timing. The details of automated lineaging will be discussed later 

in this chapter as well as Chapter 2. The second is to look into cell-cell interaction 

through one of the classical methods of experimental embryology. Hence the cell 
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killing experiment by focusing a laser beam on the cell that you would like to remove 

(Sulston and White, 1980), by killing a specific cell in a developing embryo should 

indicate if the fate of this specific cell influences the fate of its neighbouring cell. 

Cell-cell contact during embryogenesis plays a key role in cell fate specification for 

example through Notch and Wnt signalling pathway (Eisenmann, 2005, Priess, 2005). 

Cell fate specification through cell-cell contact would be discussed in Chapter 3. 

 

 
Figure 1.1 Life cycle of C. elegans. 

(A) A simplified version of C. elegans life cycle at 22°C. Block arrows indicate the 

“normal” life cycle progression when the animal is found with ample food supply and 

temperate environment. Dotted arrows indicate an alternative developmental route for 

the animal when there is limited food source and dense population, once the animal 

returns back to a favorable condition, development resumes back to normal. The 

numbers in blue next to the arrows indicate the duration of the animal spends at a 

certain developmental stage. (B) Embryonic stages of development. The Normaski 

micrograph of embryos at different developmental stage as indicated on the right, the 
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direction of arrow indicates an increase in developmental time, from fertilisation to 

hatching. 

The above diagram is adapted from (Altun et al., 2002-2012, Seidel et al., 2011). 

 

The embryonic cell lineage is described as highly invariant (Sulston et al., 1983), 

meaning that during embryonic development, every single cell divides and 

differentiates in a stereotyped fashion among individual embryos. Hence, the cells 

identities, cell numbers, cell position as well as cell division timings of every single 

cell in one embryo are the same among embryos. The cell lineage therefore provides 

an excellent standard reference for studying cell fate specification in a native 

spatiotemporal context (Maduro, 2009).  

Figure 1.2. The complete embryonic cell lineage 
The complete embryonic cell lineage is taken from Sulston et al., 1983. 
 

 

1.2.2 Cell fate specification during embryogenesis 

During embryogenesis, every single cell must be specified into certain fates to enable 

proper development. As all cells in the C. elegans embryo originate from zygote 

through mitosis, individual cells must exhibit differences in gene expression over 

time in order to adopt its designated fate.  Different fates arise through a series of 

events, mostly controlled by a combination of maternal determinants, transcription 
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factors regulating differential gene expression at different stage of embryogenesis, as 

well as cell-cell signaling events that commonly break division symmetry.   

 

Cell fate specification in C. elegans embryo is a complicated event, as cells 

exhibiting the same fate for example body wall muscle could originate from unrelated 

founder cells (Schnabel, 2001). Schnabel refer AB, MS and C lineage as “complex” 

lineages, whereas E and D in contrast are described as “simple” lineages as they only 

produces a handful of cell and a single tissue type, hence the gut and part of body 

wall muscle respectively (Schnabel, 2001). Each lineage and their corresponding 

tissue type are shown in Figure 2.1B. Every single cells in the embryo are named 

according to its lineage and their division axis. Asymmetric distribution of maternal 

factors is essential in blastomere specification. The determination of anterior-

posterior axis is completed early at the point in which the sperm enters the oocyte 

(Gotta and Ahringer, 2001). Anterior (A) or Posterior (P) axis is established in one-

cell stage embryo, Dorsal (D) or Ventral (V) axis by four-cell stage and the Left (L) 

or Right (R) axis becomes apparent at six-cell stage, for example, ABalpap. 

 

The process of embryogenesis can be classified into four different stages, i.e., founder 

cell formation, cell proliferation, tissue specification and morphogenesis (Schnabel, 

2001). The P0 cell undergoes four rounds of asymmetric cell division giving rise to 

six founder cells, AB, MS, E, C, D and P4.  AB, MS, E, C and D are known as 

somatic founder cells, differentiating into somatic tissues whereas P4 is the germline 

precursor cell. AB lineage gives rise to a variety of cell types, including neurons, 

pharyngeal tissues, hypodermis and excretory cell, MS lineage mainly gives rise to 

muscles and pharyngeal tissues, C lineage produces hypodermis and muscles whereas 

D and E produces body wall muscles and intestine respectively (Sulston et al., 1983). 

 

Fate specification in early embryo is well characterized. Therefore I will not elaborate 

it in detail of it in this chapter. The specification of AB and P1 will be briefly 

described in section 3.2.  We are currently lacking the detailed knowledge on how 

cell fates are specified in later stages of embryogenesis due to the absence of tools 
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that allow systematic investigation of cell division and cell fate specification when 

the embryonic nuclei becomes too crowded with egg shell.  

 

Cell-cell interaction plays an essential role in fate specification in early 

embryogenesis (Priess and Thomson, 1987). Cell-cell contacts beyond 150 cells have 

not yet been characterised. To look at cell-cell interaction in late embryos, I would be 

using single-copy insertion of GFP tagged Notch and Wnt component combined with 

automated lineaging to map existing contacts as well as potentially novel contacts for 

cell fate specification in late embryo, details of which will be discussed in Chapter 3, 

providing a primary framework in working towards the goal.  

 

Hence, for tissue-specific lineaging strain such as RW10425 (PHA-4::GFP 

expressing specifically in gut and pharynx) combined with recent advance in 

automated lineaging, please refer to Chapter 1.3 and Chapter 2 for detailed 

introduction. Lists of tissue specific lineaging strains that are used for automated 

lineaging are shown in Table 1.  Changes in cell fate could be visualised by a change 

in expression pattern in the embryo as well as by our lineaging tree. 

 

1.3 Automated lineaging 
Previously, mapping a C. elegans cell lineage would take up to one and a half years 

by looking under an DIC microscope to complete (Sulston and Ferry, 2002). The 

invariant cell lineage and cell fate in C. elegans embryogenesis provide an excellent 

model to study the genetic pathway and molecular mechanism behind these 

developments. Bao et al., 2006, developed an automated lineage tracing system. It is 

an extremely powerful and convenient tool to study cell division and cell fate 

differentiation quantitatively. Automated lineaging utilises 4D images of C. elegans 

strains ubiquitously expressing a GFP-histone fusion by a confocal microscope, 

allowing automated cell tracing followed by manual curation up to 350 cells. From 

image acquisition to lineage output, it usually takes less than a day (Bao et al., 2006).  
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Image acquisition is a very critical step in automated lineaging. Strains expressing 

GFP- or mCherry-tagged histone are referred to as lineaging strains in this thesis 

(Table 1). The nuclei of the embryo are brightly labelled by GFP or mCherry-histone 

fusion. One of the challenges of the long duration imaging is the fine-tuning of laser 

dosage, especially at 488 nm excitation wavelength. The laser dosage has to be set at 

a level that is sufficient for nuclear tracing but yet not too high to kill the embryo. 

Other than the laser dosage, the room temperature has to be kept at around 20°C to 

ensure normal development.  The set of images are then analysed through an 

algorithm that was developed by Bao et al, 2006 to track nuclei from one time-point 

to the next. The algorithm is based on the fact that nuclei in C. elegans embryos are 

spherical except for those that are undergoing mitosis, and they are well separated 

(Bao et al., 2006). The nuclei are first identified through local maximum approach 

and then they will be tracked over time in a given image set. Tracking in simple terms 

is the matching of identified nuclei from one time-point to the next. There are three 

possible ways in which a cell would behave over time, no division, mitosis and 

apoptosis. A nucleus at a given time-point (Time n+1) would be matched to the 

nearest one from the previous time point (Time n), as illustrated in Figure 1.3. 

Although nuclear identification and tracking alone are sufficient to provide a cell 

lineage, however, as we know each cell in C. elegans has a unique name (Sulston et 

al., 1983), the cells have to be named as those by Sulston . Starrynite uses the 

conventional division axes to assign cell names automatically (Bao et al., 2006). As 

this algorithm could make mistake, an interactive graphical interface Acetree (Murray 

et al., 2006) can be used to correct the cell lineage. 
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Figure 1.3. Tracking Strategy of Starrynite 

An embryo at Time n and Time n+1 with nuclei are labeled in green. The red lines 

indicates a nucleus at Time n has a putative match to more than one nuclei at Time 

n+1, hence cell division has taken place. The black lines indicates a nearest neighbour 

matching the previous time-point, hence no division. The yellow dotted circle 

enclosing the nuclei indicate identified nuclei at current time-point, and the red dotted 

circle indicates the position of nuclei at previous time-point. 

 

 

Our imaging protocol described in Chapter 2 allows systematic quantification of cell 

division timing as well as expression of tissue specific marker with a high temporal 

and spatial resolution, with approximately 1.5 minutes interval and 41 focal planes 

with 0.71μm apart. 

 
!
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1.4 Reverse genetics in C. elegans 
In classical forward genetics, worms are treated with chemical mutagen such as EMS 

to randomly mutagenise DNA to screen mutants with phenotype of interest. These 

genes can then be identified followed by characterizing their gene function (Sulston 

and Brenner, 1974). Nowadays, with the advance of whole genome sequencing, we 

are now able to investigate gene function using a different way, i.e., the reverse 

genetics, meaning deducing a gene’s function from sequence to phenotype. This 

enables us to study the function of a gene family, which was hard to achieve using 

forward genetics. 

 

Throughout this thesis, we uses RNA interference (RNAi) (Fire et al., 1998) to 

perturb around 800 genes that were reported to show embryonic lethality or larval 

arrest. This screening would hopefully be able to identify genes affecting cell division 

timing of cell fate specification that has not yet been identified previously.  

!
 

 

 

 

 

 

 

 

 

 
!
!
!
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2. A shared regulation on asynchrony and fate asymmetry 

in C. elegans embryogenesis 

2.1 Abstract 
During metazoan development, coordination of cell division timing is essential for 

precise cell fate specification and tissue growth. Here question arises on how cell 

division timings across different or within the same cell type(s) are differentially 

regulated. In order to investigate the genetic architecture of temporal coordination on 

cell division, we used RNA interference (RNAi) to deplete gene function in C. 

elegans embryos, and then performed a high-content screening in those embryos to 

look for their effect on cell division timings. We depleted a total of 822 genes using 

RNAi. The genes are chosen based on their degree of conservation between C. 

elegans and human, as well as their roles in development. For those perturbed 

embryos, we performed 3D time-lapsed imaging and quantified division timing of 

every single cell in those embryos up to 350-cell stage with the aid of computer 

software. We then screened our quantitative data set for those that gave us a 

significant decrease in the asynchrony of division between sister cells (ADS). 

 

Interestingly, we found that cell fate determinants are not only responsible for 

generating fate asymmetry but also essential for establishing ADS regardless of 

cellular context, suggesting that both cellular processes share a common genetic 

architecture. Fate determinants demonstrate the possibility of either coupled or 

separate regulation between fate asymmetry and ADS. We also found evidence that 

temporal coordination seems to facilitate cell migration during fate specification. 
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2.2 Introduction 
Development of metazoan into different cell types requires a tight control over 

division timing to facilitate precise cell fate specification and tissue growth. Impaired 

control on cell division might result in tumorous growth or other detrimental effects. 

As mentioned in Chapter 1, cell division timing is being tightly regulated to facilitate 

proper cell fate differentiation, but how division timing is regulated in a multi-cellular 

organism in vivo to facilitate proper cell fate differentiation or tissue growth is not 

well characterised, especially when cells in embryos are going through rapid 

embryonic cell division during its proliferative stage. Our knowledge on cell cycle 

control are mainly derived from the study of single-cell organism such as budding 

yeast or mammalian cell cultures (Hartwell et al., 1974, Bloom and Cross, 2007). 

However both yeast or mammalian cell in cell cultures divide independently to one 

another, which is not relevant to studying the regulatory mechanisms behind temporal 

coordination in the context of a multi-cellular organism. Therefore, a model for 

studying metazoan development is essential for studying the regulatory mechanisms 

of temporal coordination of cell division that gives rise to different or the same cell 

fate(s). In this chapter we define cell divisions that give rise to daughter cells with 

different fate as cell fate specification. On the other hand, we define cell divisions 

that give rise to daughter cells with the same fate as tissue growth. Cell fate 

specification during C. elegans embryogenesis is mainly achieved through the 

asymmetric distribution of fate determinants and/or cell-specific defining of the 

division axis (Zhong, 2008, Munro and Bowerman, 2009, Li, 2013, Noatynska et al., 

2013), whereas tissue growth may not involve the asymmetric distribution of cell fate 

determinants. In this chapter, tissue growth is only referring as clonal expansion 

based on a tissue-specific marker expression and cell fate determinate is defined as 

any genes whose perturbation is reported or expected to produce defective phenotype 

on cell fate specification. 

 

Previous studies of metazoan development suggested that the relationship between 

cell division and cell fate specification must be intertwined with each other. Hereby, 

taking a few canonical cell cycle control genes as examples, in C. elegans, 
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hypomorphic alleles of cdk-1, which encodes for a cyclin-dependent kinase (CDK), is 

required for driving cell cycle through M phase. Depletion of its activities produces 

cell fate transformation from C blastomeres to E cells, hence producing extra 

intestinal cells (Shirayama et al., 2006, Ishidate et al., 2014). Another CDK, CDK-2 

and its regulatory sub-unit Cyclin E, CYE-E regulates proliferative decision in germ-

line cells, either to undergo mitosis or meiosis (Fox et al., 2011, Jeong et al., 2011). 

In Drosophila, a mutation on a fate regulator, Polycomb Repressive Complex 2 

(PRC2) reveals its role in controlling oocyte fate through regulating PRC2 target 

genes, Cyclin E and cyclin-dependent kinase inhibitor dacapo (Iovino et al., 2013). 

 

Most studies on regulation in division timings focused on specific tissue. In C. 

elegans for example, the regulation of division timing in E lineage, the intestinal cell 

has been intensively studied. Genes that are specifically involved in regulation of E 

fate specification has been identified. For example, a gain-of-function mutation in 

cdc-25.1, encoding a cell cycle prompting phosphatase or a loss-of-function mutation 

in end-3, a GATA type transcription factor, both results in a reduction in cell cycle 

length in E lineage (Boeck et al., 2011, Clucas et al., 2002, Kostic and Roy, 2002). 

Recent study suggested that a high level expression of a cell cycle regulator wee-1.1 

induced by P2-EMS signaling, is responsible for the elongated cell cycle lengths in 

Ea and Ep. A mutation in wee-1.1 results in a shortening of cell cycle length in Ea 

and Ep, but does not affect the intestinal fate in E lineage. The result indicates that 

regulations of cell division timings are not necessarily linked to cell fate specification 

(Robertson et al., 2014). 
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Figure 2.1. Overview of cell fate map and division asynchrony 

(A) Normaski micrograph (top) and an illustration (bottom) of an adult 

hermaphrodite C. elegans showing major tissues as indicated. 

(B) A lineage tree of a C. elegans embryo up to 47-cell stage showing various fates 

as differentially colour-coded, which are derived from different lineal origin. 

(C) Schematic illustration of ADS, which is associated with the same (left) or 

different (right) cell type(s) as differentially colour-coded. A comparison of ADS 

is shown with one of the daughter cells developing into a blast cell (purple) while 

the other into a terminally differentiated cell (blue). 
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(D) A 3D projection of a C. elegans embryo at approximately 350-cell stage, which 

is generated from fluorescence micrographs showing the expression of both 

lineaging and tissue specific markers, that is, pie-1::H2B::mCherry and his-

72::H3.3::mCherry (red) and pharynx-gut specific marker, PHA-4::GFP (green). 

(E) A space-filling model of nuclei within a wild-type embryo of approximately 350-

cell stage based on the output from a curated lineage derived from automated 

lineaging. Nuclei are differentially colour coded in the same colour scheme as 

that in (B). Dash lines indicate the eggshell of the embryo. 

 

 

During C. elegans embryogenesis, coordination of cell division timing is often 

exhibited as asynchrony of division between sister cells (ADS), which is commonly 

observed between sister cells, not only those that give rise to different fates but also 

divide into the same cell types (Figure 2.1C). This demonstrates that there is another 

layer of regulation in coordinating cell division pace, which may be associated or 

independent of cell fate differentiation during metazoan development. Intriguingly, 

an overall slowdown in developmental pace during embryogenesis either by lowering 

the temperature or introducing mutations that causes a global decrease in division 

pace does not change the relative timings between cells (Schnabel et al., 1997, Nair et 

al., 2013). It indicates that the control of global developmental pace is mostly 

independent of the regulation of asynchrony between individual cells. Nonetheless, it 

remains unclear of how ADS is genetically regulated during fate specification or 

tissue growth, particularly during the proliferative phase of embryogenesis.  
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Figure 2.2. Experimental design and pipeline. 

Top left shows the flowchart of this study (see also Figure 2.8), with the number of 

genes that is able to go through each step indicated on the left of the chart. Top right 

shows the micrographs of wild-type C. elegans embryos at different cell stage as 

indicated on the left, with panel I showing the Normaski micrograph, panel II and III 

showing the fluorescence micrographs of lineaging and PHA-4 tissue marker 

expression of the same embryo corresponding to panel I respectively. Panel VI is 

derived from merging I, II and III. Bottom shows a lineaging tree of ABa with the 

lineal expression of PHA-4 coloured in red, which is derived from the fluorescence 

images using automated lineaging. 
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C. elegans is an ideal model to study the developmental control of cell division 

timing as it has an invariant lineage and widespread asynchronies between individual 

cells during embryogenesis. It allows unambiguous tracing of cell lineage from one-

celled stage to an adult worm (Figure 2.1B and 2.2) (Sulston et al., 1983). During the 

proliferative stage of development, coordination of cell division pace between 

individual cells is especially important, since precise division timing is crucial to 

ensure proper cell migration, subsequent tissue formation, as well as morphogenesis 

and organogenesis. Previous studies on cell division timings mainly focused on 

heterochronic genes affecting postembryonic development in C. elegans (Gleason 

and Eisenmann, 2010, Ren and Zhang, 2010). It also suggests that the developmental 

control between embryonic and post-embryonic stage uses different mechanisms. For 

example, a loss-of-function mutation in heterochronic genes affecting the cell cycle 

progression during larval stage does not cause similar defects in a developing embryo 

(Ambros, 2001). Therefore, the genes that are found to be involved in differential 

control of cell cycle pace during embryogenesis are essential for understanding the 

genetic control of temporal coordination during proliferative stage of development. 

 

One of the major difficulties in studying temporal regulation is to document division 

timings in a systematic and quantitative manner with a high spatial-temporal 

resolution during metazoan embryonic development. This restricts the study of in-

vivo cell cycle control only at early stages of embryogenesis with a handful of cells 

due to difficulty in cell identification. Studies on early embryonic development have 

successfully identified regulatory pathways controlling division asynchrony or 

polarity (Brauchle et al., 2003, Budirahardja and Gonczy, 2008, Colombo et al., 2003, 

Galli and van den Heuvel, 2008, Li, 2013), centrosome assembly (Greenan et al., 

2010, Narasimhachar et al., 2012), chromosome segregation(van der Voet et al., 

2009) and cytokinesis (Chartier et al., 2011, Sonnichsen et al., 2005). As cell number 

increases through embryonic development, it becomes difficult to systematically 

record the cellular and molecular event by direct observation. In order to 

systematically document cellular event during embryogenesis, different tools have 

recently been developed which enables manual or automated tracing of cell lineage 



! 18!! ! ! !

and gene expression profiling during C. elegans during embryogenesis (Bao et al., 

2006, Murray et al., 2008, Schnabel et al., 1997). Particularly, automated lineaging 

tools allow systematic quantification of cell cycle timing and gene expression up to 

350-cell stage with minimal human intervention. Automated lineaging has recently 

been employed for a large-scale transcription factor expression profiling with single 

cell resolution (Murray et al., 2012) and for de novo inference of systems-level 

mechanistic models of development from live-imaging-based phenotype analysis 

(Du et al., 2014). This technique has also been used for functional charaterisation 

of individual genes or pathways (Shao et al., 2013, Wong et al., 2016, Zhao et al., 

2010). To examine the systems-level genetic architecture of temporal regulation 

during C. elegans embryogenesis, we have performed a genetic screen with a 

combination of RNAi and automated lineaging, in the hope of identifying genes 

regulating the asynchrony of division between sister cells during cell fate 

differentiation or tissue growth. 

!

