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Abstract 

 

Early embryonic cell cycles usually progress with S and M phases without any gap 

phase. When and how the gap phases are developmentally introduced remains poorly 

defined. To systematically establish cell-specific introduction of gap phases throughout 

Caenorhabditis elegans embryogenesis, I first generated multiple transgenic strains 

expressing a single copy of fluorescent ubiquitin cell cycle indicators (FUCCIs) along 

with my colleagues. Functional and biochemical validations show expected 

degradation dynamics of the fluorescence reporters (indicators). Aided by time-lapse 3 

dimensional live-cell imaging and automated lineage analysis, I next systematically 

evaluated developmental introduction of cell cycle gaps through profiling lineal 

accumulation of each reporter, which indicates that all embryonic terminal cells enter 

G1 or G0 phase. To increase the sensitivity of these FUCCIs in detecting G1 phase, I 

examined the G1 phase introduction with these reporters upon depletion of cyclin D or 

E that is required for progression of G1 to S phase. Remarkably, the accumulation 

dynamics revealed a G1 phase during the last two rounds of embryonic division in most 

cells. Intriguingly, the G1 progression involves lineage- and stage-specific use of the 

two cyclins. The cyclin D is only used in the asymmetric division of “AB” and “EMS” 

descendants when one of their daughters become terminal cell, suggesting a coupling 

between fate differentiation and cyclin use. Finally, I characterized G2 phase 

introduction with the FUCCIs through the depletion of Cdc25, which provides 

preliminary evidence of G2 phase introduction after initiation of robust zygotic 

transcription in early embryo. In summary, I developed a method for systematic 

monitoring of developmental introduction of gap phases with cellular resolution, and 

established G1 phase introduction in numerous cells before their last or second last 

round of embryonic division. The FUCCIs and the findings of gap phase introduction 

pave the way for further characterization of the relationship between gap phase 

introduction and fate differentiation during development. 
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Chapter 1 Introduction 

When Caenorhabditis elegans (C. elegans) was first introduced as an animal model, 

Sydney Brenner took advantage of their fast life cycle, simple genome, and small size 

to maintain a large population in the lab (Brenner, 1974). Later, Sir John Edward 

Sulston took a further step to diversify the application of this animal model; He 

resolved the complete cell lineage of C. elegans by making use of the visually 

transparent and invariance characteristic of them (Sulston and Horvitz, 1977; Sulston et 

al., 1983). With the advancement of microscopy and computational power, worm 

scientists are able to trace embryonic cell lineage of C. elegans automatically (Bao et al., 

2006) (Fig. 1). This allows in vivo investigation of metazoan embryogenesis in a 

single-cell level with known cell identities. Until now, C. elegans as an animal model 

has answered many important questions in biology and yet more will be addressed in 

the future. 

 

After fertilization, a C. elegans embryo takes about 14 hours to proliferate, differentiate 

and become a larva (Sulston et al., 1983). Different from a human embryo, the 

embryonic cell lineage of C. elegans is programmed to be invariant. Starting from the 

first cell division, the “AB” and “P1” cells are asymmetrically developed to produce 

cells with different cell fates. Several minutes later, the divisions of the first two cells 

are asynchronous, with “AB” division always earlier than that of “P1” (Brauchle et al., 

2003). Combining asymmetric division, asynchrony and proper cell migration, an 

egg-shaped cell can be developed into a tube-shaped worm. It is fascinating that every 

embryo can execute their invariant developmental program to persist their population 

without any major difference (Fig. 2). How this animal can maintain its invariance will 

be the first question to ask. I will address this question through the cell cycle 
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perspective. 

 

 

Fig. 1 Automated lineaging of C. elegans embryos. (Top) Micrographs of C. elegans 

embryos at different developmental stages as indicated on the left. Starting from left to 
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right: Nomarski micrographs of wild-type embryos; fluorescence micrographs showing 

the red expression of histone (H3.3 and H2B) tagged with mCherry; fluorescence 

micrographs showing the green expression of a tissue marker (PHA-4) tagged with 

GFP; merged micrographs of Nomarski and fluorescence. Noted that the cell identities 

of “AB”, “P1”, “ABa”, “ABp”, “EMS” and “P2” are labeled in the 2 and 4 cell stages of 

the Nomarski micrographs. (Bottom) A cell lineage tree of “ABa” (black) 

superimposed with the lineal expression of PHA-4 (red) created by automated 

lineaging after 4D imaging. (Modified from (Ho et al., 2015).) 