2.3 Materials and Methods 

2.3.1 Worm strains and maintenance 

All worms were maintained on NGM plate seeded with OP50 at 20°C using standard 

techniques. The detailed information of the strains that were used is listed in Table 1. 

RW10425, RW10481, RW10348 and RW10913 were strains used in lineaging 

experiment whereas the strain BC10210 was used as postembryonic marker of 

excretory cells as experimental validation.  
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Strain 
name  

Genotype  Tissue 
marker  

Tissue of 
interest  

RW10425  unc-119(ed3) III;  
stIs10116 [his-72p::HIS-24::mCherry::let-858 3'UTR 
+ unc-119(+)];  
itls37 [pie-1p::mCherry::H2B::pie-1 3'UTR + unc-
119(+)];  
stIs10389 [PHA-4::TGF(3E3)::GFP::TY1::3xFLAG]  

PHA-4  Pharynx and 
intestine  

RW10481  unc-119(ed3) III;  
stIs10116[his-72p::HIS-24::mCherry::let-858 3'UTR 
+ unc-119(+)];  
itIs37 [pie-1p::mCherry::H2B::pie-1 3'UTR + unc-
119(+)];  
stIs10436 [hlh-1::TGF(6.2B4)::GFP::TY1::3xFLAG ]  

HLH-1  Body wall 
muscle  

RW10348  unc-119(ed3) III; 
 stIs10116 [his-72p::HIS-24::mCherry::let-858 3'UTR 
+ unc-119(+)];  
itls37 [pie-1p::mCherry::H2B::pie-1 3'UTR + unc-
119(+)];  
stIs10318 [NHR-
25::TGF(3H4)::GFP::TY1::3xFLAG]  

NHR-25  Hypodermis  

RW10913  unc-119(ed3) III; 
stIs10116 [his-72p::HIS24::mCherry::let-858 3'UTR 
+ unc-119(+)];  
itIs37 [pie-1p::mCherry::H2B::pie-1 3'UTR + unc-
119(+)];  
stIs10703 [CEH-
26::TGF(3H4)::GFP::TY1::3xFLAG]  

CEH-26  Excretory 
cell  

BC10210  dpy-5(e907) I;  
sIs10089 [rCes pgp-12p::GFP + pCeh361] 

PGP-12  Excretory 
cell  

 

Table 2.1. List of strains and its corresponding genotypes. 
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Figure 2.3. Gene priortisation and primer selection 

(A) The flowchart of gene priorisation. Genes that were associated with embryonic 

lethality and/or early larval arrest were obtained from Wormbase (WS230). The 

list was then filtered with a requirement of at least two-fold enrichment of 

transcript expression in embryos compared to that of other stages. Genes that 

were annotated to give early embryonic arrest upon knockdown were manually 

removed from our list. 

(B) The flowchart of primer selection for the production of dsRNA 
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2.3.2 Gene prioritisation for RNAi 

We employed several filters in selecting genes to be included in our RNAi screening. 

First of all, they were annotated to produce desirable phenotypes i.e. embryonic lethal 

or larval arrest upon RNAi knockdown or genetic mutation analysis in Wormbase 

(Yook et al., 2012). Secondly, they were required to have a human ortholog as 

annotated in Ortholist (Shaye and Greenwald, 2011). Satisfying both filters gave us a 

total of 1948 unique protein coding genes (Figure 2.3A). The third filter was used in 

order to increase the likelihood in capturing embryonic phenotypes, i.e., only those 

transcripts that were shown to exhibit at least 2-fold higher in embryos than those 

compared to postembryonic stages were retained. Finally, we removed those genes 

that were reported to produce early embryonic arrest with only a handful of cells, 

defective cytokinesis upon knockdown. As a result, 822 genes were retained for the 

subsequent experiment. 

 

2.3.3 dsRNA production and RNAi 
We performed gene knockdown by RNAi through microinjection. Primers that we 

used for dsRNA amplification were designed and selected based on the similar 

criteria that were described previously (Green et al., 2011, Sonnichsen et al., 2005) 

with a few modifications stated below (Figure 2.3B). First of all, in order to reduce 

the possibility of cross inhibition, the sequence to be amplified must have less than 

80% identity upon alignment of 50bps or bigger in size against any exonic regions of 

the target genes in C. elegans other than itself. Secondly, the Tm of the primers had 

an average of 55°C, with the amplicons covering the longest exon as much as 

possible. We limited our amplicon size from 200bps to 1000bps to facilitate the 

production of dsRNA in a 96-well plate format. A T7 promoter sequence 5’ 

TAATACGACTCACTATAG 3’ was being added to the 5’ ends for both forward 

and reverse primers. The PCR reaction was carried out using C. elegans N2 genomic 

DNA as our template, with a total reaction volume of 20μl, using Ex-taq polymerase 

(Clontech) to amplify our desired fragments. The detailed reaction conditions and 

volume is stated in Table 2.2. 
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Table 2.2. Detailed PCR conditions for amplification of dsRNA template  

 

PCR products were then examined by gel electrophoresis on a 1% agarose gel before 

proceeding to dsRNA production. Primers that failed to produce amplicons with 

expected size were repeated once more for PCR amplification. If it failed again, the 

primer will be discarded and a new set of primers will be selected for the same gene. 

 

Only the PCR products that gave us expected band size upon gel electrophoresis 

would then be used as templates for dsRNA transcription using HiScribe™ T7 Quick 

High Yield RNA Synthesis Kit (NEB) according to manufacturer’s description. After 

the transcription process, in order to facilitate effective annealing of dsRNA, the 

reaction mixture was incubated at 75°C in water bath for 15min, and then switched 

off the heating power and left the reaction mixture in water bath for incubation 

overnight. The annealed dsRNA products were then examined by gel electrophoresis 

using 1% agarose for estimating its size and concentration. The dsRNA products 

from overnight incubation were first being diluted 10-folds with TE buffer before 

loading onto agarose gel to avoid over-saturation which would affect estimation 

accuracy. Only those with expected size were used for preparation of injection 

Strain'
name''

Genotype'' Tissue'
marker''

Tissue'of'interest''

RW10425'' unc$119(ed3),III;##
stIs10116,[his$72p::his$24::mCherry::let$
858,3'UTR,+,unc$119(+)];,,
itls37,[pie$1p::mCherry::H2B::pie$1,3'UTR,+,
unc$119(+)];,,
stIs10389,[PHA$
4::TGF(3E3)::GFP::TY1::3xFLAG],#

PHA'4## Pharynx#and#intestine##

RW10481'' unc$119(ed3),III;,,
stIs10116[his$72p::his$24::mCherry::let$858,
3'UTR,+,unc$119(+)];,,
itIs37,[pie$1p::mCherry::H2B::pie$1,3'UTR,+,
unc$119(+)];,,
stIs10436,[hlh$
1::TGF(6.2B4)::GFP::TY1::3xFLAG,],#

HLH'1## Body#wall#muscle##

RW10348'' unc$119(ed3),III;,
,stIs10116,[his$72p::his$24::mCherry::let$
858,3'UTR,+,unc$119(+)];,,
itls37,[pie$1p::mCherry::H2B::pie$1,3'UTR,+,
unc$119(+)];,,
stIs10318,[NHR$
25::TGF(3H4)::GFP::TY1::3xFLAG],#

NHR'25## Hypodermis##

RW10913'' unc$119(ed3),III;,
stIs10116,[his$72p::his$24::mCherry::let$
858,3'UTR,+,unc$119(+)];,,
itIs37,[pie$1p::mCherry::H2B::pie$1,3'UTR,+,
unc$119(+)];,,
stIs10703,[CEH$
26::TGF(3H4)::GFP::TY1::3xFLAG],#

CEH'26## Excretory#cell##

BC10210'' dpy$5(e907),I;,,
sIs10089#[rCes#pgp$12p::GFP#+#pCeh361]#

PGP'12## Excretory#cell##

#
#
#
#
#
Cycling'conditions' ' Reaction'Volume'

Temperature' Time' Cycle' ' Component' Volume'

95°C# 5min# x#1# # Template#(30ng/μl)# 1#μl#
95°C#
55°C#
72#°C#

30s#
30s#
90s#

#
x#30#

# dNTP# 2#μl#
# 10x#ExTaq#Buffer# 2#μl#
# Primers#(10μM)# 2#μl#

72°C# 5min# x#1# # ExTaq#Polymerase# 0.1#μl#
# # # # H2O# 12.9#μl#
# # # # Total# 20#μl#
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mixture. The precise dsRNA concentration was measured with NanoDrop, and the 

dsRNA injection solution was diluted to a concentration of around 300ng/μl in TE 

buffer. For control experiment, it was done by injection of TE buffer only into our 

lineaging strain, a total of 20 individual embryos from our control experiment were 

subjected to automated lineaging. The result showed no significant differences 

between untreated embryos from lineaging strain and embryos from control 

experiment in terms of division timing and marker gene expression profiles (Data not 

shown). Most RNAi experiment were performed with a single gene a time except for 

tbx-8/9, tbx-37/38 and lin-12/glp-1 due to their functional redundancy, meaning that 

knocking down only one of the gene did not give rise to embryonic phenotypes. 

Therefore, two dsRNA were mixed to a ratio of 1:1 before injection.  

 

Although we tried our best as we could to maximise the specificity of RNAi, cross-

inhibition might still be unavoidable in some cases. On the other hand, due to the 

incomplete penetrance of RNAi, some genes that might play a role in regulating ADS 

could be missed in our screening due to either incomplete penetrance or 

irreproducible results.  

 

2.3.4 Microinjection of dsRNA 
We chose microinjection as our form of delivering dsRNA into the worms as 

previous studies suggested that this way is generally more effective than feeding-

based RNAi. dsRNA was injected into the distal arm of the gonad in young adult C. 

elegans (Figure 2.4). For each RNAi experiment, around 25 young adult worms 

werewere injected basically as described in the Wormbook (Evans (ed.)). Injected 

individuals were transferred to a fresh NGM plate seeded with OP50 at least 12 hours 

after injection and its embryos were imaged within 24 hours upon microinjection.  

 

All P0 worms were removed from NGM plate after imaging, its penetrance in terms 

of embryonic lethality were recorded in 12-16 hours after imaging (Murray et al., 

2008). The penetrance was recorded as the percentage of hatched embryos out of all 
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embryos laid on the plate. To this end, the number of eggs remains on plate and the 

number of larvae were both recorded 12-16 hours after P0 removal. 

 

%!!"#"$%&#'" = !"#$%&!!"!!"#$"%
!"#$%&!!"!!""#!!"#$%&%&'!!"!!"#$%+!"#$%&!!"!!"#$"%×100 

 

 
Figure 2.4. Microinjection of C. elegans 

The red triangle represents the injection needle and its position to be placed within 

the distal arm of the gonad. The white dotted arrows indicated the direction into 

which the dsRNA solution usually flows. 

 

 

2.3.5 4D live-cell imaging for automated lineaging 
For imaging, one to four celled embryos were retrieved from the adults that were 

injected with dsRNA for at least 12 hours but not more than 24 hours. Embryos were 

mounted for imaging as described (Murray et al., 2006), 7 embryos with correct cell 

stage were chosen randomly to be mounted onto a microscopic slide to increase the 

chances that the embryos to be imaged come from independently injected P0 worms. 

Imaging was performed with an inverted SP5 confocal microscope equipped with 2 

Hybrid detectors (HyD) under a constant ambient temperature of 20°C. The detailed 

imaging parameters are described in Table 2.3. Images were consecutively collected 

for both GFP and mCherry, the excitation wavelengths that were used for GFP and 

mCherry were 488nm and 594nm respectively. RW10425 was mostly used as the 

lineaging strain, with mCherry as its lineaging marker and PHA-4::GFP as the tissue 

specific expression marker. Strains detail and respective genotype-scan be found in 
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Table 2.1. During each imaging session, fluorescence images of 3 embryos consisting 

of 41 focal planes were collected consecutively for each stack from the top to the 

bottom of an embryo at every single time point. Each embryo was scanned at an 

interval of approximately 1.5 min per stack. Each set of image was taken 

continuously for duration of around 6 hours, with a total of 240 time points. The 

imaging duration was separated into four blocks by time point, with each block 

having a different pinhole size to avoid saturation of fluorescence images. It is worthy 

of notes that laser power, z- axis compensation and pinhole sizes may be subjected to 

changes as the image quality may vary due to biological variation or technical 

problem. 
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Variable Setting 
Microscope Leica TCS SP5 
Objective Water immersion 63x1.2 
Mode Live data Mode 
Detector HyD 
Zoom 3.8 
Laser Argon 488nm laser line, 25%laser power 

HeNe  594nm laser line, 30-90% compensation 
Z- axis compensation 488nm- 1-6% 

594nm- 20-95% 
Gain 488nm channel- 150% 

594nm channel- 100% 
XY resolution 712x512 pixels 
Scanning Speed  800 Hz 
Z planes 41 (0.71µm apart between each plane) 
Scan mode Bidirectional 
Pinhole size Block 1- 1.6 AU (1-90 time point) 

Block 2- 1.3 AU (91-130 time point) 
Block 3- 1.0 AU (131- 200 time point) 
Block 4- 0.8 AU (200- 240 time point) 

Temperature 20°C 
 

Table 2.3. Imaging parameters. 

 

 

2.3.6 Automated lineaging, expression profiling and manual curation of 

lineaging output 
Before automated lineaging, the massive raw images of fluorescently labeled embryo 

produced by Leica SP5 had to be exported in TIFF format. Aided by a customized 

script, the images were then automatically sorted into two folders, one folder 

containing raw TIFF acquired from mCherry channel, the other containing raw TIFF 

acquired from GFP channel. The file names were renamed to StarryNite compatible 

formats at the same time. A customised java script was written to complete the above 

tasks. Automated lineaging was performed as previously described (Murray et al., 

2006, Murray et al., 2012). Briefly, the exported raw TIFF fluorescence images were 

acquired from the lineaging marker channel and used as input for StarryNite, a 
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lineaging algorithm for cell recognition and tracing (Bao et al., 2006, Santella et al., 

2010), implemented on Linux operating system to generate cell lineage tree 

automatically. On the other hand, the raw TIFF fluorescent images from the tissue 

marker channel were used as an input for computing marker intensity hence the 

expression level of tissue marker using Acebatch as described (Murray et al., 2008). 

The output from StarryNite could be visualised in a graphical user interface, AceTree 

(Boyle et al., 2006). As automated lineaging would make mistakes, therefore, cell 

lineage had to be manually curated to correct errors that were made by StarryNite. At 

least two embryos from the same RNAi experiment were manually curated up to 

approximately 350-cell stage or up to the last editable time point. For example, a 

certain gene perturbation might cause embryonic arrest at 200 cells, so we would only 

be able to curate such embryo to 200-cell stage, or for those perturbed embryos that 

gave overall zygotic depletion of all genes, which made the fluorescence signal too 

dim to allow further curation. After manual curation, automated expression profiling 

were performed again to generate the lineal expression intensity of lineaging marker 

(Figure 2.5). This was done by using the raw TIFF images from the lineaging marker 

channel instead of those acquired from the tissue marker channel. 
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Figure 2.5. Inactivation of REPO-1. 

Zygotic expression of the lineaging marker HIS-72::mCherry is inhibited by repo-1 

depletion.  

(A) and (B), Fluorescence micrographs showing the expression of lineaging marker 

in a wild-type and REPO-1 perturbed embryos respectively. 

(C) and (D), Lineal expression of lineaging marker in a wild-type and REPO-1 

perturbed embryos respectively.  

 

 

2.3.7 Gene Ontology (GO) analysis 
Database for Annotation, Visualisation and Integrated Discovery (DAVID) v6.7 

(Huang da et al., 2009) was used with default parameters to perform functional 
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enrichment analysis on the 822 selected genes. Functional group showing a 

significant enrichment (P<0.01) was kept for the downstream analysis. Redundant 

GO terms were manually merged. 

 

2.3.8 Quantification of cell division timing 

After manual curation and automated expression profiling, the output files containing 

cell division timing of all cells were computed and converted into minutes, with one 

time point corresponding to approximately 1.4 minutes. An arbitrary cutoff time point 

was applied to each embryo based on its last curated time point as annotated on 

Phenics (ref Ho paper). Cell division timings for the cells that divided after the last 

edited time point were considered irrelevant and therefore excluded in subsequent 

analysis.  

 

Except for ABa, ABp, EMS and P2, ADS of all remaining cells were computed for 

91 wild-type embryos and all the RNAi perturbed embryos. In order to assess the 

reproducibility of cell division timings between 91 wild-type embryos, Pearson’s 

correlation coefficient (r) of all cell division timings between individual embryos was 

computed with R (http://www.r-project.org/). Cluster analysis was carried out using 

“heatmap.2” function in the R’s “gplot” package by using the complete “Manhattan” 

distance measure (Figure 2.9B). 

 

To identify genes those were responsible for a significant reduction in ADS between 

RNAi perturbed and wild-type embryos, embryos that did not fulfill the following 

requirements were filtered out in our latter analysis. Specifically, the perturbed 

embryos that were not able to reach 300 cell-stage at its last editable time point or 

could not reach 350-cell stage at 240 time point after curation were not included in 

the ADS calculation. Those embryos were assumed to develop in an overall slowing 

division pace.  

 

Only those genes whose depletion gave a significant reduction in at least one pair of 

sister cells between wild-type and RNAi perturbed embryos (P<0.05) were retained 
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for further analysis. To further increase the stringency of our screening, ADS of the 

RNAi perturbed embryos was required to have a reduction of at least 50% as 

compared to the wild-type embryos. Moreover, to increase reliability of our analysis, 

only perturbation with at least two replicates that met the criteria stated above per 

gene were included in computing division asynchrony (Figure 2.10). In order to 

evaluate the statistical significance of the differences in ADS between wild-type and 

RNAi perturbed embryos which have a small sample size, usually not more than two 

replicates per gene, D’Agostino’s K-squared test was performed as described (Moore 

et al., 2013) to assess the distribution of ADS of individual cells between 91 wild-

type embryo. Upon all the examined ADS values, it was found that at least 75.8% had 

passed the normality test with an alpha value of 0.05. This allowed us to assign the 

probability of ADS of a perturbed embryo outside the 95% and 99% confidence 

interval of the distribution of wild-type ADS as the P-value, that is, P< 0.05 and P< 

0.01, respectively. A P value of 0.01 or 0.05 was assigned for each gene if the ADS 

of at least two perturbed embryos were significantly smaller than that of wild-type 

embryos simultaneously with P< 0.05 and P< 0.01, respectively. 

 

Using cbp-1i as an example, this gene was interesting as it exhibited a profounding 

effect in division timing across sublineages. In order to identify genes having similar 

effects, we calculated the dispersion in cell division timing of progenies from AB 

lineage for both wild- type and perturbed embryos, which is defined as the absolute 

deviation in cell cycle length of an individual embryo from the wild- type average 

cell cycle lengths in the same generation for either individual wild-type embryo or 

perturbed embryo. Then, we assessed the statistical significance in difference of the 

dispersion between and wild-type and the RNAi perturbed embryos by comparing the 

dispersions of all wild-type and perturbed embryos for a given generation using the 

two-sample F-test. A gene with P<0.01 was retained (Figure 2.6).  
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Figure 2.6. List of genes with 
highly variable cell cycle timings 
upon RNAi knockdown 

Data from AB4 to AB128 are used 

in this calculation. Shown are 

genes with a significantly higher 

variation (dispersion) in division 

timing for at least four out of six 

consecutive generations (p<0.01) 

in AB progeny (please refer to 

Materials and Methods for details). 

The vertical and horizontal axes 

denote the lg (p value) and the 

rounds of AB division as indicated 

by the cell number of AB progeny 

respectively. Dash lines indicated 

the value of lg (0.01). The identity 

of the perturbed genes that gives 

highly variable division timings 

are indicated on the left. 

 

 

 

!
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2.3.9 Quantification of cell migrations 

The StarryNite outputs after manual curation were used as inputs to generate the 3D 

space-filling model. In order to facilitate visual comparison, the axes of embryos 

were normalised so that the centroids of the two cells namely ABa and P2 at the last 

time point of the four-celled stage embryo was used to define A-P (Anterior-

Posterior) axis and that the centroids of the other two cells ABp and EMS was used to 

define L-R (Left-Right) axis. The rest of the dimension was used to define D-V 

(Dorsal-Ventral) axis. All our graphs and projection movies were normalised to the 

same orientation, which is anterior to the left and right to the top. Projection movies 

are generated as described below. The curated coordinates of cell nuclei were first 

converted into a text file that was compatible with UCSF Chimera’s .bld format 

(Pettersen et al., 2004), which was then converted into TIFF images by Persistance of 

Vision Raytracer (POV-ray, http://www.povray.org/). The TIFF images were then 

converted into movies using FFmpeg (http://www.ffmpeg.org/). The founder cells’ 

lineage in movie were differentially colour-coded as follows unless otherwise stated, 

ABa was labeled in red, ABp in blue, C in magenta, D in pink, E in green, MS in 

cyan and P2 in yellow. 

 

To accommodate statistical comparison of cell positions across individual embryos, 

all embryos were aligned temporally at the last time point of four- celled stage. At the 

same time, embryos were normalised to the same sizes ranging from -1 to +1 in all 

dimensions. A normality test was conducted to assess the variability of spatial 

migration, the D’ Agostino’s K-squared test was used to look at the spatial 

distribution of the cell of interest across 91 wild-type embryos. A total of 72.2% of 

the values passed the normality test with an alpha value of 0.05. The centroid of the 

wild-type distribution was computed. We assigned significant deviation from wild-

type distribution for the cell migration of a perturbed embryo in the similar way as for 

ADS, that is, the probability that falls outside the 95% confidence interval of the 

wild-type distribution.  
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The trajectory was drawn from tracing the lineal origin of a cell from its root cell, 

which is either from ABa, ABp, EMS or P2. An arrow was drawn from the start to 

the end coordinate of the traced nuclei for each time point. A complete trajectory was 

therefore composed of many small arrows, the colour of the arrows changed over 

time from blue to red, with the trajectory tail coloured in blue indicating the lineal 

origin position at the very first time point, with red showing the trajectory head which 

is the last curated time point of the cell of interest. The size of the arrow represented 

the cell migration pace. Trajectory movies were generated in the same way as those 

3D projection movies. 

 

Statistical analysis of division angle was performed as described below. Division 

angle of a single cell was defined as that between the lines formed by two daughter 

cells immediately upon division against three reference planes, that is AP-LR, AP-

DV and LR-DV respectively. By examining their distributions across wild-type 

embryos, we found some random deviation from normal distribution, mainly for the 

cells that are situated near the eggshell. To resolve this issue, statistical 

transformation on the wild-type embryo division angle was performed using Box- 

Cox transformation (Box and Cox, 1964). The power parameter λ was determined 

using Maximum Likelihood Estimation (MLE). The data after transformation were 

also de-noised in order to remove any outliers, which were defined as the 

circumstances of at least three standard deviations from the mean. We used the D’ 

Agostino’s K-squared test to perform the normality test on the transformed data. With 

a cutoff using an alpha value of 0.05, the ratios of normally distributed angles were 

93.6%, 84.2% and 75.1% against AP-LR, LR-DV and AP-DV respectively. The 

distribution of angles of wild-type embryos was calculated. The P-values from wild-

type embryos were calculated in the similar way as that for cell position. 

 

 

!
!
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2.4 Results 

2.4.1 Establishment of a pipeline for systems level quantification of cell division 
timing during C. elegans embryogenesis 

A pipeline was established to identify genes that regulate ADS during cell fate 

specification of cell growth of C. elegans embryogenesis. The pipeline consisted of 

three main parts, firstly, gene perturbation with RNAi by microinjection, secondly, 

time-lapse three-dimensional (4D) imaging of C. elegans embryogenesis using 

confocal microscope, and thirdly automated lineaging (Figure 2.2 and Figure 2.3). 

Due to our limited resources available for confocal imaging and manual curation of 

automated lineaging output, therefore we prioritised genes to be included in our 

pipeline based on their degree of conservation in human and their reported 

phenotypes upon perturbation (Figure 2.3A) (please also refer to the Materials and 

Methods section). The pipeline was applied as described briefly above (also refer to 

Materials and Methods) to a total of 822 genes acting in various pathways and 

followed by screening for the defects in ADS that give rise to the same or different 

cell type(s) (Table 2.4). 

 

RNAi knockdown and 4D confocal imaging was performed in similar way as 

described previously (Green et al., 2011, Murray et al., 2006, Sonnichsen et al., 2005) 

and were also as described in Materials and Methods.  
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Table 2.4. Gene Ontology of the genes that were screened in our pipeline 

Gene Ontology (GO). Only functional classes that contain over 20 genes and show a 

significant enrichment with p<0.01 are shown (see Materials and Methods). * 

Denotes the percentage of the genes in current GO category out of the total number of 

input genes (822 genes). 

 
 

It is a well-known that a wild-type C. elegans  embryo produces over 550 cells during 

embryogenesis (Sulston et al., 1983). It would normally take a well-trained technician 

approximately 0.5-2hrs and up to 6-16 hours to manually curate an imaging output of 

an embryo up to approximately 350-cell stage and 550-cell stage respectively. The 

time taken for manual curation mainly depend on the imaging quality (Richards et al., 

2013). Therefore, we only chose to routinely curate all embryos up to approximately 

350-cell stage or only curate embryos up to the last editable time point, that is, when 

we encountered phenotypes such as zygotic depletion (Figure 2.5B), the lineaging 

marker intensity decreases substantially over development, making further editing 

impossible, or embryonic arrest phenotypes with a final cell count at the last imaging 

time point of having less than 350 cells. 
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Due to the arbitrary cutoff time point set for every image curation, some of the cells 

might not have reached the dividing time point at/before the cutoff time point. This 

would cause some ambiguity in division timing of the affected cells. In order to 

accommodate this, we excluded the division timings for those cells that did not divide 

up to the cutoff time point for both wild-type and perturbed embryos in our 

subsequent analysis. We normally started imaging from one to four-celled embryos to 

allow automated naming of individual cells (Bao et al., 2006)(, therefore, the first 

three rounds of division, namely, those of P0, AB, P1, ABa, ABp, EMS and P2 were 

also excluded. As a result, the division timings of a total of 351 cells were quantified 

in wild-type embryos, the expression of tissue marker for each embryo was also 

quantified. The ADS and intensity of tissue marker expression were computed for all 

perturbed embryos. In total, we have inactivated 822 genes with RNAi and acquired 

nearly 2700 movies, in which 1700 were curated up to 350-cell stage or to the last 

editable time point. A total of 749 out of 822 genes had gone through the complete 

pipeline, i.e., a combination of RNAi, 4D imaging and automated lineaging with at 

least two curated embryos.  

 

For the remaining 73 genes, 11 of them went through the pipeline with a single 

editable replicate as all other replicates showed early embryonic arrest which was 

frequently associated with defects in cytokinesis or nuclear separation, making 

manual editing impossible. The remaining 62 genes managed to go through RNAi 

and 4D imaging but failed to go through automated lineaging. This was due to either 

early arrest mostly before 50-cell stage, or a failure in producing any embryos upon 

perturbation. The lineaging data of those 11 genes and the phenotypes of 62 genes are 

listed on our online database “Phenics”, the name of which is derived from 

Phenotypic clustering of C. elegans embryos with single cell resolution 

(http://phenics.icts.hkbu.edu.hk).  
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2.4.2 Validation of the pipeline 

Before implementing our pipeline as a routine in detecting defect in ADS during C. 

elegans embryogenesis, we first evaluated if our pipeline was capable of capturing 

expected defects in ADS after perturbation of well characterised genes. Therefore, we 

decided to deplete those genes that were previously characterised with known 

embryonic phenotypes, including cbp-1, pop-1, lit-1 and nhr-25 and examined cell 

cycle lengths (interchangeable with cell division timing) and tissue marker 

expression. cbp-1 encodes a homolog of the mammalian transcription co-factor, 

CREB-binding protein (CBP), which was shown to exhibit histone acetyltransferase 

activity and is necessary for its roles in transcription and cell fate regulation (Victor et 

al., 2002, Eastburn and Han, 2005). Previous study (Shi and Mello, 1998) suggested 

that inhibition of CBP-1 gave extra cell divisions in C. elegans embryo. Consistent 

with this, we found that upon depletion of CBP-1, it would lead to homeotic 

transformation from E to MS-like fate, and we also observed a gastrulation failure 

based on the lineage analysis as well as cell migration pattern (Figure 2.7). Fate 

transformation of E into MS-like as observed in our lineaging analysis explains the 

extra cell divisions that was observed previously by Shi and Mello, 1998, as E lineage 

has fewer numbers of cells compared to that of MS lineage, which has a higher 

number of daughter cells (Sulston et al., 1983) (Figure 2.7). Pair-wise comparison of 

cell cycle lengths between a wild-type and a perturbed embryo (Figure 2.7D) shows 

specific acceleration in division pace in E-lineage, but an overall deceleration in 

division paces in the remaining lineages.  In addition to the changes in cell cycle 

length, we also observed a loss in the PHA-4 tissue marker expression. Intriguingly, 

cell division timings in cbp-1 are not only longer, but also shows a larger variability 

compared with the wild-type, this finding suggested that cbp-1 might possibly 

function as a phenotypic buffer or capacitor for maintaining phenotypic robustness of 

temporal control in cell division (Levy and Siegal, 2012, Rutherford, 2000). Loss of 

tissue marker expression (Figure 2.7A) indicates a defect in cell fate specification. It 

remains unclear whether an increase in variability in cell cycle lengths is directly or 

indirectly related to the observed defects in cell fate specification.  
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Figure 2.7. Validation of pipeline by perturbation of cbp-1. 

(A) A side-by side comparison of EMS lineage tree of a wild-type (top) and a cbp-1 

RNAi treated embryo (bottom). In the wild-type lineaging tree, E and MS sublineages 

are shaded in red and green respectively, the lineal expression for PHA-4::GFP is 

superimposed with lineage trees in red and cell death is denoted by an “X”. Note that 

upon cbp-1 perturbation, E became an “MS” like as indicated on the lineaging tree. 
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A space-filling model of nuclei from a wild type embryo (at approximately 350-cell 

stage) (B) and from a  cbp-1 RNAi treated embryo (the terminal stage when embryo 

stopped developing) (C) respectively. Both embryos are shown in the ventral view 

with anterior to the left. Cells are differentially colour-coded as indicated. 

(D) A pairwise comparison of cell division timings of each cell between wild-type 

average (green line) and a cbp-1 RNAi treated (magenta line) embryos. Horizontal 

axis denotes the progeny of the five founder cells as shaded in different colours, 

which follows the order of round of division then by the cell name alphabetically. 

Vertical axis denotes cell cycle lengths in minutes. The vertical bars represent the net 

differences in cell cycle lengths between the wild-type and RNAi treated embryos, 

the bars are also colour-coded according to their lineal origins. In this case, after cbp-

1 perturbation, a faster division pace is found in E progeny but is generally slower in 

the progeny of the remaining lineages. 

 

In order to systematically identify genes that have similar phenotypic buffering 

effects, we calculated the significant dispersion in cell division timings of perturbed 

embryos from that of wild-type average for all of then AB progenies (see Materials 

and Methods for detail). We found a total of 66 genes that show a similar buffering 

effect as that of cbp-1 (Figure7). Further analyses are required to verify whether those 

genes work as buffers for temporal control in cell division. 

 

Application of the pipeline to pop-1 and lit-1 recapitulated the previously reported 

phenotype, that is, inhibition of POP-1 activity led to a homeotic transformation of 

from MS to E-like fate whereas inhibition of LIT-1 activity gave an opposite fate 

transformation (Figure 2.8) (Lin et al., 1995, Rocheleau et al., 1997, Thorpe et al., 

1997)(ref). In addition, depletion of POP-1 and LIT-1 also caused defects in cell 

migration. For example, symmetric migrations of ABa and ABp daughters in wild-

type embryo became asymmetrical in POP-1 (Figure 2.8F) and LIT-1 (Figure 2.8G) 

depleted embryos. The cell fate transformations observed from our pipeline were 

consistent results from previous study (Table 2.8). 
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Figure 2.8. Validation of the pipeline by perturbation of pop-1, lit-1 and nhr-25. 

EMS lineage tree of a wildtype (A), a pop-1 RNAi treated (B) and a lit-1 RNAi 

treated embryo (C) respectively. Superimposed lineal expression of PHA-4 is shown 

in red, and cell death denoted by an “X”. MS to E like fate transformation (B), and 

opposite fate transformation of E to MS like in (C) are as expected.  

(D) A side-by-side comparison of P2 lineage tree with NHR-25 expression shown in 

red, between a wild-type (top) and an NHR-25 depleted (bottom) embryo. We 

observed an elongated division timing of Caapp in NHR-25 depleted embryo 

compared to that of wild-type embryo, as indicated by a double-headed arrow.  

Space filling model of nuclei at approximately 350-cell stage of a wild-type (E), pop-

1 (F), lit-1 (G) and  nhr-25 (H) RNAi treated embryos. The nuclei are differentially 

colour-coded as indicated in the diagram. We observed symmetric migration of ABa 

and ABp daughters in (E), but severely disrupted migration in (F) and (G). 
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Other than using PHA-4::GFP as the tissue expression marker, another tissue specific 

marker NHR-25::GFP was also used in order to further validate  specificity of RNAi. 

dsRNA against nhr-25 was injected into NHR-25::GFP expressing strain (listed in 

Table 2.1). nhr-25 encodes a nuclear hormone receptor which is specifically 

expressed in hypodermis and is essential for hypodermis specification and molting by 

regulation of its downstream target (Chen et al., 2004, Shao et al., 2013). From 

lineaging analysis it was found that upon nhr-25 RNAi, the expression of NHR-25 in 

all lineages was lost. In addition, a defect on cell division timing in the cell Caapp 

was observed (Figure 2.8D). However few defects in cell migration were observed 

upon the RNAi (Figure 2.8H). 

 

Taken altogether, our lineaging pipeline is capable of capturing existing phenotypes 

upon perturbation, which allows us to capture defects in cell division timing, fate 

transformation as well as cell migration patterns. In summary, to the pipeline allows 

us to carry out systematic screening of defects in cell division timings during C. 

elegans embryogenesis. 

 

2.4.3 Framework for screening genes that regulate ADS 

In order to build a framework to systematic quantify ADS throughout embryogenesis, 

we collected cell division timings and generated expression profiles for a total of 93 

wild-type embryos by performing automated lineaging. The wild-type embryos we 

imaged expressed various tissue markers as listed in Table 2.1. Two embryos were 

excluded in the subsequent analysis as they arrested in early embryogenesis. 

Therefore, cell division timings of approximately 350 cells from each of the 91 wild-

type embryos were extracted and evaluated for their variations between individual 

embryos (Figure 2.9B).  
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Figure 2.9. Reproducibility of cell division timing across wild-type embryos. 

(A) ABa and ABp lineage trees derived from the average of cell division timings of 

91 wild-type embryos up to 350-cell stage, the cell fate of each cell is differentially 

colour-coded as indicated, with the red bar on each division nodes indicating the 

standard deviation of cell division timing. The vertical axis shows the developmental 

time of the embryo starting from the last time point of ABa, which is defined as zero 

minute to the last time point in which the embryos reach about 350-cell stage. The 

double-headed arrow indicates the sister-cell pairs that are used in the screening of 
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ADS, arrows in black indicating division that gives rise to the same cell type, purple 

to different cell types, and green denotes the type of division in which one of the 

progeny develops into a terminally differentiated cell whereas the other develops into 

postembryonic blast cells. The number next to the parent of sister cells corresponds to 

that in Figure 2.10. The second Notch event (red dot) is activated in the sublineages 

that are bolded and indicated with two arrows. The forth Notch receiving cell 

(ABplpapp), the precursor of excretory cell is indicated by the arrowhead. 

(B) Heat-map of cell division timings between 91 wild type embryos showing mutual 

Pearson’s correlation coefficient (r). Both vertical and horizontal axis indicates the 

“r” of each individual embryo against one other. 

(C) Distribution of sister-pair counts based on their ADS in wild-type 350-cell stage 

embryos. Horizontal axis denotes ADS and the vertical axis indicates sister-cell 

count. Asynchronies between sister pairs that are longer than five minutes are shaded 

in light blue. 

 

The overall cell division timings were highly reproducible between the 91 individual 

wild-type embryos, which has a mutual Pearson’s correlation coefficient (r) of at least 

0.987 when compared with previous results (Moore et al. 2013; Richards et al. 2013) 

(Figure 2.9A and B, Figure 2.11A.). Interestingly, we observed that the standard 

deviations of cell division timings increased with developing time (Figure 2.11B), 

suggesting the possibility of a tighter control over cell division timing in the early 

embryonic stages than in the later stages. The other explanation could be that the 

increased standard deviation of division timing in later generations was derived from 

cumulative variations inherited from the previous generations.  

ADS becomes clearly visible from the fifth and forth round of divisions in the sub-

lineages of AB and P1 (Figure 2.9 A and B, Figure 2.11A and C). We selected 46 

pairs of sister cells whom demonstrated an average ADS of over five minutes within 

91 wild-type embryos as the targets of our screening. The longest ADS is observed 

between the sisters P4 and D, which exclusively develop into germline and body-wall 

muscle cells respectively (Figure 2.11A).  
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The extreme asynchrony found between the division timings of the P4 and D is likely 

due to the fact that transcription in P4 was only initiated when it divides into P2 and 

P3, but transcription in D was initiated much earlier (Mello et al., 1992, Seydoux and 

Dunn, 1997). Genetic control over ADS was characterised during tissue growth and 

cell fate differentiation. We screened for a significant reduction in the ADS of 

perturbed embryos upon RNAi knockdown against wild-type embryos. In order to be 

more specific in our screening, we only included genes in our analysis whose 

perturbation introduced at least 50% reduction in the ADS in at least one pair of 

sister-cell compared with the average ADS of wild-type embryos. Despite the fact 

that most replicates gave reproducible phenotypes in terms of cell cycle length, we 

found that there were a number of replicates that gave inconsistent results in a 

particular pair of sister cell. Therefore, we required that the above criteria must be 

satisfied in at least two replicates upon a knockdown of a given gene. To further 

increase the specificity of our screening, we only included the perturbed embryos 

developed at a relatively “normal” speed, meaning that the perturbed embryos are 

required to reached a certain cell number at the last editable time point (see section 

2.3.8 in Materials and Methods). A total of 59 genes were excluded for further 

analysis due to their overall slowdown in developmental pace. Most of these genes 

were involved in general transcription and translation (Table 2.5). For example, we 

excluded mex-5 from our data analysis because depletion of the generesulted in 

homeotic cell fate transformation from ABa and ABp into two copies of EMS like 

lineages (Figure 2.12), leading to a net loss of approximately130 cells up to a time 

point comparable to that of a 350-cell wild-type embryo. This would give a 

phenotype of spurious slow-down in developing speed. Therefore th genes with 

similar phenotype in division were excluded in our subsequent analysis. As a result, a 

total of 690 out of the 749 genes with two curated embryos passed our filtering 

criteria and were retained for the further analysis of ADS. 