 

 

Fig. 2 A lineage tree showing the invariant lineage of an early C. elegans embryo. A 

one cell embryo (P0) divides invariantly until 47 cells. All the predetermined cell fates 

that derived from different lineal origins are differentially color coded. (Modified from 

(Ho et al., 2015).) 

 

A full cell cycle in a single-celled organism and a cultured cell line usually consists of 

four phases: two gap phases, G1 and G2, separating the DNA synthesis (S) from mitosis 

(M) phase. This is, however, usually not the case in most of the multicellular organisms’ 

embryonic cells. Instead of a full cell cycle, their early embryonic cells divide mainly 

with S and M phase, while G1 and G2 phases are being short or absent (Farrell and 

O'Farrell, 2014) (Fig. 3). In C. elegans embryos, a similar cell cycle pattern is found 
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during early development (Edgar and McGhee, 1988): only S and M phase can be 

detected using DAPI staining in most of the lineage. While in the intestine lineage, they 

found that a possible G2 phase is introduced. Further study is hindered due to the 

crowdedness of the cells in late embryogenesis, resulting in the introduction of the gap 

phases in other lineages during embryogenesis are still largely unknown. Furthermore, 

“AB” cell always divides earlier than its sister cell, “P1”. As they are divided from the 

same parent “P0”, the asynchronous division between them is termed as asynchrony of 

division between sister cells (ADS). ADS are found throughout embryogenesis (Bao et 

al., 2008), evidence shows that the embryonic cell division timing is mainly regulated 

by cell fate determinants (Ho et al., 2015). However, how they are introduced in terms 

of cell cycle phases is still largely unknown. To uncover these secrets, an in vivo cell 

cycle reporter that is compatible with live cell imaging is required. 

 

 

Fig. 3 Cell cycle remodeling from an early embryonic cell to a somatic cell. (Left) An 

early embryonic cell divides with S and M phase only. (Right) A somatic cell divides 

with a full cell cycle with two gap phases (G1 and G2), starting from G1 to S, followed 

by G2 and divides in M phase. Note that this cell cycle remodeling usually consists of S 

phase elongation and gap phase introduction during embryogenesis, resulting in 

asynchrony between embryonic cells. 
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Detection of cell cycle phases in C. elegans mainly relies on the DAPI quantification 

(Edgar and McGhee, 1988). Other methods such as antibody staining and S phase 

detection by nucleoside incorporation are having the same hindrance as in DAPI 

staining, which are invasive methods that require fixation of the specimen. Although 

there are some methods that allow the detection of cell cycle phases in living animals, 

none of them can reliably be used in embryos (van den Heuvel and Kipreos, 2012; van 

Rijnberk et al., 2017). A most recent study updated the previously established a 

cyclin-dependent kinase (CDK) sensor in C. elegans, which is an in vivo cell cycle 

reporter that shows promising result to distinguish G1 from quiescence G0 cells in 

postembryonic development (Adikes et al., 2020). The CDK sensor requires the 

accumulation ratio between cell nucleus and cytoplasm, making it difficult for 

automated quantification of the reporter intensity. To investigate the cell cycle phases in 

a C. elegans embryo, a nucleus expression based in vivo cell cycle reporter that allows 

simultaneous tracing of the individual cell divisions and the measurement of reporter 

intensity is needed. Among all the available tools in other animal models, Fluorescent 

Ubiquitylation-based Cell Cycle Indicator (FUCCI) shows the most promising ability 

to visualize the cell cycle phases in living cells (Sakaue-Sawano et al., 2008; Zielke and 

Edgar, 2015). 