 

2.4.4 Coordination of cell division timings during cell fate specification  
To screen for genes that are responsible in the regulation of ADS during cell fate 

differentiation, we concentrated on the ADS between the two daughters of a subset of 
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11 cells coming from different lineal origins, which divides into two distinct cell 

types as indicated (Figure 2.10, left block). This subset of cells was prioritised using 

the criteria stated as follow. First, at least 5 minutes of average asynchrony had to be 

observed between their two daughters within our 91 wild-type embryos. Second, the 

chosen cells had to be derived from as many sub-lineages and different combinations 

of cell types as possible. Third, we included two cells, ABarpapp and ABplaaap, in 

this category though their terminal fates are the same, that is, hypodermis. The reason 

behind this is because their anterior daughters become terminally differentiated into 

hypodermis during embryogenesis; whereas their posterior daughters develop into 

postembryonic blast cells, indicating that any proliferation events of their posterior 

daughters are put on hold during embryogenesis and only resume their division and 

cell fate specification during postembryonic stage (Sulston et al. 1983) (Figure 2.9A 

and Figure 2.10). Despite the same terminal fate in which their two daughters 

develop, these two cells were included in the category of cell fate specification due to 

the distinct differentiation status of their two daughters during embryogenesis (Figure 

2.1C). Nearly the progeny of all the blastomeres were included in this category 

except for E sub-lineage, which exclusively develops into the intestine (Figure 2.10, 

Figure 2.11A).  
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Supplementary Table S7. List of genes whose perturbation produces overall slowdown 
 
Gene name Sequence name KOG Information (merged) 

ama-1 F36A4.7  RNA polymerase II, large subunit 

C34B2.8 C34B2.8  NADH:ubiquinone oxidoreductase, B16.6 subunit/cell death-regulatory protein 

C50F2.3 C50F2.3  mRNA splicing factor 

cacn-1 W03H9.4  Cactin 

cdc-25.2 F16B4.8  M-phase inducer phosphatase 

cdc-73 F35F11.1 Ortholog of mammalian and Saccharomyces cerevisiae CDC73/Parafibromin that is a member of 
the PAF1 (Polymerase-Associated Factor 1) complex 

cdk-2 K03E5.3  Protein kinase PCTAIRE and related kinases 

cdk-9 H25P06.2  Cyclin T-dependent kinase CDK9 

ceh-32 W05E10.3  Transcription factor SIX and related HOX domain proteins 

cpsf-1 Y76B12C.7  mRNA cleavage and polyadenylation factor II complex, subunit CFT1 (CPSF subunit) 

cpsf-2 F09G2.4  mRNA cleavage and polyadenylation factor II complex, subunit CFT2 (CPSF subunit) 

cpsf-3 Y67H2A.1  mRNA cleavage and polyadenylation factor II complex, BRR5 (CPSF subunit) 

cye-1 C37A2.4  G1/S-specific cyclin E 

cyh-1 Y49F6B.1 Cyclin H 

cyl-1 C52E6.4 Cyclin L 

D1081.8 D1081.8  mRNA splicing protein CDC5 (Myb superfamily) 

dap-3 C14A4.2  Mitochondrial ribosome small subunit component, mediator of apoptosis DAP3 

dhfr-1 C36B1.7  Dihydrofolate reductase 

E04A4.5 E04A4.5  Mitochondrial import inner membrane translocase, subunit TIM17 

emb-5 T04A8.14  Transcription elongation factor SPT6 

F10B5.8 F10B5.8  Predicted cleavage and polyadenylation specificity factor (CPSF subunit) 

F19F10.12 F19F10.12  Predicted cleavage and polyadenylation specificity factor (CPSF subunit) 

F33D11.10 F33D11.10  Predicted ATP-dependent RNA helicase FAL1, involved in rRNA maturation, DEAD-box 
superfamily 

F55A3.3 F55A3.3  Global transcriptional regulator, cell division control protein 

F58F12.1 F58F12.1  Mitochondrial F1F0-ATP synthase, subunit delta/ATP16 

F59C6.5 F59C6.5  NADH-ubiquinone oxidoreductase, subunit NDUFB10/PDSW 

gad-1 T05H4.14  Uncharacterized conserved protein, contains WD40 repeat 

gsy-1 Y46G5A.31  Glycogen synthase 

hmp-2 K05C4.6  Armadillo/beta-Catenin/plakoglobin 

hsp-6 C37H5.8  Molecular chaperones mortalin/PBP74/GRP75, HSP70 superfamily 

iftb-1 K04G2.1  Translation initiation factor 2, beta subunit (eIF-2beta) 

imb-3 C53D5.6  Karyopherin (importin) beta 3 

inf-1 F57B9.6  Translation initiation factor 4F, helicase subunit (eIF-4A) and related helicases 

mdt-26 C25H3.6 Mediator protein 

mex-5 W02A2.7  CCCH-type Zn-finger protein 

mrpl-18 D2007.4 Mitochondrial Ribosomal Protein, large subunit 

mrpl-9 B0205.11 Mitochondrial Ribosomal Protein, large subunit 

nhr-6 C48D5.1  Nuclear receptors of the nerve growth factor-induced protein B type 

nud-1 F53A2.4  Nuclear distribution protein NUDC 

pfs-2 R06A4.9  Polyadenylation factor I complex, subunit PFS2 
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Table 2.5. List of genes whose perturbation produces overall slowdown  

7 
 

phb-1 Y37E3.9  Prohibitin 

phf-5 Y54F10BM.14  Uncharacterized conserved protein, contains CXXC motifs 

pole-2 F08B4.5  DNA polymerase epsilon, subunit B 

pri-1 F58A4.4  Eukaryotic-type DNA primase, catalytic (small) subunit 

prp-19 T10F2.4 Yeast PRP (splicing factor) related 

prp-31 Y110A7A.8 Yeast PRP (splicing factor) related 

prp-38 D1054.14 Yeast PRP (splicing factor) related 

rba-1 K07A1.11  Nucleosome remodeling factor, subunit CAF1/NURF55/MSI1 

repo-1 F11A10.2  Splicing factor 3a, subunit 2 

rnf-113 K01G5.1  Predicted E3 ubiquitin ligase 

rnp-7 K04G7.10  U1 small nuclear ribonucleoprotein (RRM superfamily) 

rpb-3 C36B1.3 RNA Polymerase II (B) subunit 

rpn-5 F10G7.8  26S proteasome regulatory complex, subunit RPN5/PSMD12 

rps-10 D1007.6  40s ribosomal protein s10 

snr-3 T28D9.10  Small nuclear ribonucleoprotein SMD1 and related snRNPs 

stip-1 C07E3.1 Septin and Tuftelin Interacting Protein) homolog, a potential component in a multisubunit 
complex with the splicing factor  

T26A5.8 T26A5.8  DNA polymerase epsilon, subunit D 

taf-1 W04A8.7 TBP-associated transcription factor 

taf-4 R119.6 TBP-associated transcription factor 

 
KOG: Eukaryotic Orthologous Groups of proteins 
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Figure 2.10. List of genes whose depletion leads to a significant and over-50% 

reduction in ADS. 

The Left and right blocks are being separated by a white-column in between, the two 

blocks show two categories of genes whose depletion affects ADS between different 

fates (left block outlined in blue) or within the same fate (right block outlined in 

purple) respectively for at least one sister cell pair. Genes are grouped into discrete 

pathways as indicated on the rightmost column. The pathways are ordered by shared 

or unique regulation between the two categories and those within each individual 

pathway are arranged alphabetically. The parental cell-names for ADS calculation are 

shown on the top and are differentially colour-coded based on the fate(s) which their 

daughters give rise to. The numerical code for each cell shown above the cell name 

corresponds to that in Figure 2.9A and Figure 2.11A. Red and black dots indicate a 

significant level of p<0.01 and p<0.05 respectively upon perturbation while the 

remaining empty spaces represent a gene perturbation that does not produce a 

significant deviation in ADS from wild-type for that particular ADS. Columns that 

are shaded in pink indicate the cells that are known to receive Notch signal. *, 

inferred from sequence homology.  

 
 

A total of 58 genes or gene-pairs were identified, their depletion reproducibly 

produced a significant and over 50% reduction in ADS observed in at least one of the 

11 sister cell pairs compared to that of the wild-type average (Figure 2.10, left block). 

The 58 genes were empirically classified into the following functional 

groups/pathways, including early maternal regulation, protein degradation/E3 ligase, 

signal transduction, transcriptional regulation/transcription factor, chromatin 

modification/chromatin modifier (defined as those involved in histone modification 

or chromatin remodelling) and various others based on their known or inferred 

functions. Intriguingly, 41 out of the 58 genes (member from the first five pathways) 

are also known to mediate cell fate specification directly or indirectly (Figure 2.13, 

Table 2.6 and Table 2.8), suggesting a similar genetic architecture is used in 

regulating both asynchrony and fate specification. Out of the 41 genes, 7 are maternal 
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factors, 3 are components of E3 ligase, 7, 1 and 3 are components of Wnt, MES-

1SRC-1 and Notch signalling pathways respectively, 12 are transcription factors and 

8 are chromatin modifiers. The components of the first five pathways in Figure 2.10 

are referred to as cell fate determinants due to their known or predicted involvement 

in cell fate determination (Table 2.6). 15 out of the remaining 17 genes function in 

various pathways, including mRNA production, protein modification and trafficking 

or as actin-related protein, and the remaining two (F08D12.1 and F13H8.9) do not 

have a defined function yet. As mentioned above, the asynchrony between the 

precursor of germline (P4 sub-lineage) and body-wall muscle cells (D sub-lineage) 

has the biggest ADS of all sister pairs. As shown in Figure 2.10, perturbation of genes 

from the early maternal, E3 ligase and Wnt/Src signaling pathway and a few of the 

remaining pathways gave a significant reduction in the ADS, demonstrating that these 

pathways primarily dictate the big ADS. The extreme ADS between P4 and D is 

likely due to the fact that transcription in P4 was only initiated after it divides into P2 

and P3, but transcription in D was initiated much earlier (Mello et al. 1992; Seydoux 

et al. 1997). Previous findings indicated that initiation of zygotic transcription in the 

germline is much delayed compared to that in somatic cell lineages, including the 

daughters of blastomere D (Mello et al. 1992; Seydoux et al. 1997), which is 

dependent on degradation of the maternal factor, PIE-1 (Seydoux et al. 1996).  

 

Genes that are identified across different lineages and cell types with relative high 

frequency in the reduction of ADS include the components of Wnt signalling 

pathway, chromatin modifiers and a few maternal factors and uncharacterised genes, 

such as mex-1, cul-1 and tads-1; whereas the remaining genes appeared to be cell-

specific. Intriguingly, the cell-specific roles of Notch signalling in temporal 

regulation demonstrate a precise spatial correlation with its roles in cell fate 

specification as identified previously (Figure 2.10, pink shaded columns). For 

example, Notch signalling was reported to be activated in the cells of ABalpaap, 

ABplpapp and ABplaaap, for fate specification in various experiments by using cell 

ablation, mutant and gene expression analysis (Hutter and Schnabel 1995; Moskowitz 

and Rothman 1996; Priess 2005). The three cells were also a subset of the 11 cells for 
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which we screened and were subjected to regulation by Notch signalling for temporal 

coordination. Moreover, the roles of Notch signalling in regulation of asynchrony 

appeared to be AB-specific, which coincide with its specified roles in fate 

specification of AB lineage (Neves et al. 2005). The precise correlation between the 

roles of Notch signalling events in temporal and fate regulation at the cellular level 

demonstrates a coupled regulation in cell fate specification and division timing, an 

important aspect that is usually neglected in the study of cell fate differentiation. 

Additional biochemical/cellular analyses are required in the establishment of the 

exact relationship between temporal regulation and cell fate specification, which is 

beyond the scope of this thesis.  

 

Notably, the role of Notch signaling in controlling ADS of ABplaaap was reported 

previously (development into the left head) (reference) but not that of ABarpapp 

(development into the right head) though the two cells develop into the symmetric 

cell types (Figure 2.9A, Figure 2.10) (reference to Sulston paper). As mentioned in 

the previous section, the anterior and posterior daughters of the two cells become 

terminally differentiated and postembryonic blast cells respectively. Notably, only a 

single putative chromatin modifier, cbp-2, was identified for the right head 

development whereas no other genes in this same category was identified for the left 

head development even though the chromatin modifiers were frequently involved in 

the asynchrony in other sister cell pairs (Figure 2.10). On the other hand, Wnt 

signaling pathway and transcription factors were mostly found to be involved in 

controlling the ADS of both ABplaaap and ABarpapp, suggesting that the cell 

differentiation status as a blast or terminally differentiated cell were maintained 

primarily by Wnt signaling and transcription factors rather than chromatin modifiers. 
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Gene Phenotypes upon perturbation Literature Pathway 

mex-1 
ABa ---> MS 

(Mello et al., 1992, Victor et al., 2002) Early maternal ABp ---> MS 
P3 adopts muscle fate. (P4 ---> D) 

mex-6 

Muscle excess (Page et al., 2001) 

Early maternal 
No intestine 

(Huang et al., 2002) Excess hyperdermal cells 
Excess pharyngeal cells 

pal-1 ABar ---> ABal (Walston et al., 2004) Early maternal 

par-2 
P2 ---> EMS 

(Bowerman et al., 1997) Early maternal 
E --->MS 

par-6 

ABp ---> ABa (Du et al., 2014, Mango et al., 1994, Mello 
et al., 1994, Watts et al., 1996) 

Early maternal ABalp ---> ABarp (Du et al., 2014, Hutter and Schnabel, 1994, 
Watts et al., 1996) ABara ---> ABala 

P2 ---> EMS 
(Bowerman et al., 1997, Du et al., 2014) 

E --->MS 

pie-1 
ABp ---> ABa (Mango et al., 1994) 

Early maternal 
P2 ---> EMS (Mello et al., 1992) 

skn-1 

ABalp ---> ABarp (Hutter and Schnabel, 1994); (Shelton and 
Bowerman, 1996). 

Early maternal 
ABara ---> ABala 

ABpra ---> ABpla (Du et al., 2014, Hutter and Schnabel, 1994, 
Hutter and Schnabel, 1995) 

EMS ---> 2C (Bowerman et al., 1992) 

cul-1 Affect postembryonic cell division of 
vulval cells  (Fay and Han, 2000) E3 Ligase 

lin-23 Cp ---> E (Segref et al., 2010) E3 Ligase 

skr-2 

ABar ---> ABal 
(Du et al., 2014) 

E3 Ligase 

ABala ---> ABara 

ABpra ---> ABpla (Du et al., 2014, Hutter and Schnabel, 
1995) 

MS ---> EMS (Du et al., 2014) 

C ---> EMS (Du et al., 2014, Lin, 2003, Shirayama et 
al., 2006) 

Ca ---> C 
(Du et al., 2014) 

P4 ---> P3 
dsh-2 No intestine (Bei et al., 2002) Wnt signaling 

gsk-3 
ABar ---> ABal (Du et al., 2014, Walston et al., 2004) 

Wnt signaling 
ABala ---> ABara (Du et al., 2014) 
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ABpra ---> ABpla (Du et al., 2014, Hutter and Schnabel, 1995, 
Hutter and Schnabel, 1994) 

C ---> EMS (Maduro et al., 2001) 
E --->MS (Schlesinger et al., 1999)  

kin-19 
E --->MS 

(Peters et al., 1999)  Wnt signaling 
Excess pharyngeal cells 

lit-1 
E --->MS 

(Kaletta et al., 1997) Wnt signaling MSap ---> MSaa 
MSpp ---> MSpa 

mom-2 

ABar ---> ABal 
(Du et al., 2014, Hutter and Schnabel, 1994, 
Rocheleau et al., 1997, Thorpe et al., 1997, 
Walston et al., 2004) 

Wnt signaling 
ABpra ---> ABpla (Du et al., 2014, Hutter and Schnabel, 1995, 

Hutter and Schnabel, 1994) 

E --->MS (Rocheleau et al., 1997, Thorpe et al., 1997)  

pop-1 
ABpla ---> ABpra (Du et al., 2014, Hutter and Schnabel, 1995, 

Hutter and Schnabel, 1994, Lin et al., 1998) 
Wnt signaling 

MS ---> E (Lin et al., 1995) 
ABxxa ---> ABxxp (Lin et al., 1998) 

wrm-1 

No intestine (Maduro et al., 2001) 

Wnt signaling 
No endoderm 

(Rocheleau et al., 1997) 
Excess pharyngeal cells 
E --->MS This study 

src-1 
ABar ---> ABal (Walston et al., 2004) MES-1-SRC-1 

signaling P4 ---> D (Bei et al., 2002) 

lag-1 

ABp--->ABa 
(Du et al., 2014) 

Notch signaling 
ABara--->ABala 
ABalp--->ABarp 
ABplaa--->ABpra  (Moskowitz and Rothman, 1996)  

lin-12/glp-1 
ABp--->ABa (Mello et al., 1994)  

Notch signaling ABara--->ABala 
(Hutter and Schnabel, 1994) 

ABalp--->ABarp 

sel-8 

Production of coelomocytes instead of 
sex myoblasts in ventral 4-M cells of the 
M-lineage 

(Foehr and Liu, 2008) 

Notch signaling No anterior pharynx 
(Doyle et al., 2000) No rectum 

Nose twisted 
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ceh-13 
Mislocalisation of hypodermal and body 
wall muscle cells during embryonic 
development 

(Brunschwig et al., 1999) Transcription 
factor 

ceh-43 

Loss of dopaminergic neuron identity (Doitsidou et al., 2013) 
Transcription 
factor Detachment of pharynx from mouth 

hypodermis, arrested at 3-fold stage 
embryo. 

(Aspock and Burglin, 2001) 

die-1 Loss of asymmetry in ASE (Sarin et al., 2007) Transcription 
factor 

egl-18 Failure in proper seam cells 
differentiation  (Koh and Rothman, 2001) Transcription 

factor 

ham-1 

Production of extra HSN-like cells (Desai et al., 1988) 

Transcription 
factor 

Transformation of sister cell HSN/PHB 
precursor into a second HSN/PHB 
precursor 

(Guenther and Garriga, 1996) 

Production of extra neurons 
Large cell-death corpses  (Frank et al., 2005) 

Defective Q.a asymmetric division (Feng et al., 2013) 

hlh-2 Cell fate transformation in germline 
DTC cell (Chesney et al., 2009) Transcription 

factor 

nhr-25 Not reported N/A Transcription 
factor 

nob-1 

Transformation of posterior into anterior 
in gut and nervous system (Van Auken et al., 2000) 

Transcription 
factor 

Eprp ---> Earp 
Disruption of asymmetric divisions of T 
cells, leading to the production of 
hypodermal cells instead of neural cells (Arata et al., 2006) 

Division failed in T cells 

plp-1 No endoderm (Witze et al., 2009) Transcription 
factor 

sptf-3 

Affect the orientation of  P7.p lineage (Ulm et al., 2011) 

Transcription 
factor 

Fate transformation of pharyngeal I3 
interneuron to pharyngeal gland cell 
1P(sister cell) (Hirose and Horvitz, 2013) 
Defective M4 sister, AQR sisters, g1A 
sisters and I2 sisters cell death 

tbx-33 Neuron  ---> excretory cell This study Transcription 
factor 

tbx-37/tbx-38 

ABalpppaaaa, ABalppaapa, ABarppaaap 
divide but does not differentiate or 
undergo apoptosis (Good et al., 2004) Transcription 

factor 
ABalpppapp undergoes apoptosis 

cbp-1 Lack of mesodermal, endodermal, or 
hypodermal differentiation (Shi and Mello, 1998, Victor et al., 2002)  Chromatin 

modification 



! 56!! ! ! !

Production of extra neuronal cells 
cbp-2 
(K03H1.10) N/A N/A Chromatin 

modification 

epc-1 Multivulva (Ceol and Horvitz, 2004) Chromatin 
modification 

let-526 Disruption of asymmetric tlp-1 and psa-
3 expression in the T cell lineage (Shibata et al., 2012) Chromatin 

modification 
 Loss of gonad arms 

lex-1 Not reported N/A Chromatin 
modification 

lin-40 
Disruptions of vulval induvtion and 
transverse division during vulva 
morphogenesis 

(Chen and Han, 2001) Chromatin 
modification 

snfc-5 Not reported N/A Chromatin 
modification 

swsn-3 Not reported N/A Chromatin 
modification 

 

Table 2.6. Roles of the identified genes associated with ADS regulation in cell 

fate specification. 

The genes that are found in regulation of ADS are listed together with their 

phenotypes upon perturbation as reported previously. 



! 57!! ! ! !

 
Figure 2.11. Reproducibility of cell division timing among wild-type embryos  
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(A) lineage trees reconstructed from the average of cell division timings among the 

91 wild-type embryos up to 350-cell stage. Cell fate of each cell is differentially 

colour-coded as indicated, with the red bar on each division nodes indicating the 

standard deviations in cell division timing. The vertical axis shows the developmental 

time of embryo starting from the last time point of EMS, (defined as zero minute) to 

the last time point in which the embryos reach its 350-cell stage. (B) Change in 

standard deviation (SD) of the cell cycle length in minutes (vertical axis) throughout 

the first 8 rounds of cell division (horizontal axis) among the 91 wild-type embryos. 

SDs derived from the descendants of AB, C, D, E and MS are plotted and 

differentially colour-coded as indicated. (C) The number of cells (vertical axis) 

whose ADS is longer than five minutes over the stated round of cell division 

(horizontal axis). Only the daughters of AB and P1 are shown. 

 

2.4.5 Coordination of cell division timing during tissue growth 
It is interesting that asynchrony is not only found in divisions that give rise to 

daughters with different cell fates, but is also observed in those that give rise to the 

same cell type, which is referred to as tissue growth (Figure 2.1C, Figure 2.9A, 

Figure 2.11A)(Sulston et al., 1983). Presence of asynchronies during tissue growth 

indicates that regulation of ADS and fate asymmetry is separable during metazoan 

development. However, how the asynchrony is genetically controlled during tissue 

growth remains largely unknown. To screen for genes involved in regulation of 

division asynchrony during tissue growth, we focused on the ADS of a subset of 16 

cells that are derived from various sublineages each of which develops into a single 

cell type. (Figure 2.9A, Figure 2.10 (right block), Figure 2.11A). The subset of the 16 

cells was prioritised based on the criteria similar to those for cell fate specification 

except for the following criterion, i.e., as many as possible of single cell types rather 

than a combination of cell types were included. 

A total of 54 genes or gene-pairs were identified, their depletion reproducibly 

produced a significant and over 50% reduction in ADS observed in at least one of the 
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16 sister cell pairs in comparison to that of the wild-type average. Surprisingly, 32 out 

of the 54 genes (59.3%) are also known to mediate cell fate specification directly or 

indirectly (Table 2.6) though they are found to function primarily on temporal 

regulation in the 16 cells. In addition, 33 (61.1%) out of the 54 genes play dual roles 

in regulating the ADS during both tissue growth and fate specification. The overall 

pathways of the genes involved in temporal control are also similar between the two 

cellular processes. Taken together, breaking of division asynchrony during the 

proliferative stage of C. elegans embryogenesis primarily depends on cell fate 

determinants regardless of the fate contexts they are operating on, indicating that cell 

fate determinants play a central role not only in establishing fate asymmetry, but also 

in setting division asynchrony during both tissue growth and fate differentiation. 

Genes that are identified across different lineages and cell types with relatively high 

frequency in the reduction of ADS include the components of Wnt pathway, maternal 

factors MEX-1, E3 ligase component CUL-1 as well as a few chromatin modifiers, 

for example cbp-1, cbp-2 and let-526. Upon signaling induction of Wnt, cbp-1 is 

required for widespread histone acetylation of Wnt target loci (Parker et al., 2008). 

cbp-2 encodes a protein with an unknown function but shows a high sequence 

similarity to that of CBP-1, suggesting its possible role in histone acetylation. let-526 

encodes a component in the SWI/SNF complex that is involved in nucleosome 

remodeling and is required for asymmetric division of tail seam cells during 

postembryonic development (Shibata et al., 2012). The remaining genes appeared to 

be individually recruited by different cells to control the asynchrony between their 

daughters. For example, Notch components only regulate ADS in AB derived 

precursors of pharyngeal tissue. 
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Figure 2.12. Example of the decrease in cell count upon gene perturbation 

Decrease in cell count due to a homeotic transformation upon perturbation of mex-5. 

Depletion of MEX-5 caused a fate transformation from ABp into EMS-like fate. (A) 

The fluorescence micrograph of a mex-5-perturbed embryo, showing that one of the 

ABp descendent, ABplpaapp is transformed into MSpaapp-like fate as observed from 

lineage and apoptotic phenotype. Cells that are undergoing apoptosis give rise to 

aggregated fluorescence signal (as indicated by the arrowhead. (B) Space-filling 

model of the nuclei from the embryo in (A), the apoptotic cell is coloured in yellow, 

the intestinal cells in green and all the remaining cells shown as transparent circles. 

(C) and (E) ABp lineage trees form a wild-type and a mex-5 perturbed embryo 

respectively. (D) A wild-type EMS lineage tree. Lineal expression of PHA-4 is 

shown in red and cell death is indicated with an “X”. 
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Figure 2.13. Distribution of genes involved in temporal coordination across 

various pathways/functional groups 

Distribution of genes categories in regulating temporal coordination during cell fate 

specification (top), or tissue growth (bottom). Each pathways/ functional groups are 

differentially colour-coded as indicated. 
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2.4.6 Differential coordination of cell division timings during tissue growth and 

fate specification 
Despite the extremely similar set of the genes involved in regulating ADS during 

both fate specification and tissue growth, quite a few genes are involved in 

differential regulation of each category. Overall, the gene category that shows the 

most prominent differential coordination is the transcription factor (Figure 2.9). Only 

5 out of the 17 transcription factors have shared regulation on both fate differentiation 

and tissue growth; whereas five and seven transcription factors are unique for tissue 

growth and fate specification respectively. This is not surprising, as transcription 

factors are known to act in a tissue-specific manner. Intriguingly, nhr-25 is only 

involved in regulating ADS during fate specification (breaking of fate asymmetry 

between neuron and hypodermis) but not during tissue growth. This is unexpected as 

it is well-known that nhr-25 is a hypodermis specific transcription factor (Shao et al. 

2013). The result suggests that the factor may play a role in defining the hypodermis 

fate identity by timing the asymmetric division of its ancestor. Two Hox genes, ceh-

13 and nob-1 are observed to be only involved in regulation of ADS during fate 

specification but not during tissue growth, which is consistent with the fact that Hox 

genes control cell fate specification in a position rather than tissue dependent manner. 

Chromatin modifiers also demonstrate differential regulation on temporal 

coordination. For example, lex-1 and lin-40 are shown to be specific for cell fate 

specification while dpy-28, hat-1 and mys-2 seemed to be unique for tissue growth 

(Figure 2.9). 

It is worth noting that most of the identified genes that are not classified as cell fate 

determinant demonstrate differential regulation of ADS between the two categories 

except for tads-1, ddx-23 and smo-1. The exact mechanism on how these three genes 

are involved in asynchrony breaking remains to be determined. Interestingly, the 

involvement of transcription factors in regulating the ADS within body-wall muscle 

seems to be minimal; whereas frequent involvement of transcription factors is 

observed during diversification between hypodermis and neuron from its common 

ancestor. It is also worth mentioning that the control of overall ADS within the same 



! 63!! ! ! !

cell fate seems more likely to share regulators than the control over ADS between 

fates. For example, the muscle-specific maternal factors are rarely responsible in 

temporal coordination in hypodermis. On the other hand, hypodermis-specific 

transcription factors are barely used in temporal coordination in body-wall muscle. 

MS-derived pharyngeal cells have got a higher chance in sharing regulators than AB-

derived pharyngeal cells. A similar scenario is observed between blastomere C and D 

derived muscle cells, demonstrating that lineal origin plays an important role in 

selecting the cohort of regulatory proteins for ADS control. 

 

2.4.7 Roles of the identified genes in cell fate specification 

In order to examine whether the genes identified in our screening play roles other 

than the regulation of asynchrony, a subset of six genes were selected for studies of 

function other than division timing, whose depletion disrupted ADS of the precursor 

of excretory cell, a functional equivalent of the vertebrate kidney, including ceh-43, 

sptf-3, tbx-33, let-526, snfc-5 and arx-1. The precursor of the excretory cell, 

ABplpapp, undergoes asymmetric division in terms of cell fate as well as division 

timing (Figure 2.9A, Figure 2.10). All of the six genes encode either a transcription 

factor or a chromatin modifier except for arx-1. These genes were picked based on 

the following criteria. First they are defined as possible cell fate determinants hence, 

and are expected to produce defects in fate specification upon perturbation. Second, 

they tend not to produce dramatic defects in cell migrations such as gastrulation 

failure upon depletion as observed in our lineaging data. One of those gene, arx-1, 

that does not appear to encode cell fate determinant but was included due to its 

reported functional relevance to the development of the excretory cell in C. elegans 

(Sawa et al., 2003). In order to examine their roles in specification of the excretory 

cell, the lineal expression of an excretory cell-specific marker, CEH-26, were 

analysed, before and after the depletion of the six genes during embryogenesis. CEH-

26 encodes a vertebrate Prox1 homologue that is specifically expressed in the 

precursor of the excretory cell prior to the 350-cell stage of embryogenesis (Figure 

2.14). It was shown to regulate the expression of several factors that mediate the 

excretory lumen extension (Kolotuev et al., 2013). Upon perturbation, four out of the 
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six genes (tbx-33, sptf-3, let-526 and snfc-5) not only showed a significant reduction 

in the asynchronies, but also eliminated the CEH-26 expression (Figure 2.15 A-C, E 

and F), suggesting a coupled regulation of division timing and excretory cell fate 

specification by the four genes. Inactivation of the remaining two also significantly 

reduced the asynchrony but produced few changes in CEH-26 expression, suggesting 

a differential regulation of the two biological processes between the two. Notably, 

Notch signaling was previously shown to be required for the excretory cell 

specification (Hutter and Schnabel, 1995, Moskowitz and Rothman, 1996). 

Consistent with this, inactivation of two Notch components, LAG-1 or SEL-8, also 

produced defective ADS in ABplpapp, indicating a coupled regulation of the pathway 

in temporal coordination and cell fate specification of the excretory cell. Examination 

of the lineal expression of another tissue marker, NHR-25 that is specific for 

hypodermis, also demonstrated a coupled regulation on both marker expression (data 

not shown) and ADS in ABarpap by Wnt pathway and transcription factors (Figure 

2.10). For example, inactivation of two Wnt components, POP-1 and LIT-1, 

eliminated NHR-25 expression while similar depletion of three transcription factors, 

EGL-18, HAM-1 and TBX-33, reduced the expression of NHR-25 in the daughters of 

ABarpap. 
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Figure 2.14. Lineal expression of CEH-26  

The lineage tree of the strain RW10913, with CEH-26::GFP expression coloured in 

red and indicated by an arrow, which is in ABplpappaa, the excretory cell precursor. 

Then posterior daughter of the cell develops into the excretory cell.  
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Figure 2.15. Roles of genes involved in temporal coordination with fate 
specification and cell migration. 

Lineal expression of CEH-26::GFP (as depicted in red) in wild-type (A) and RNAi 

(B-G) embryos with its relative genotypes indicated on top. All trees are rooted with 

ABplpa. The arrowheads indicate ABplpappaa, that is, the mother of excretory cell. 

Two sister cells that are used for calculation of ADS are shaded in green. Note the 

elimination of CEH-26 expression upon perturbation of tbx-33, sptf-3, let-526 and 
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snfc-5 but not by RNAi against ceh-43 and arx-1.  4D trajectories showing migration 

of the excretory cell precursor starting from ABp up to its final differentiated cell, 

ABplpappaap at approximately 550-cell stage for a (H) wild-type and (I) let-526 

depleted embryos respectively. Shown are the ventral views of the embryos with 

anterior to the left. The cell migration path is depicted starting from the last time 

point of ABa so that it changes colour with accumulative developing time. Colour 

coding of the time scale in minutes is shown at the bottom. (J) The relative positions 

of ABplpappa at its last time point (approximately 350-cell stage) for wild-type (grey 

dots) and perturbed embryos (green or red dots with gene name indicated) with two 

replicates each. Green and red dots indicates the deviations from wild-type 

distribution with p>0.05 and p<0.05 respectively (see Materials and Methods). 

Embryos are shown with anterior to the left and right to the top. A-P, L-R and D-V 

depict anterior-posterior, left-right and dorsal-ventral axes respectively. Dot is not 

drawn to scale in size. (K) Shown are division angles of 91 wild-type (light blue) and 

three perturbed embryos with genes indicated (red). Division angles are calculated as 

that between the division orientation of ABplpappa relative to the three planes 

defined by axes between AP/LR, AP/DV and LR/DV. Only division angles that are 

significantly deviated from wild-type upon perturbation are shown. The reference 

plane for calculation of the angle deviation is indicated below gene name. Embryo 

axes are defined in the same way as that in panel J. 

 

2.4.8 Roles of the identified genes in cell migration and tissue morphogenesis 
The excretory cell precursor has undergone a complicated and long-range migration 

before its specification into the terminal fate (Figure 2.15H). Depleting two of the 

above six genes, let-526 and ceh-43 led to defective migration of the excretory cell 

precursor (Figure 2.15I). To further evaluate the roles of the six genes in cell 

migrations during embryogenesis, we examined the relative positions of ABplpappa, 

the grandmother of the excretory cell, at its last time point in the context of multiple 

wild-type embryos (see Materials and Methods). Depleting four out of the six genes, 

that is, sptf-3, let-526, snfc-5 and arx-1, produced a significant shift in its positions as 
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compared to those of the wild-type (p<0.05) (Figure 2.15J). Inactivation of the 

remaining two genes, tbx-33 and ceh-43, produced a significant shift in only one 

replicate but not in the other replicate embryos, which was probably due to 

incomplete penetrance of the RNAi. In addition, depletion of three out of the six 

genes, i.e., let-526, arx-1 and ceh-43 produced a significant deviation in division 

angles relative to a plane defined by AP/LR, LR/DV or AP/DV respectively (Fig 6K). 

Inactivation of the remaining three genes produced an insignificant deviation in 

division angles though the relative positions of the most perturbed embryos were 

significantly shifted compared to the wild-type embryos (Figure 2.15J, Figure 2.16 

A-H). The results demonstrated that control over asynchrony might serve at least 

partially to coordinate cell migrations for proper tissue growth. 

Defective temporal coordination during early developmental stage could result in 

defective morphogenesis at a later developmental stage. To examine this hypothesis, 

the roles of the six genes in tissue morphogenesis post-embryonically were 

investigated. Specifically, the dsRNA derived from each gene was injected into the 

worm expressing a chromosomally integrated marker, that is, pgp-12::GFP, which is 

specifically expressed in the excretory cell post-embryonically (Zhao et al., 2005). 

Examination of the morphological defects in excretory canals revealed that all of the 

surviving L1 larvae showed various defects in the canals (Figure 2.16 I-P). RNAi 

against snfc-5 gave rise to an extra nucleus, suggesting defective fate specification of 

the excretory cell. Perturbation of tbx-33 and ceh-43 produced “thorn” like canals 

whereas inactivation of let-526 and arx-1 led to incomplete canals and RNAi against 

sptf-3 seemed to affect tube morphogenesis. Notably, RNAi against most of these 

genes produced a high penetrance of embryonic lethality, for example the sptf-3 

RNAi. Therefore, the morphological changes in the excretory canal should be treated 

as hypomorphic rather than null phenotypes. The results suggested that defective 

asynchrony during embryogenesis could possibly be manifested as improper 

morphogenesis at later developmental stages. 

It was worth noting that genes with shared regulation on ADS of a particular cell type 

could be used to infer a cell-specific gene network by integration with the existing 
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functional data. For example, a putative gene network involved in the regulation of 

excretory cell specification can be constructed based on the subset of genes involved 

in the regulation of temporal (Figure 2.10) and fate specification (Figure 2.15A-G) of 

its precursor in combination with the existing functional data defined in STRING 

(Figure 2.17), which helps in establishing gene interaction with known and predicted 

function (Franceschini et al., 2013). From the predicted regulatory network, it appears 

that the specification of the excretory cell is primarily initiated by maternal factors 

followed by Wnt and Notch signaling pathways, and further relayed by the 

transcription factors and chromatin modifiers. These cell fate determinants may then 

further regulate functional or structural genes that are involved in the development of 

the excretory cell. A similar network could be constructed for any other cell types 

using the cell-specific regulatory proteins identified in this assay. 
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Figure 2.16. Embryonic and postembryonic defects in cell migration upon 

perturbation of genes that regulate ADS of excretory cell precursor. 

(A)Embryonic positions of  ABplpappa (red dot) and ABplpappp (blue dot) at the last 

time point of ABplpappa in a wild-type embryo. (B) The division orientation of 

ABplpappa in a wild-type embryo. Embryonic positions and division orientations of 

ABplpappa and ABplpappp at the first time point of the cell ABplpappaa in the RNAi 

embryos against (C) tbx-33, (D) sptf-3, (E) ceh-43,  (F) let-526, (G)snfc-5 and (H) 

arx-1respectively. (I) A cartoon illustration showing the morphology of C. elegans 

excretory cell at L1 stage. (J) Fluorescence micrograph of a wild-type L1-stage worm 

expressing a excretory cell-specific marker pgp-12::GFP. The cell body of the 

excretory cell consisting of a single nucleus is indicated with an arrow. Fluorescence 

micrographs of L1-stage animals expressing pgp-12::GFP from embryos treated with 

the RNAi against (K) tbx-33, (L) sptf-3, (M) ceh-43, (N) let-526, (O) snfc-5 and  (P) 

arx-1  respectively. Examples of the defects in the excretory canal are indicated with 

an arrowhead. Two nuclei of excretory cell (O) are indicated with two arrows. 
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Figure 2.17. A putative gene network of excretory cell development inferred 

with STRING 

The genes involved in ADS control of the excretory cell precursor, ABplpapp, are 

included in this analysis. Shown is the confidence view using all the genes involved 

in regulating the ADS of ABplpapp as an input. Genes are arbitrarily grouped into 

modules based on their existing functional information with dash lines colour-coded 

(module name indicated). Green arrows indicate gene activation based on our lineal 

expression analysis while the double-headed arrow denotes a potential crosstalk. 
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tads-1 appears to be one of the major target proteins of both Wnt and Notch signaling 

pathways as inferred from motif analysis (data not shown). The thickness of the blue 

lines generated with STRING indicates the confidence level of the predicted 

relationship based on the existing functional data. 

 

2.5 Discussion 
During early stage of metazoan embryogenesis, temporal coordination of cell division 

is critical for proper cell fate differentiation as well as tissue growth, but how the 

coordination is genetically regulated in vivo at cellular resolution remains largely 

unclear. Here, the genetic control over the asynchrony of cell division during C. 

elegans embryogenesis is systematically characterised by a combination of RNAi and 

automated lineaging. Interestingly, most genes that are shown to be involved in the 

temporal regulation are those that are generally required for cell fate specification, 

indicating that metazoan species use a common genetic architecture in establishing 

both fate asymmetry and division asynchrony during the proliferative stage of 

embryogenesis (Figure 2.18). Regulation of division asynchrony during tissue growth 

might serve to determine total rounds of division in regulating tissue size, whereas 

division asynchrony during cell fate specification might play a role in coordinating 

cell migration. The regulatory genes identified in this screen would serve as an entry 

point for establishment of a mechanistic model of how fate asymmetries are 

coordinated in a cellular resolution during metazoan development. Given that quite a 

few chromatin modifiers seems to be responsible for ADS between or within cell 

type(s) (Figure 2.10), it is tempting to speculate that these factors might differentially 

regulate the chromatin status between the daughter cells hence selectively regulate 

cell cycle components such as those that are responsible for gap introduction or DNA 

replication (Brauchle et al., 2003). Further studies on cell specific expression using 

ChIP-seq could elucidate the exact relationship between the coordination in division 

asynchrony and fate asymmetry. 
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Figure 2.18. A model of temporal coordination during metazoan development  

Division asynchrony is present during both tissue growth and fate specification. We 

defined tissue growth as a process when all daughters develop into a single cell type 

(green branches) and cell fate specification as a process when two daughters develop 

into distinct cell types (differentially color-coded branches). Cell fate determinants 

play a major role not only in establishing fate asymmetry (black arrow), but also in 

maintaining division asynchronies in association with (rainbow arrow) or 

independent of (green arrow) fate specification. Differential control over division 

paces appears to coordinate cell migrations (dashed black arrows) to facilitate both 

fate specification and tissue growth. Possible genetic interactions between cellular 

processes with uncertain directionality are indicated with blunt-ended dash line. 
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A fraction of these genes may simultaneously regulate both division asynchrony and 

fate asymmetry while others may function solely to establish the asynchrony in 

certain cells, but are likely to be recruited for breaking fate symmetry in other cellular 

contexts. For instance, we observed that a Drosophila GRainyHead homolog, grh-1, 

was required for the ADS in MSaapa, which develops into pharyngeal tissue (Figure 

2.10). However, the gene was also required for the synthesis of cuticle, a derivative of 

hypodermis (Venkatesan et al., 2003), suggesting that a single regulatory protein can 

be recruited for either fate specification or temporal coordination depending on its 

cellular context. A predominant role of cell fate determinants in regulation of ADS 

during tissue growth is particularly intriguing. This is because it is well established 

that asymmetric segregation or expression of cell fate determinants is responsible for 

the establishment of fate asymmetry; whereas asymmetry in division paces has long 

been observed not only during fate specification but also during tissue growth, but the 

genetic regulation of ADS during cell growth remains largely unknown. Apparently, 

metazoan development demands not only fate asymmetry, but also division 

asynchrony presumably to coordinate division paces between cells, which may or 

may not be further interconnected with cell migrations (Figure 2.18). Evidences in 

this chapter demonstrate that cell fate determinants play an essential role in regulating 

either a single or a combination of the following three cellular processes, that is, 

division timing, cell migration and cell fate specification or tissue growth. Regulation 

of division asynchrony during tissue growth may partially serve to determine the total 

round of cell division to control tissue size while the similar regulation during fate 

specification may mostly serve to coordinate cell migrations. To ensure proper 

development of a metazoan animal, a cell needs to divide at the right time, migrate to 

a precise position and differentiate into a proper fate to ensure accurate tissue growth, 

morphogenesis and/or organogenesis. For example, body-wall muscle cells are 

derived from different lineal origins, including blastomeres MS, C and D, whose 

daughters are intermingled with one another to form seamless muscle tissue (Figure 

2.19A). The temporal coordination of cell divisions between different lineal origins 

are essential for the accurate formation of the tissue. Consistent with this, inactivation 

of TADS-1, a protein with unknown function, not only led to frequent disruption of 
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ADS in muscle precursors, but also produced apparent defects in cell migrations 

(Figure 2.19 B and C), which was very likely to disrupt the spatial alignment of body-

wall-muscle precursors derived from different blastomeres. It is worth noting that 

despite a coupled or separate regulation between division pace and cell fate 

specification or cell migration, the exact relationships of fate determinants’ roles 

between these cellular processes cannot be established using our data alone. Further 

studies are needed to define the directionality of the interaction among one another. 