 

In this thesis, I set out to systematically determine the gap phase introduction during the 

embryogenesis of C. elegans. To this end, I and my colleagues developed multiple 

FUCCI reporters (hereafter referred to as Worm-FUCCI, or FUCCI reporter) as a 

single-copy transgene in C. elegans, the degradation of which was biochemically and 

functionally validated. Aided by the automated tools for cell lineage and lineal 

expression analysis using time-lapse 3D movies of fluorescence-labeled nuclei (Bao et 

al., 2006; Murray et al., 2006), the FUCCI reporters allowed me to quantify the 
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reporters’ lineal expression for every cell at a 1.5-minute interval throughout C. elegans 

embryogenesis, leading to a first-ever global picture of gap phase introduction 

throughout metazoan embryogenesis. Further depletion of G1 cyclins revealed an 

unexpected timing and specificity of G1 introduction in the C. elegans embryos at a 

single-cell level. These findings reshape the understanding of C. elegans 

embryogenesis through the cell cycle prospective and provide further insight into 

cancerous development of stem cells. 
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Chapter 2 Design and strain preparation of Worm-FUCCI 

2.1 Introduction 

Back in 2008, Asako Sakaue-Sawano from Atsushi Miyawak’s group published their 

invention of FUCCI that can visualize the cell cycle progression in both human cell line 

and mice (Sakaue-Sawano et al., 2008). At that time, most of the cell cycle markers 

were chemistry based, such as bromodeoxyuridine (BrdU) staining or 

5-ethynyl-2'-deoxyuridine (EdU) staining (Salic and Mitchison, 2008). They are only 

able to mark a single cell cycle phase (S phase) and they require the fixation of the 

sample. Some other in vivo cell cycle reporters that are also developed, such as 

proliferating cell nuclear antigen (PCNA) based (Kisielewska et al., 2005) and human 

DNA helicase B (hDHB) based fluorescent reporters (Gu et al., 2004). Their principle 

of cell cycle phase representation is localization-based, i.e., the subcellular location of 

the protein will be changed in different cell cycle phases, which problem is not 

compatible with the flow cytometry. Sakaue-Sawano instead invented 

degradation-based cell cycle reporters that only express in nucleus and their 

accumulation level will be changed according to different cell cycle phases. This 

technology revolutionizes the cell cycle phases detection in live cell imaging, leading to 

its establishment in many model animals, such as zebrafish (Sugiyama et al., 2009), fly 

(Zielke et al., 2014), marine annelid (Ozpolat et al., 2017), etc. 

 

However, the systematic defining of gap phase introduction becomes infeasible in most 

of these systems due to lack of capability in resolving cell identity over development. 

Another difficulty in defining embryonic cell cycle phases lies in the systematic 

quantification of the cellular expression patterns of fluorescence reporters with 
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sufficient temporal resolution. This is because cell divisions are rapid during early 

embryogenesis, which can be as fast as 8.6 minutes per generation (Foe and Alberts, 

1983). Therefore, simultaneously tracing the division of individual cells and 

measurement of reporter expression therein become a great challenge. Meanwhile in C. 

elegans, the tools for cell cycle detection are rather limited (to be discussed in Chapter 3) 

(van den Heuvel and Kipreos, 2012), leading to the lack of reliable reporters for a 

precise demarcation of cell cycle phases. The establishment of FUCCI in C. elegans 

should help to overcome those limitations. 

 

In this study, three constructs for the ubiquitous expression of Worm-FUCCI were 

designed according to previous experience from C. elegans and other animal models. 

They were integrated into the worm genome as a single expressing transgene and 

maintained in separated worm strains. To facilitate the visualization of the cell cycle 

phases combining with the cell identities, those strains were crossed together or crossed 

with the fluorescent histone labelling strains (hereafter referred to as lineaging strains). 

 

2.2 Literature reviews 

The original designs of FUCCI consisted of two proteins, Cdt1 and Geminin. The idea 

of FUCCI based on the inversed oscillation dynamics of protein levels of them, 

whereas Cdt1 has the highest accumulation during G1, while Geminin is the highest 

during S/G2/M phases (Nishitani et al., 2004). In higher eukaryotic cells, Cdt1 and 

Geminin work together to control an important cell cycle process named as “DNA 

replication licensing” (Reviewed by (Nishitani and Lygerou, 2002).). During cell cycle, 