For example, it would be interesting to test whether or not the temporally relevant 

fate determinants affect cell-specific expression of cell cycle components such as 

those involved in gap introduction. Alternatively, it is also possible that fate 

determinants may differentially activate DNA replication checkpoint between sister 

cells as is the case in two-celled embryo (Brauchle et al., 2003). It should be noted 

that part of the observed defects in ADS of later generations could be the 

accumulative effects from previous generations. However, our screening for at least 

50% reduction in ADS should be sensitive enough for recovery of major players in 

temporal coordination. 
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Figure 2.19. Cell migrations during the formation of body wall muscle 

(A) A diagram showing the side view of an embryo at 1.5-fold stage, which 

highlights the arrangement of body-wall muscle cells originated from MS, C and D 

lineages (modified from Wormatlas). (B-C) 3D space-filling model showing the 

nuclei from 550-cell stage embryos of the wild-type (B) and  tads-1 RNAi (C) 
respectively. Body-wall muscle cells derived from MS, C and D lineages are 

differentially colour-coded while the remaining cells are rendered transparent. 
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The data demonstrated that cell fate determinants and cell cycle components appear 

to play an active and passive role respectively in cell-specific regulation of division 

timing. Consistent with this, 30 out of the 822 genes were annotated as putative 

components of cell cycle control based on their sequence homology or reported roles 

(Table 2.7), (Note that the genes that are shaded in blue on the table were not 

included in the 822 genes we screened previously). However, only one of them, cdk-

8, is found to be involved in the regulation of ADS during tissue growth (Figure 

2.10). Notably, the gene is orthologous to human CDK8 that is part of the mediator 

complex associated with RNA polymerase II holoenzyme (Tsai et al., 2013), 

suggesting its role in ADS by mediating interaction between cell fate determinants 

and RNA polymerase II. As mentioned above, it remains possible that the regulatory 

factors identified in our screening may control the division asynchrony by directly or 

indirectly regulating the expression of some cell cycle components in a cell-specific 

manner. In agreement with this, inactivation of quite a few cell cycle components 

tends to affect global division paces (Figure 2.20). These genes are not expected to be 

picked up in our screening because we only screened for the defect in relative 

division timing between the two sisters of the same embryo rather than the absolute 

change in division timing between wild-type and perturbed embryos. For example, 

inactivation of five cyclin encoding genes, cyl-1, cyh-1, cye-1, cyb-1 and cyd-1 

caused an overall deceleration in development or early embryonic arrest, except for 

cyd-1, which is dispensable for early embryogenesis as reported previously (Table 2.7 

and Figure 2.20) (Boxem and van den Heuvel, 2001, Yanowitz and Fire, 2005). 

Notably, inactivation of several other cell cycle components, including cdk-1, DNA 

check-point kinase chk-1 and Wee 1 family kinase wee-1.3 along with a few others, 

led to an early embryonic arrest (Table 2.7), preventing a thorough interpretation of 

their roles in establishing cell fate asymmetry and division asynchrony. A more 

detailed analysis is required to elucidate the role of these cell cycle components in 

temporal regulation, for example, by conditional or cell specific mutation or partial 

knockdown.  
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RNAi 

targeted 

gene 

Early 

embryonic 

arrest* 

Phenotypes 

KOG description 

cdc-14 �   Protein tyrosine phosphatase CDC14 

cdc-25.2 Yes  M-phase inducer phosphatase 

cdc-37 �  
Overall slow 

down 
Cell division cycle 37 protein, CDC37 

cdc-42 �   Ras-related small GTPase, Rho type 

cdc-6 �  

-Overall slow 

down 

-Early arrest 

Pre-initiation complex, subunit CDC6, AAA+ 

superfamily ATPase 

cdk-1 Yes  Cyclin-dependent kinase 

cdk-2 �  
- Overall slow 

down 
Cyclin-dependent kinase 

cdk-4 �   Cyclin-dependent kinase 

cdk-5 �  
- Overall slow 

down 
Cyclin-dependent kinase CDK5 

cdk-8 �  -Various effects Cyclin dependent kinase CDK8 

cdk-9 Yes�   Cyclin T-dependent kinase CDK9 

cdka-1 �   CDK5 kinase activator p35/Nck5a 

cdk-12 �   Cdc2-related protein kinase 

chk-1 Yes 
 Checkpoint kinase and related serine/threonine 

protein kinases 

cki-1 �   Cyclin-dependent kinase inhibitor 

cyb-1 �  
- Overall slow 

down 
Cyclin B and related kinase-activating proteins 

cyb-3 Yes  Cyclin B and related kinase-activating proteins 

cyd-1 �   G1/S-specific cyclin D 

cye-1 Yes  G1/S-specific cyclin E 

cyh-1 Yes 

 Cdk activating kinase (CAK)/RNA polymerase 

II transcription initiation/nucleotide 

excision repair factor TFIIH/TFIIK, cyclin 

H subunit 
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cyl-1 Yes  Cyclin L 

dpl-1 Yes 
 Transcription factor E2F/dimerisation partner 

(TDP) DP-Like 

F55A3.3 Yes 
 Global transcriptional regulator, cell division 

control protein 

gld-2 �  
 S-M checkpoint control protein CID1 and 

related nucleotidyltransferases 

lin-35 �  
 Rb (Retinoblastoma tumor suppressor)-related 

protein 

M03F8.3 Yes  Cell cycle control protein (crooked neck) 

mdf-2 �   Spindle assembly checkpoint protein 

plk-1 Yes  Polo-like serine/threonine protein kinase 

rad-51 �   DNA repair protein RAD51/RHP55 

wee-1.3 Yes  Cyclin-dependent kinase WEE1 homolog 

cdc-25.1  

- Overall slow 

down 

-E become MS 

like 

-Changes in PHA-

4 expression 

pattern 

CDC25 phosphatase homolog 

cdc-25.4   CDC25 phosphatase homolog 

cdk-7  
- Overall slow 

down 
Cyclin-dependent Kinase CDK7 

cit-1.1   Cyclin T 1.1 

cit-1.2   Cyclin T 1.2 

cya-1  
- Overall slow 

down 
Cyclin A 

cya-2   Cyclin A 

F25H5.5  

- Division pace of 

AB lineage has 

slowed down 

S-phase checkpoint component 

cdc-48.3   Protein kinase binding/ ATP binding 
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cdc-7  
- Overall slow 

down 
Protein kinase binding/ ATP binding 

cdc-73 �  

-Overall slow 

down 

-Zygotic depletion 

Transcription regulation 

 

Table 2.7. Manually curated cell cycle related genes and their phenotypes upon 

perturbation. 
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ABala

Cdc−25.2
Cdc−25.1

Cyd−1
Cyb−1
Chk−1
Cki−1

Cdc−48.3
Cdka−1
Cyl−1

Cdc−42
Cdk−9
G
ld−2

Cdk−2
Cit−1−2
Cdk−7

Cdc−25.4
Cki−2

F25H5.5
Lit−1

Cdc−14
Cdc−73
F55A3.3
Cyh−1
Cdc−6
Cdc−37
Cdk−5
Cdk−4
Cdk−12
Cit−1.1
Cye−1
Cdk−8
Cbp−1
Cdc−7
Cya−2

M
03F8.3

ABalp
ABara

ABarp
ABpla

ABplp
ABpra

ABprp
C

D
E

M
S

m
atrix_1
210−1−2
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Figure 2.20. Clustering analysis of division timings after perturbation of cell 

cycle genes  

Pair-wise Pearson correlation of fold changes relative to wild-type average in cell 

division timing between perturbation of all cell cycle related genes listed in Table 2.7 

was calculated in R. The clustering analysis was carried out using the fold change of 

all the cells derived from 13 founder cells (ABala, ABalp, ABara, ABarp, ABpla, 

ABplp, ABpra, ABprp, MS, E, C, D and P4) from wild type and each perturbed 

embryo. The "manhattan" distance and "ward.D2" method are used in the clustering. 

Perturbation of cell cycle genes exhibits an overall slowdown of developmental pace 

(in red) for most genes. Note a faster division pace by perturbation of a few genes (in 

blue). 

 

 

The knowledge obtained on cell-specific regulation of division timing by individual 

genes during C. elegans embryogenesis can provide insights into cancer etiology. 

This is because one of the major challenges in cancer biology is the difficulty in 

diagnosing the cell-specific origin of observed malignancy. Given the high 

conservation of the identified genes between worm and human, our findings on cell-

specific regulation of division timings by various regulatory proteins could provide 

clue to the tissue-specific origin of cancerous cells. Those genes that were frequently 

observed in regulating ADS during fate specification or tissue growth could be 

promising targets for anti-cancer therapy. Notably, in addition to the identification of 

the genetic components required for cell-specific division asynchrony, our data also 

holds potential for providing insight into the biochemical function of uncharacterized 

genes. For example, inactivation of repo-1 led to systematic depletion of lineaging 

marker expression (Figure 2.5), supporting its gene role in gene transcription or 

translation which is consistent with what is inferred from its sequence homology 

assay.  
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Table 2.8. Comparison of fate transformation between those observed in this 

screening and those reported by Du et al., 2014. 

4 
 

Supplementary Table S5. Comparison of fate transformation between those observed in this 
screening and those reported by Du et al., 2014. 

Gene 
Gene 

Phenotypes 
reported by Du 

et al., 2014 

Phenotypes in this study Comments 

Observed Uncertain  
apx-1 ABpÆABa  ✓  

 
gld-2 

ABarÆABal  ✓  
ABpraÆABpla  ✓ 

EÆMS  ✓ 
P4ÆD  ✓ 

 
glp-1 

/lin-12* 

ABpÆABa  ✓ PHA-4 expression is lost in most AB lineages.  
ABalpÆABarp  ✓ 
ABaraÆABala  ✓ 
ABplaÆABpra  ✓ 

 
 

gsk-3 

ABarÆABal ✓   
ABalaÆABara ✓  
ABpraÆABpla  ✓ 

EÆMS ✓  
CÆEMS ✓  

 
 

lag-1 

ABpÆABa ✓  ✓supported by NHR-25 expression data, but 
not by those of PHA-4. PHA-4 expression is 

lost in AB lineage. 
ABalpÆABarp ✓  
ABaraÆABala  ✓ 
ABplaÆABpra  ✓ 

mex-3 ABÆ8C  ✓  
DÆP4 ✓  

mex-5 ABÆ2EMS ✓   
P4ÆD ✓  

 
mom-2 

ABarÆABal  ✓ ABaraaÆABalpa is observed.  
ABpraÆABpla  ✓ 

EÆMS ✓  
 

par-2 
ABpÆABa  ✓  

ABalpÆABarp  ✓ 
P2ÆEMS ✓  
EÆMS ✓  

 
 

par-6 

ABpÆABa  ✓ Ectopic PHA-4 expression observed in 
various AB sub-lineages.  ABalpÆABarp  ✓ 

ABaraÆABala  ✓ 
P2ÆEMS ✓  
EÆMS ✓  

pie-1 ABpÆABa  ✓  
P2ÆEMS  ✓ 

pop-1 ABplaÆABpra  ✓ ABaraÆABalp is observed. 
MSÆE ✓  

rba-1 ABalaÆABara ✓  PHA-4 expression is lost in ABalp. 
 
skn-1 

ABalpÆABarp ✓   
ABaraÆABala  ✓ 
ABpraÆABpla ✓  

EMSÆ2C ✓  
 
 
 

skr-2* 

ABpÆABa  ✓ EÆMS is observed.  

ABalaÆABara ✓  
ABpraÆABpla  ✓ 

MSÆEMS  ✓ 
CÆEMS  ✓ 
CaÆC  ✓ 
P4ÆP3 ✓  

src-1 P4ÆD ✓   
wwp-1 ABaÆABp  ✓  

ABplaÆABpra  ✓ 
* The RNAi phenotypes of glp-1/lin-12 or skr-2 are contrasting with those of glp-1 or skr-1/2 RNAi by Du et al (2014).  
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Systems-level quantification of division timing
reveals a common genetic architecture controlling
asynchrony and fate asymmetry
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Hon Chun Kaoru Ng1, Xiaoliang Ren1, Kan He1,2, Jinyue Liao3, Yingjin Ang3, Long Chen4, Xiaotai Huang4,

Bin Yan1, Yiji Xia1, Leanne Lai Hang Chan4, King Lau Chow3, Hong Yan4 & Zhongying Zhao1,5,*

Abstract

Coordination of cell division timing is crucial for proper cell fate
specification and tissue growth. However, the differential regula-
tion of cell division timing across or within cell types during meta-
zoan development remains poorly understood. To elucidate the
systems-level genetic architecture coordinating division timing, we
performed a high-content screening for genes whose depletion
produced a significant reduction in the asynchrony of division
between sister cells (ADS) compared to that of wild-type during
Caenorhabditis elegans embryogenesis. We quantified division
timing using 3D time-lapse imaging followed by computer-aided
lineage analysis. A total of 822 genes were selected for perturba-
tion based on their conservation and known roles in development.
Surprisingly, we find that cell fate determinants are not only
essential for establishing fate asymmetry, but also are imperative
for setting the ADS regardless of cellular context, indicating a
common genetic architecture used by both cellular processes. The
fate determinants demonstrate either coupled or separate regula-
tion between the two processes. The temporal coordination
appears to facilitate cell migration during fate specification or
tissue growth. Our quantitative dataset with cellular resolution
provides a resource for future analyses of the genetic control of
spatial and temporal coordination during metazoan development.

Keywords asynchrony of cell division; automated lineaging; C. elegans; cell

cycle length; cell division timing

Subject Categories Development & Differentiation; Cell Cycle; Methods &
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Introduction

The development of metazoans with various cell types requires a

tight control over cell division timing to accommodate cell fate spec-

ification and tissue growth. Failure in this control may result in

detrimental effects such as tumorous growth and abnormal cell

death. However, how cell division timing is regulated in vivo at the

cellular level to ensure proper cell fate specification or tissue growth

is poorly understood, especially during the proliferative stage of

embryogenesis when cells undergo rapid divisions. Presumably,

differential control of cell division timing between sister cells will

lead to cell-specific division pace, which is defined as the duration

of a given cell throughout the development of an organism and is

used interchangeably with cell cycle length. Studies on single-cell

organisms or cultured mammalian cells have contributed substan-

tially to our knowledge of basic cell cycle control (Hartwell et al,

1974; Bloom & Cross, 2007; Coudreuse & Nurse, 2010), but have

provided little information on the regulatory mechanisms of tempo-

ral coordination between cell divisions because such cells tend to

divide independently of one another. Therefore, a model of meta-

zoan development is required in order to examine the regulatory

mechanisms of temporal coordination during the rapid cell divisions

that give rise to different or the same cell type(s), referred to as cell

fate specification and tissue growth, respectively. Cell fate specifica-

tion is commonly achieved through the asymmetric segregation of

fate determinants and/or the regulation of the division axis and site

(Zhong, 2008; Munro & Bowerman, 2009; Li, 2013; Noatynska et al,

2013), whereas tissue growth involves a step-wise differentiation

during cell division without the asymmetric segregation of cell fate

determinants. In the context of this study, we refer to tissue growth

as clonal development based on the expression of a tissue-specific

marker and we define the cell fate determinant as any regulatory

gene whose perturbation produces a defective fate specification.
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3. Systematic mapping of Notch/Wnt Signaling events with 

cellular resolution during C. elegans embryogenesis 

3.1 Abstract 
During metazoan development, signaling pathways play an essential role in 

establishing division asymmetries, including cell fate and migration asymmetries and 

division asynchrony. In the previous chapter, we performed a systematic screening 

for 822 genes to identify those which shows a significant reduction in asynchrony of 

division between sister cells (ADS) relative to the wild type after perturbation. 

Among those genes that show a significant reduction ADS, components in Notch and 

Wnt signalling pathways were frequently pulled out from our screening, 

demonstrating that these signalling pathways play important roles in symmetry 

breaking during C. elegans embryonic development. During C. elegans 

embryogenesis, Notch and Wnt signalling events are mostly mediated by direct cell-

cell contact in a time-dependent manner. However, our understanding of Notch and 

Wnt signalling activities during C. elegans embryogenesis was limited due to limited 

experimental challenges in defining time-lapse cell-cell contact and its association 

with individual signaling event with cellular resolution, especially at the stage when 

embryo is packed with hundreds of cells. With the recent technology development in 

automated lineaging and expression profiling in combination with single-copy 

transgenesis, it is within reach to systematically map individual signaling events with 

cellular resolution throughout C. elegans embryogenesis. Here I mainly focus on 

mapping of Notch signaling events by the following steps. First we modeled 

systematic cell-cell contacts during C. elegans embryogenesis using Voronoi 

algorithm and validated a subset the contacts by cell membrane labelling. Second, we 

produced single-copy insertion of Promoter::HIS-24::GFP of several Notch and Wnt 

components by mini-Mos mediated transgenesis and generated their expression 

profiles with cellular resolution up to approximately 350-cell stage. Alignment 

between cell-cell contacts and cellular expression of Notch signaling ligands and 

receptors confirmed several existing signaling events and identified a few new 

signaling events during C. elegans embryogenesis. The systematic cell-cell contact 
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map along with comprehensive list of putative signaling events provide a substrate 

for further functional characterisation of each signaling event in breaking temporal, 

spatial and fate symmetries in C. elegans embryonic divisions. 

 

3.2 Introduction 
Notch and Wnt signaling pathways have been a subject of research in C. elegans 

since the 1980s (Priess et al., 1987), and has been intensively studied in the past two 

decades. It is well-established that these signaling pathways are initiated by the 

binding of ligand to its corresponding receptor, followed by a series of signaling 

cascades that eventually up- or downregulate its targets. In C. elegans embryo, a 

ligand is usually a secreted or cell-membrane bound protein while a receptor is 

usually expressed in the cell membrane. Therefore in order to trigger the signaling 

cascade, the ligand-expressing cell has to be in direct contact with the receptor-

expressing cell. Notch and Wnt signalling pathways function in early embryogenesis. 

C. elegans embryo was found to initiate signaling activities  as early as four-cell stage 

for both Notch and Wnt pathways (Goldstein, 1992) (Figure 3.1). 

 

 

Figure 3.1. Notch/Wnt interaction at four-cell stage embryo 

Both ABa and ABp cell expresses the Notch receptor GLP-1 (outlined in red), 

whereas P2 cell expresses Notch ligand APX-2 as well as Wnt MOM-2. EMS 
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expresses Frizzled receptor MOM-5 for Wnt. Although both AB progeny expresses 

GLP-1, but Notch is only activated in ABp cell (shaded in light green) because only 

ABp cell is in contact with P2. Image is adapted from Wormbook chapter (Priess, 

2005). 

 

The first division upon fertilisation gave rise to two cells namely AB and P1. These 

two cells adopt distinct yet highly reproducible division patterns and fate 

specification known as the cell lineage (Sulston et al., 1983). AB always divides 

before P1, AB cell divides along the transverse axis, but eventually the spindle 

elongation pushes one of them displaced towards the posterior namely ABp, the other 

that is positioned at the front is called ABa, with the “a” denoting anterior. The 

division of AB is immediately followed by the division of P1 cell, which divides 

along the anterior/posterior axis. P1 division is asymmetric because it gives rise to E 

and MS, which produce different progeny in terms of both cell fate and division 

timing. ABa and ABp are initially identical (Priess and Thomson, 1987), hence both 

of them expresses the same set of proteins such as the Notch receptor GLP-1 (Evans 

et al., 1994). However, displacement of ABp puts it in contact with P2, which 

expresses the Notch ligand APX-1 (Mickey et al., 1996). This contact activates Notch 

signaling cascade in the ABp cell only, but not in ABa (Figure 2.9). This signaling 

event is known as the first Notch interaction in AB lineage. On the other hand, P2 

expresses Wnt ligand MOM-2 and is close contact with EMS which expresses Wnt 

receptor, MOM-5/frizzled, hence polarises EMS. This signaling event orients mitotic 

spindle along the anterior/posterior axis, and induces POP-1 asymmetry, i.e. a lower 

concentration of POP-1 in the posterior daughter, E, making it give rise to endoderm, 

and a higher concentration of POP-1 in anterior daughter MS that produces 

mesoderm (Goldstein, 1993, Rocheleau et al., 1997, Thorpe et al., 1997).  

 

The roles of Wnt and Notch signaling pathway were well characterized during early 

embryogenesis as mentioned above. However, it was found that how the two 

pathways mediate cell fate specification and division asynchrony is not so well 

characterised in late embryogenesis. Based on the previous chapter, we found that 
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disruption of Notch and Wnt signaling pathway components frequently gives rise to 

defects in cell division angle, cell division asynchrony as well as cell fate 

specification. However, the precise signaling events corresponding to a given 

asymmetry are mostly unclear. To this end, I took advantage of the recently 

developed tools, including automated lineaging as well as single copy transgenesis to 

generate a comprehensive signaling map during C. elegans embryogenesis.  

 

Single copy transgenic strains expressing a fusion between HIS24::GFP and promoter 

of various components of the pathway, in particular those of Notch pathway, were 

generated to facilitate systematic mapping of their expression with cellular resolution 

at one minute-interval. Transgenic strain carrying a promoter::HIS-24::GFP fusion 

would reveal the expression of the component in the nucleus which is compatible 

with our lineaging technique, as automated lineaging can only trace nuclear 

expression. The established pipeline would not only allows verification of the 

existing contacting pairs, but also permits identification of new interacting/signaling 

cell pairs that are associated with an observed asymmetry. As we know that signal 

transduction only occurs when a ligand-expressing cell comes into contact with a 

receptor-expressing cell, knowledge on precise cell–cell contact becomes essential for 

mapping the signaling event at cellular level. We used Voronoi algorithm to model 

systematic cell-cell contacts up to 350-cell stage using 4D data output by automated 

lineaging.  More specifically, our collaborators in City University of Hong Kong used 

Voronoi algorithm to predict cell-cell contacts using the spatio-temporal information 

to give an estimation of cell-cell contacts. We used automated expression profiling 

technique to extract the cellular expression of the pathway components. Alignment 

between the cell-cell contact info and cellular expression of signaling components 

allows systematically define contacting pairs between which a signaling event 

possibly takes place during C. elegans embryogenesis. 

 

In the previous chapter I showed the roles of Notch signaling events in temporal and 

fate regulation at the cellular level, and demonstrated either a coupled or separate 

regulation in cell fate specification and division timing. In this chapter I describe a 
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cell contact map as well as the expression profiles of Notch/Wnt components. A 

comprehensive cell-cell contact signaling map can serve as a future resource in 

further studying the roles of signaling pathway in coordinating division timing and 

cell fate specification. 

 

3.3 Materials and Methods 

3.3.1 Worm strains and maintenance 

All worms were maintained on NGM plate seeded with OP50 at 20°C using standard 

techniques. The detailed information of the strains that were used is stated below. 

unc-119 (tm4063) III were used in miniMos injection, RW10226 contains the 

lineaging marker of ubiquitously labelled nuclei expressing mCherry, with the 

genotype, unc-119(ed3) III; stIs10116 [his-72p::HIS-24::mCherry::let-858 3'UTR 

+unc-119(+)]; stIs37[pie-1p::mCherry::H2B::pie-1 3'UTR]. RW10226 were used in 

crossing with the strains that were obtained from miniMos insertion, to allow 

automated lineaging and expression profiling of Notch/Wnt component. 

 

3.3.2 Construction of miniMos vector 
The plasmid kit used for generation of transgenic nematodes was a gift from Frøkjær-

Jensen and E.M. Jorgensen (Addgene kit # 1000000031) except for pCeh361. 

[Promoter::HIS-24::GFP his-72 3’UTR]+ cb-unc-119(+) is the transgenes to be 

inserted into the C. elegans genome.  cb-unc-119(+) rescuing fragment was already 

integrated onto the miniMos vector pCFJ909,.Therefore [Promoter:: HIS-24:: GFP 

his-72 3’UTR] is the fragment that needed to be inserted into the miniMos donor 

vector. As creating miniMos vector containing such an insert became a routine work 

in this chapter, a modified version of pCFJ909 containing HIS-24:: GFP his-72 

3’UTR was assembled. This modified vector allows for insertion of desired promoter 

on the 5’ end of his-24 coding sequence by simple cloning. Vector details are shown 

in Figure 3.2. 
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Figure 3.2 Vector info of miniMos donor 

Simplified version of miniMos donor vector with major fragments as annotated on 

the figure (A) pCFJ909, empty miniMos vector with unc-119 rescue and MCS in 

place, the cutting sites available on MCS are indicated by red arrows with the name 

of restriction enzymes indicated. (B) Modified pCFJ909, miniMos vector with HIS-

24::GFP his-72 3’UTR, unc-119 rescue and MCS in place ready for insertion of 

promoter sequence of interest. Most sites on the original MCS in pCFJ909 could be 

found on the HIS-24::GFP::his-72 3’UTR  cassette. Therefore, two new sites are 

introduced as indicated by arrows (turquoise). The his-24::his-72 3’UTR cassette was 

inserted using BglII and PstI restriction enzymes. 

 

 

The cassette was obtained in 2-steps. First, by cloning his-24 coding sequence into 

the pZZ31 vector already containing Pmyo2::GFP::his-72 3’UTR, Pmyo-2 in pZZ31 

was replaced by his-24. Second, the his-24::GFP::his-72 3’UTR cassette which is 
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now in a plasmid was amplified by PCR reaction. The PCR reaction was carried out 

using C. elegans N2 genomic DNA (30ng/μl) as the template for amplifying his-24, 

and his-24::gfp his-72 3’UTR containing plasmid (10ng/μl) in amplifying the GFP 

cassette, with a total reaction volume of 20μl, using Phusion polymerase (NEB). The 

detailed reaction conditions and volume are stated in Table 3.1. Forward primer was 

carefully designed so that the amplification of his-24 began at the start codon ATG, 

whereas its stop codon was mutated by introducing the mutation on the reverse 

primer to allow continuous translation into GFP. 

 
Cycling conditions  Reaction Volume 
Temperature Time Cycle  Component Volume 

95°C 5min x 1  Template (30 or 10ng/μl) 1 μl 

95°C 

55°C 

72 °C 

30s 
30s 
90s 

 

x 30 

 dNTP 2 μl 

 5x GC Buffer 2 μl 

 Primers (10μM) 2 μl 

72°C 5min x 1  Phusion Polymerase 0.2 μl 

    H2O 12.8 μl 

    Total 20 μl 

 

Table 3.1. Detailed PCR condition for amplification of his-24 and GFP cassette  

 

3.3.3 Promoter selection and primer design 
It was generally assumed that the promoter of a C. elegans gene has an average 

length of 2000bp. However this was not always the case as it was observed in some 

of our experiment that 2000bp was not sufficient in driving GFP expression and gave 

ambiguous results (data not shown).  Therefore promoter length was manually 

selected based the following criteria. First, taking as much intergenic region as 

possible but not exceeding the size of 6 kb, as amplification of larger than 6kb can be 

challenging. Second, covering the regions with a high nematode conservation score 
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as shown on UCSC genome browser (Kent et al., 2002). A high conservation score 

implies such part(s) could be crucial for the gene to be correctly expressed. Taking 

Plin-12 as our example (Figure 3.3). For amplification of promoter sequences, N2 

genomic DNA was used as a template and detailed reaction conditions are shown in 

Table 3.1. 

 
Figure 3.3. Promoter selection for lin-12 

The blue block arrow illustrates the fragment that was taken as putative lin-12 

promoter with its arrowhead indicating the direction of the promoter. The magenta 

box highlights the three DNA fragments with high conservation between different 

nematode species. In the case of lin-12, the entire intergenic region was taken with a 

size of 3443 bp. The fragment also includes the parts with high conservation between 

nematodes.  

This figure was adapted from UCSC genome browser http://genome.ucsc.edu, the 

WS220/ce assembly was used to generate the above image. 

 

 

The primer used in amplification of promoter was generated using Primer3 

(Koressaar and Remm, 2007, Untergasser et al., 2012). The promoter sequences were 

obtained from UCSC genome browser WS220/ce assembly(Kent et al., 2002). Four 

extra base pairs plus a flanking restriction site were added to the 5’ ends for both 

forward and reverse primers. The four extra base pairs were added as the enzyme cut 

close to but not the very end of a DNA fragment. Primers that were used are listed in 

Table 3.2 along with their expected size.  

lin$12!Promoter! 
!

!
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Primer Name Primer sequences Expected 

size 
Plin-12-F 
Plin-12-R 

ttttACGCGTcgatatgaactgttcgagttgtagggag 
ttttGGGCCCtttttgaaattgagcaaagtctgttgagcaa 

3341bp 

Pglp-1-F 
Pglp-1-R 

ttttACGCGTgcacatttttcgaactaaaaatcgttga 
ttttGGGCCCtgttgtgttcgctgttcgagattctgttattattagttgtt 

2805bp 

Papx-1-F 
Papx-1-R 

ttttACGCGTtttccctgtttcgcttcagtttttatct 
ttttGGGCCCagtacaggatcgtgtgctagaagggcggg 

5321bp 

Pmig-1-F 
Pmig-1-R 

ttttACGCGTgcaagtggattttggaggca 
ttttGGGCCCtaatgataatggaattgggggc 

3979bp 

Pmom-5-F 
Pmom-5-R 

ggccagtcctcttcgaaa 
ttttGGGCCCgtcgatgctttgtaattga 

2825bp 

 

Table 3.2. Primer used in amplifying promoter sequences  

A list of primers that are used in amplifying promoter sequences with restriction 

enzyme sites added to the 5’ ends of both forward (F) and reverse (R primers).  

 
 

3.3.4 miniMos insertion 
This section followed the published protocol in the supplementary section (Jensen et 

al., 2014) with some modifications. 

 

Preparation of injection mixture 

After the transgene-containing vector was obtained and verified by sequencing,  

injection mixture (Table 3.3) was prepared as follows with slight modifications 

compared to the original protocol (Frokjaer-Jensen et al., 2014).  
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miniMos mixture  

Vector Concentration Description of vector 

pGH8 10 ng /μl pRAB-3::mCherry::unc-54 UTR 

Red extra-chromosomal array 

marker expressed in body wall 

muscle 

pCFJ90 2.5 ng /μl Pmyo-2::mCherry::unc-54 UTR 

Red extra-chromosomal array 

marker expressed in pharynx 

pCFJ104 10 ng /μl Pmyo-3::mCherry::unc-54 UTR 

Red extra-chromosomal array 

marker expressed in nervous 

system 

pCFJ601 50 ng /μl Peft-3::Mos1 transposase  

Induces Mos1 transposition by 

injection 

pMA122 10 ng /μl Phsp-16.41::peel-1::tbb-2 UTR 

Heat-shock inducible peel-1 

negative selection 

pCeh361 70 ng/μl dpy-5 rescue 

pCFJ909 (with transgene)       20 ng /μl Minimal Mos1, unc-119, MCS 

Total concentration: 172.5 ng /μl  

 

Table 3.3. miniMos mixture preparation  

 

Microinjection of miniMos mixture 

The mixtures prepared earlier were used for injection into mutant unc-119 (tm4063), 

which exhibits an uncoordinated phenotype. The mixture must be injected into the 

gonadal arms of the Unc animal to allow efficient genome editing. Both gonadal arms 
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were injected. For injection of each of the transgene, on average, 45 worms were 

injected. After injection, five worms were placed on each fresh NGM plate seeded 

with OP50. Each worm was placed in a small distance away from each other to 

ensure sufficient food supply, as Unc mutants could not travel very far. The injected 

animals were incubated at room temperature and allowed to propagate for 3-4 days 

before screening of positive transgenic animals, as it was found that placing worms in 

25°C as proposed in the original protocol caused some of the P0 worms to become 

sterile. 

 

Screening 

Screening started in F1 generation. In the first round of screening F1 worms showing 

wild-type phenotype and expressing mCherry marker were selected and was 

individually placed on a separate NGM plate seeded with OP50 with one worm per 

plate. The F1 progeny showing wild-type phenotype were allowed to propagate for 

another 3-4 days, only around 10% of the F1 worms were able to pass on the array 

onto F2 animals. The plates without any F2 rescued animal were being discarded. 

During the second round of screening, F2 progeny that are wild-type and do not 

express any mCherry marker were selected and placed on separate NGM plates 

seeded with OP50 with one worm per plate. These F2 progeny are usually 

heterozygous with the transgene insertion in place according to previous experience. 

Most of the time, only 1-3 F2 animals meeting those criteria could be found, and in 

most cases none of those could be found. The worm suspected to contain a 

heterozygous insertion would once again be left to propagate, and its F3 offspring 

should follow the Mendelian’s law of segregation if insertion did take place in such 

F2 worm. 30 F3 exhibiting wild-type phenotype were picked and placed individually 

on NGM plate. According to Mendelian’s law of segregation, around 7 out of 30 F3 

(25%) were homozygous containing the transgene insertions. Hence the offspring 

from those 7 worms should all be wildtype. The confirmed homozygous strain would 

then be proceeded to genotyping and checking its expression using confocal 

microscope. The homozygous animal arises from each different F2 worm is 

considered as an individual strain. 
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As mentioned above, the chances of obtaining F2 showing heterozygous insertion is 

pretty low, wild-type F2 worms without mCherry marker can be quite hard to be 

found. In this case, all the P0 plates and F2 plates with wild-type animals were 

subjected to heat-shock once the plates are fully starved. The plates were placed in a 

34°C water bath for duration of 4 hours. After heat shock, the worms per plate were 

washed with M9 buffer and transferred to two 90mm NGM plates seeded with OP50. 

The transferred animals were placed in room temperature overnight, and would then 

be screened for wild-type animal without mCherry marker expression. Once again, 

confirmed homozygous strains were subjected to genotyping and checking of its 

expression using confocal microscope.  The homozygous animal arises from different 

P0 plate is considered as an independent transgenic strain. 

 

From preparation of miniMos vector to obtaining homozygous transgene carrying 

strain, this process takes at least a month. 

 

3.3.5 Genotyping by inverse PCR 
Inverse PCR was done in the same way as described in the published protocol. For 

the primer and enzymes that were used, please also refer to the supplementary section 

of the miniMos publication (Frokjaer-Jensen et al., 2014). The inverse PCR would 

take around 2 days to complete the molecular work. The end PCR products were 

purified and sent for Sanger sequencing. Both 5’ and 3’ ends products were sent for 

sequencing to give us more precise location in which the transgene was inserted. It 

was found occasionally that one of the two ends might not give any interpretable 

result. 

 

3.3.6 Crossing of RW10226 to Promoter GFP fusion strains 

From a miniMos injection, in most cases, one to two insertion strains were obtained 

for each transgene. There are a few criteria that a certain strain has to meet before 

proceeding to crossing with lineaging strain. First the insertion site of a transgene 
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must not be inserted within an exon of an annotated gene. Second, the strain must 

exhibit a similar embryonic expression as reported in previous studies for a given 

embryonic expression in Notch/Wnt component. Third, if more than two strains were 

obtained for the same transgene, at least two strains are needed to show similar 

expression patterns across various developmental stages as judged by confocal 

images. The strains that show a brighter expression in embryonic stage were chosen, 

as this would make automated lineaging and expression profiling more convenient. If 

the insertion strain did not satisfy all of those criteria as stated above, another round 

of injection will be performed until a strain satisfies all criteria stated above. 

 

After selecting the appropriate strains for crossing, RW10226 male and transgenic 

hermaphrodite were used in setting up the cross. RW10226 male was obtained upon 

heat shock treatment of L4 animal in 31°C water bath for duration of 6 hours. Five 

NGM plates seeded with OP50 with 10 L4 each were prepared for heat shock. A few 

males per plate should be obtained from each plate among the F1 animals. The 

crossing was set up with five L4 RW10226 males and three L4 transgenic 

hermaphrodites to increase the chance of crossing. The details on crossing experiment 

are illustrated in Figure 3.4. Using the strain with Papx-1::HIS24::GFP as an 

example, after obtaining a strain with three alleles rendered homozygous, a new strain 

name will be assigned. The new lineaging strain would then be used for automated 

lineaging which was described in the following sections. 
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Figure 3.4.  Schematic of crossing between RW10226 and ZZY0545 

The process of crossing is illustrated. The box highlighted in red represents the 

mCherry lineaging marker strain RW10226, and the one in green represents the GFP 

fusion ZZY0545 strain, with their genotypes indicated underneath the boxes. F1 

animals after successful crossing were heterozygous for all alleles. The F1 progeny 

would further propagate by selfing. There were many possible combinations in F2, 

which were too many to be shown in this diagram, hence, having a relatively small 

chance in obtaining triple homozygous in 3 alleles. If triple homozygous animal 

could not be obtained in F2, a few more generation of selfing will give us a triple 

homozygous animal eventually. 

 

 

To facilitate the selection of triple homozygous animal, 40 F2 animals expressing his-

72 marker were picked and placed on individual NGM plates, as his-72 is visible 

under stereomicroscope whereas the other two markers are only visible under a 
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confocal microscope. Making his-72 homozygous would make screening easier in the 

subsequent steps. The F2 animals expressing his-72::mCherry was allowed to lay 

eggs for 24 hours, and the plate with the newly hatched F3 were screened for his-72 

homozygosity. Only the plates that show 100% his-72 expression were kept for 

subsequent screening. The second steps of the screening would involve the use of 

confocal microscope. The homozygous his-72::mCherry expressing worms were 

mounted and check for their pie-1::mCherry and promoter GFP expression. Only 

worms that also contain pie-1 expression and GFP expression were kept and allowed 

to self-propagate till triple homozygous worm is obtained.  

 

3.3.7 Imaging for automated lineaging 
The detailed imaging parameters are described in Table 2.3 as described in chapter 2. 

The strains that were used in this chapter are described in Table 3.4. 

 

3.3.8 Automated lineaging, expression profiling and manual curation of 
lineaging output 

This was done as described in chapter 2. 

 

3.3.9 Cell contact mapping and calculation 

Our collaborator in City University of Hong Kong performed mapping of cell 

contact. The prognosis for the spatial cell-to-cell relationship is carried out based on 

Voronoi segmentation (Aurenhammer, 1991), in which the "Voro++" library is 

utilized (Rycroft, 2009). The basic idea of Voronoi segmentation is to divide the total 

space into small regions (Voronoi cells), making sure that every spatial point in one 

region belongs to the nearest nucleus center (also called the seed). This method has 

been proved to be efficient but with imperfections. For example, as a result of the 

existence of boundary cells located at the edge of the embryo, unwanted connections 

may be generated using this kind of segmentation. Measurements have been adopted 

in this study to overcome this kind of defects. As shown in Figure 3.5, in order to 

keep a reasonable size of the nuclei at the edge of the C. elegans, we cut every 
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nucleus at the boundary with a regular dodecahedron, the size of which is determined 

by the current embryo size and the max nuclei size inside the embryo. Figure 3.5 

shows an example that one C. elegans embryo before and after the Voronoi 

segmentation. 

 

Strain 
name  

Genotype  Notch/Wnt expression 
marker  

ZZY0549 unc-119(ed3) III;  
stIs10116 [his-72p::HIS-24::mCherry::let-858 
3'UTR + unc-119(+)];  
itls37 [pie-1p::mCherry::H2B::pie-1 3'UTR + 
unc-119(+)];  
zzySi0541 [lin-12p:: HIS-24::GFP::his-72 3'UTR 
+ unc-119(+)]  

LIN-12  

ZZY0558  unc-119(ed3) III;  
stIs10116[his-72p:: HIS-24::mCherry::let-858 
3'UTR + unc-119(+)];  
itIs37 [pie-1p::mCherry::H2B::pie-1 3'UTR + 
unc-119(+)];  
zzySi0544 [glp-1p:: HIS-24::GFP::his-72 3'UTR 
+ unc-119(+)] 

GLP-1  

ZZY0559  unc-119(ed3) III; 
 stIs10116 [his-72p:: HIS-24::mCherry::let-858 
3'UTR + unc-119(+)];  
itls37 [pie-1p::mCherry::H2B::pie-1 3'UTR + 
unc-119(+)];  
zzySi0545 [apx-1p:: HIS-24::GFP::his-72 3'UTR 
+ unc-119(+)] 

APX-1  

ZZY0566  unc-119(ed3) III; 
stIs10116 [his-72p:: HIS-24::mCherry::let-858 
3'UTR + unc-119(+)];  
itIs37 [pie-1p::mCherry::H2B::pie-1 3'UTR + 
unc-119(+)];  
zzySi0555 [mom-5p:: HIS-24::GFP::his-72 3'UTR 
+ unc-119(+)] 

MOM-5  

ZZY0567 unc-119(ed3) III; 
stIs10116 [his-72p:: HIS-24::mCherry::let-858 
3'UTR + unc-119(+)];  
itIs37 [pie-1p::mCherry::H2B::pie-1 3'UTR + 
unc-119(+)];  
zzySi0564 [mom-5p:: HIS-24::GFP::his-72 3'UTR 
+ unc-119(+)] 

MIG-1  

 

Table 3.4. Genotypes of the lineaging strains used expression profiling of  
various Notch/Wnt components 
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Figure 3.5. An C.elegans embryo before and after the Voronoi segmentation 

Embryo before (A) and after (B) segmentation. It should also be noted that every 

nucleus at the boundary was cut with a regular dodecahedron. 
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In this study, 91 wild-type C. elegans datasets were analyzed to determine cell-cell 

spatial relationship in normal cells. A problem related to the spatial relationship 

calculation is the time coordinate. Because different embryos grow with different 

speed, and even for the same embryo, external factors like temperature may also have 

impact on its growth speed at different stages. So instead of absolute time, “cell 

stage” is adopted in our study to investigate into the spatial distribution of the cell-to-

cell contact information. Given two different wild-type embryos at the same cell 

stage, the spatial evolution of cell-to-cell contacts should have very similar 

characteristics. Thereby the cell-to-cell contact neighbor relationship could be further 

analyzed among different C. elegans datasets, as is presented in the next section. 

Supplementary File 2 provides all cell-cell spatial neighbor relationship from 6 to 350 

cells. From this file, we could know in which cell stage cell X appears, with which 

cell this cell X has contact, and the corresponding contact surface area between them. 

All the cell-cell contact area in the Supplementary File 2 are normalized to the range 

of 0 to 1, where 0 means that the two cells have no contact, and 1 means that all the 

surface of two cells are connected. 

 

3.4 Results 

3.4.1 Establishment of pipeline in creating Promoter GFP fusion strains by 
miniMos insertion  

To identify the cells that express Notch/Wnt ligand during embryogenesis. A pipeline 

was established consisting of assembling of Promoter GFP fusion miniMos vectors, 

creating transgenic animals via microinjection of miniMos mixtures, screening of 

strains containing homozygous insertion followed by genotyping by inverse PCR to 

identify insertion site, crossing with lineaging marker strain RW10226 and finally 

automated lineaging and expression profiling of Notch/Wnt component. Applying our 

pipeline to all Notch/Wnt components is our ultimate target. So far, excluding the 

strains that failed to obtain with various reasons, five strains with individual 

Notch/Wnt component were obtained and went through the pipeline. miniMos 

insertion was performed as described in Materials and Methods based on Frøkjær-
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Jensen et al., 2014 (Frokjaer-Jensen et al., 2014). The five strains that were obtained 

are lin-12, glp-1, apx-1, mom-5 and mig-1. 4D imaging was performed in the similar 

way as described previously (Murray et al., 2006). Three replicates were collected per 

imaging session; the images were obtained with Plin-12, Pglp-1, Papx-1, Pmom-5 and 

Pmig-1 as the expression marker. Automated lineaging and expression profiling were 

done as described in chapter 2 Materials and Methods section. Finally after obtaining 

the expression pattern, our collaborator did the modeling of cell-cell contact. We 

mapped the cellular expression and aligned it with the predicted cell contact map to 

systematically identify signaling events that are associated with a given temporal or 

fate asymmetry.  

 

3.4.2 Output from automated lineaging of several Notch/Wnt component 
Five different lineaging strains expressing Notch/Wnt components were obtained and 

detailed genotypes were described in Table 3.4. After crossing with lineaging marker, 

embryos expressing mCherry lineaging marker and Promoter GFP fusion were used 

in automated lineaging, Figure 3.6 shows the expression of lineaging marker and 

Plin-12::GFP expression embryo from around 50 cells stage to 550 cell stage. It was 

found that from our lineaging data, both lin-12 and glp-1 showed expression at the 

left head precursor, ABplaaa, which was reported to receive the third Notch 

signaling, whereas only lin-12 shows the expression in the excretory cell precursor 

ABplaaa. Although it was previously reported that regulation of right head is 

independent of Notch (refs), however, some of our evidences seem to supportthat 

Notch signaling also plays a part in regulation of right head. This was judeged by 

RNAi perturbation of glp-1/lin-12 as shown in the previous chapter. The details of 

this were shown in the next section. As lin-12 and glp-1 both are a Notch receptor, a 

comparison of lin-12 and glp-1 lineal expression is shown in Figure 3.7, which 

suggested that there seems a differential zygotic role between the two receptors, as 

their expression seems to be mutually exclusive from each other in most sub-lineages. 
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Figure 3.6. Embryonic expression of lin-12 in the strain ZZY0549. 

(A-O) Fluorescent micrograph of ZZY0549 embryos. Panel I, II and III indicated the 

GFP channel, mCherry channel and merged channel respectively. GFP is the 

expression from the Plin-12::HIS24::GFP, and mCherry is the expression of lineaging 

marker that is ubiquitously expressed in every single nuclei. Embryos of different 

A! B! C!

D! E! F!

G! H! I!

J! K! L!

M! N! O!

I! II! III!
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cell/ developmental stage are shown, with (A)-(C) around 100-cell stage, (D)-(F) 

around 200-cell stage, (G)-(I) around 400-cell stage, (J)-(L) bean stage, (M)-(O) 
one-fold stage. 

 

 

Figure 3.7. Comparison of lin-12 and glp-1 lineal expression in the progeny of 

ABar and ABpl 

ABar (lin-12) 

ABar (glp-1) 

!

ABpl (lin-12) 

ABpl (glp-1) 

! !
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Comparison of lin-12 and glp-1 expression in ABar lineage (top) and ABpl lineage 

(bottom) up to 350-cell stage. The right head precursor is (ABarpap) shaded in 

orange, where only glp-1 expression was observed. The left head precursor 

(ABplaaa) is shaded in blue, where both glp-1 and lin-12 were expressed. The 

excretory cell precursor, as shaded in green, where both glp-1 and lin-12 are 

expressed. The lineal expressions were rendered in red in lineaging tree. 

 

Transgenic strain has been obtained for only one Notch ligand so far. This might not 

be sufficient in mapping the signaling pairs. Nevertheless, the expression pattens 

along with cell-cell contact data (as shown below) validated that ABalapp is a 

potential signaling cell as it expressing Notch ligand apx-1 in the lineaging analysis 

(Figure 3.8). 

   

 
Figure 3.8. Lineal expression of apx-1 in ABal lineage of ZZY0554 

Lineal expression (red in lineage tree) of apx-1 up to 350-cell stage in ABal lineage. 

Existing third Notch signaling cells are shaded in purple (ABalapp). 

 

 

3.4.3 Cell cycle and phenotypic changes upon depletion of Notch/Wnt 
component  

Knockdown of various Notch components was performed in this thesis. A list of 

knockdown gene and its associated phenotypes are shown in Table 3.5. 
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Table 3.5. Knockdown of Notch components and their corresponding 
phenotypes  

 

Table 3.5 shows a list of Notch component that has gone through the automated 

lineaging pipeline as described in previous chapter, the gene knockdown of which 

shows a high pentrance in embryonic lethality only has a single copy in C.elegans 

genome, such as lag-1, a CSL nuclear complex. For genes that have two redundant 

copies like glp-1 and lin-12, double knockdown was performed to ensure the 

depletion of gene activity of the Notch receptors. For those that have more than 2 

redundant copies in C. elegans, it is not ideal to co-inject more than 2 different types 

of RNAi into the animal as it may reduce knockdown efficiency. 

 

For those gene knockdowns that show a low penetrance, it still shows some changes 

in terms of breaking of sister cell asymmetry. For knockdown of Notch components, 

the changes in sister cell asymmetry is found in AB, which is expected as Notch is 

reported to be affecting AB cell asymmetry (Evans et al., 1994, Priess, 2005) 
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Expected phenotypes are captured in certain knockdown, for example, lag-1.  Double 

knockdown of glp-1 and lin-12 shows the expression and cell cycle changes in AB 

lineage but not in P1 (Figure 3.9).   

 

 

Figure 3.9. Lineage comparison of wild-type and glp-1/lin-12 double knockdown 

A!

B!
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Lineage comparison of wild-type vs double knockdown embryo in (A) ABal lineage 

(B) ABar lineage and (C) P1 lineage. Using PHA-4 as an expression marker, the 

lineages that are labelled in red are where the marker is expressed. Blue lines with 

circles at both ends indicate there is a change in sister cell asymmetry. 

 

PHA-4 expressed in the precursors of pharynx and gut. All PHA-4 expression is lost 

in the AB lineage of the knockdown embryo, indicating there is a cell fate 

transformation from pharynx to other cell types. The cell type that it has transformed 

into is not known in this experiment. However, with the use of different markers, the 

tissue type that it has transformed into can be deduced. Sister cells that experiences 

Notch signals shows a change in asymmetry after knockdown of certain Notch 

component as shown in Table 3.6.  Sister cell asymmetry in dividion timing is 

defined as the division time differences between sister cells that is more than 5 

minutes. 

 
 

 
 

 

 
 

 
 

Table 3.6. Change in sister cell asymmetry for Notch knockdown 

The Table shows the list of Notch knockdown that shows a significant change in 

sister cell asymmetry of >=50%. The tick indicates there is a change in sister cell 

asymmetry in terms of division timing. 

 

The cells that are listed in Table 3.5 are a few of the cells that experience Notch 

interaction as stated in current literature (Priess, 2005). Therefore it is not surprised 

KO gene ABalppaa-p ABaraaaaa-

p 

ABarapaaa-

p 

lin-12/glp-1 ✔ ✔ ✔ 

lag-1 ✔ ✔ ✔ 

sel-8 ✔ ✔  

ref-1  ✔  
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that knockdown of Notch affects asymmetry in signals receiving cells. Notch 

knockdown does not affect other sister cell asymmetry (data not shown). 

However, disruption in glp-1/lin-12 seems to have screwed up the regulation of right 

head as well as that of left head as shown in Figure 3.10. Previous study suggested 

that right head precursor was independent from Notch (Hutter and Schnabel, 1995, 

Moskowitz and Rothman, 1996), which contradicts with our expression data on 

Notch component as well as phenotype upon glp-1/lin-12 double knockdown. 

 

 

 

Figure 3.10. Space-filling model of wild-type and lin-12/glp-1 perturbed embryos 

up to 350-cell stage 

(A) Wild-type and (B) lin-12/glp-1 RNAi perturbed embryos, with red balls showing 

left head precursor cells ABplaaa and blue balls showing right head precursor cells 

ABarpap. In (A), both left and right head are symmetrically distributed, whereas in 

(B), the development of both left and right head has been severely disrupted. All the 

white balls on this figure indicate the rest of the nuclei within the embryo. 

 

Gene knockdown of various Wnt components has also been performed in this 

experiment. A knockdown list has been compiled and is shown in Table 3.7. 
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Table 3.7. Knockdown of Wnt components and their corresponding phenotypes 

Table 3.7 shows the list of Wnt knockdown. Knockdown of Wnt component 

generally shows a higher penetrance than those of Notch knockdown. This is because 

most of the genes listed above only have one single copy in C.elegans genome, Wnt 

signaling mainly regulate processes such as cell proliferation, polarity and migration 

(Eisenmann, 2005). In extreme cases, knockdown of Wnt mainly causes cell fate 

transformation, for those that have lower penetrance shows changes between sister 

cells asymmetry in C lineage. Hereby shows the effect of pop-1 knockdown, it causes 

cell fate transformation from MS to E (Figure 3.11 A). 
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Figure 3.11. Lineage tree of wild-type vs pop-1 knockdown 

Lineage comparison of wild-type vs pop-1i embryo of (A) P1 lineage (B) AB lineage. 

Using PHA-4 as expression marker, the lineages that are denoted in red are where the 

marker is expressed. Blue lines with circles at both ends indicate there is a change in 

ADS. In (A) the lineage that is highlighted in green is the MS lineage, whereas the 

lineage that is highlighted in orange is the E lineage, indicating a fate transformation 

event happened in RNAi perturbed embryo. 
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 Table 3.8. Change in sister cell asymmetry of Wnt knockdown genes 

The Table shows the list of gene knockdown that shows a change in sister cell 

asymmetry of >=50%. The cell names and ticks that are highlighted in red are the 

Notch signal receiving cells. The tick indicates there is a change in sister cell 

asymmetry. 

 

 

From Figure 3.11, it shows that pop-1 knockdown mainly affects P1, giving cell fate 

transformation from MS to E. However sister cell asymmetry changes are also 

observed in AB lineage (Figure 3.11 B). There was several other Wnt knockdown 

that shows changes between sister cell asymmetry in AB cells that is regulated by 

Notch (Table 3.8). As mentioned above, Wnt signaling is expected to affect P1 

lineage only, changes in AB sister cell asymmetry implies that there could be possible 

cross talk between Notch and Wnt Signaling pathway. However, further studies have 

to be done in order to investigate this potential cross talk. 

 

From Table 3.8, it shows the list of Wnt knockdown genes that exhibit sister cell 

asymmetry changes in AB lineage, validating the fact that there is cross-talk between 

Notch and Wnt signalling pathway. The cross-talks between Notch and Wnt is 

already observed in different systems. However the details of the talk are not well 

characterized here.  

 

3.4.4 Validation of the third Notch interaction 

With the data that was provided by our collaborator, the expression data of lin-12, 

glp-1 and apx-1 coincide with the cell contact model as well as the contact data that 

KO 

gene 

ABalaappa-

a 

ABalappaa-

p 

ABalappa

-p 

ABalppaa-

p 

ABaraaaaa-

p 

ABarapaaa-

p 

pop-1 ✔  ✔ ✔ ✔ ✔ 

lit-1 ✔     ✔ 

wrm-1   ✔ ✔   ✔   
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was obtained with membrane label marker strain with the genotype [his-72p::his-

72::SRPVAT::GFP his-72 3’UTR]; [pie-1p::H2B::GFP::pie-1 3' UTR]; [pie-1p-

mcherry::PH(PLC1δ1)]. 4D time-lapse imaging was done as previously described in 

the Materials and Method section, and the nuclei of the embryo was traced manually 

to identify its cell identity. The contact map is shown in Figure 3.12. Although both 

ABalapp and ABalapa seem to be in contact with ABplaaa, the contacting area was 

not the same (Figure 3.12 C and D), the contacting area between ABplaaa and 

ABalapa is much bigger than the contacting area between ABplaaa and ABalapp. 

Previous literature only reported ABalapp as the signaling cell (Moskowitz and 

Rothman, 1996), with the observed contact between ABplaaa and ABalapa, our 

expression and contact data suggest that ABalapa would also be a signaling cell in 

activating the third Notch.  Moskowitz also suggested that LAG-2 is expressed in 

ABalapp to signal ABplaaa, but the results that were obtained in this chapter show 

the possibility of APX-1 signaling in ABplaaa, as APX-1 is also expressed in both 

ABalapa and ABalapp (Figure 3.8). Other than validating the third Notch interaction 

using expression of Notch components and cell-cell contact, a possible novel Notch 

signaling event seems to take place on in the right head, but more experiment has to 

be performed in order to validate the new contact.  

 

The Forth and Fifth Notch interactions could not be verified, as one of the key 

component lag-2 that is responsible for inducing the interaction has yet been 

successful in generating any transgenic strain. 
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Figure 3.12. Validation of cell-cell contact in the third Notch interaction by 

membrane labeling or modeling 

 (A) and (B) Images derived from 3D-projection of images taken from membrane 

labeled strain (A) showing the entire embryo (B) zoom-in view of the part 

highlighted with white dotted rectangle. Pink arrow indicates the thirs Notch 

receiving cell, and the white arrows indicate the signaling cells. (C) and (D) are 

derived from the predicted contact map combined with the expression data of lin-12, 

glp-1 and apx-1, with (C) showing the entire embryo and (D) zoom-in view of the 

three cells that was responsible for the third Notch interaction. Cell contacting areas 

are shaded in orange, the cell names are indicated in the nuclei.  

 



! 116! ! ! ! !

3.5 Discussion and future work 
The generation of single-copy transgenic strains expressing various Notch/Wnt 

components is essential in establishing a precise and systematic cell-cell signaling 

map. For Notch signaling pathway, we current only generated transgenic strains for 

only two receptors and one ligand. This is not sufficient in validating all existing 

signaling events, or to allow efficient definition of novel signaling events The 

expression from other Notch ligands, targets and CSL nuclear complex will also be 

extremely useful in defining signaling events throughout embryogenesis with the aid 

of automated lineaging. For Wnt signaling pathway, only two DSL ligands 

expression pattern were obtained which was not able to map any signaling event as 

there was no receptor-expression information available. Generation of more 

Notch/Wnt components GFP fusion strains would be useful for a systematic and 

thorough mapping of singaling evenst in all cells during C. elegans embryogenesis. 

The use of CRISPR/Cas9 to perform tergeted tagging of Notch/Wnt components 

would give a better picture in term of its native expression level and location. 

Targeted tagging of membrane proteins such as LIN-12, GLP-1, APX-1 and LAG-2 

would provide more direct evidences in terms of cell contact with each other and 

signals in between. This work would allow the generation of a real time cell-cell 

contact map throughout embryogenesis. 

 

There were some contradictions regarding the third Notch interaction as well as right 

head regulation as mentioned in section 3.4.4. A few independent experiments may 

help clear up the confusion, including cell ablation and a few more RNAi 

experiments on lineaging strains with ref-1 as a tissue-specific marker followed by 

automated lineaging. 
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Figure 3.13. Model of cell-cell contact 

(A) Modeling of cell-cell contacts with Voronoi Diagram using the output of 

lineaging software as an input. Nuclei are depicted as grey ball and putative cell 

membrane as red frame. Nuclei of two cells that likely contact each other are 

highlighted in green and purple. (B) Fluorescence micrograph of an 80-celled C. 

elegans embryo showing GFP-labeled nuclei and mCherry-labeled cell membranes. 

(C) Differentially colour-coded cell shapes reconstructed from membrane labels of a 

50-celled embryo, with cell shape prediction (D) Lineal expression of PHA-4 

(colored in red) in response to Notch signaling onto the cells ABalp and ABara. 

 

 

Figure 3.13 shows a summary of the components that are necessary for systematic 

mapping of cell signaling events throughout C. elegans embryogenesis. Currently, the 

membrane labeling only can persist up to about 150-cell stage. Generation of a new 

membrane strain that gives rise to membrane expression throughout embryogenesis 

would be essential for mapping and validation of cell-cell contact. Ideally, cell-cell 

contact estimated from real cell membrane would be much more relevant than 

Voronoi modeling. To this end, new algorithm is necessary for reconstructing cell 

shape, which can be used for mapping of cell-cell contact in more reliable way. 
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