DNA replication must be tightly controlled to ensure that the duplication is happened 

once only. In fission yeast, protein Cdc18 (Cdc6 in other animal models) works with 
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Cdt1 to load Cdc21 (one of the minichromosome maintenance (MCM) proteins) onto 

chromatin to “license” for the DNA replication to ensure the replication only happens 

once (Nishitani et al., 2000). This finding was believed to be conserved in multicellular 

organism. Geminin was found to be an inhibitor of DNA replication in mitotic Xenopus 

laevis egg extracts (McGarry and Kirschner, 1998). Later studies found that Geminin 

can bind tightly to Cdt1 to inhibit the MCM loading in both human cell extracts and 

Xenopus egg extracts, which is considered as another layer of regulation to the DNA 

licensing through the activity of Cdt1 (Reviewed by (Nishitani and Lygerou, 2002).). 

Despite the interactions between Cdt1 and Geminin, both proteins are also regulated by 

degradation complexes to control their protein levels during cell cycle. Cdt1 can be 

degraded by SCFSkp2 (Skp1-Cdc53/Cullin1-F-box protein with Skp2 as the F-box 

protein) and Cul4DDB1 (Li et al., 2003; Nishitani et al., 2004; Nishitani et al., 2006), 

whereas Geminin can be degraded by APC/CCdh1 (anaphase promoting 

complex/cyclosome with Cdh1 as its substrate receptor) (McGarry and Kirschner, 

1998). Furthermore, the activities of both degradation complexes are cell cycle specific 

and control each other through cyclin F during S-phase entry (McGarry and Kirschner, 

1998). As a result, APCCdh1 has the highest activity during G1 phase and Geminin is 

effectively degraded; SCFSkp2 and Cul4DDB1 actives at S/G2 phases and S phase, 

respectively, to effectively degrade Cdt1 (Nishitani et al., 2006). To be effectively 

recognized by the corresponding degradation complexes, both Cdt1 and Geminin 

proteins contain degrons that consist of several degradation motifs, such as Cy motif 

and PIP box in Cdt1 and destruction box (D-box) in Geminin. Sakaue-Sawano and her 

colleagues took advantages of the specific degradation of the degrons, which can serve 

as degradation-based reporters to detect the activities of those degradation complexes 

(Sakaue-Sawano et al., 2008). They used a ubiquitous promoter to ensure the 

expression of the reporters are consistence in every cells. Since overexpression of either 
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Cdt1 or Geminin may induce undesired effect to the cells, they tested multiple lengths 

of truncated Cdt1 and Geminin proteins that allow the cells to growth normally while 

still express in nucleus and degraded as usual. They also tested different fluorescent 

proteins as a visualization reporter for both truncated proteins. Intriguingly, the 

fluorescent protein must be located at the N-terminus of both Cdt1 and Geminin to 

allow normal oscillation. As a result, they created the first FUCCI pairs, mKO2-hCdt1 

(30-120 amino acid, a.a.) and mAG-hGem (1-110 a.a.), that can label the progression of 

cell cycle phases. In G1 phase, only mAG-hGem will be degraded by APC/CCdh1 while 

allowing accumulation of mKO2-hCdt1, whereas in S/G2/M phase, only mKO2-hCdt1 

will be degraded by SCFSkp2, which on the other hand allows the accumulation of 

mAG-hGem. Therefore, the cells become red during G1 while become green during 

S/G2/M phase, which allow the labelling of cell cycle phases in vivo. 

 

Invention of human FUCCI triggered its further applications to exploit more 

fundamental questions through the cell cycle perspective in other animal models, 

especially regarding to the developmental field (Reviewed in (Zielke and Edgar, 

2015).). As a result, different FUCCI variants are successfully applied through some 

ingenious designs in order to adapt into different animal model, such as mice, zebrafish, 

fly, etc. Since human FUCCI is using the truncated hCdt1 and hGem, the degradation 

pathway could have been conserved in other animal models. The first migration of 

human FUCCI to animal model was done by Sakaue-Sawano and her colleagues 

through the generation of transgenic mice (Nishitani et al., 2004). To effectively 

migrate the FUCCI system from human cell to mice, one critical design decision is to 

switch from a human promoter to a mice specific promoter to drive the FUCCI 

expression. Same strategy was used in the embryo of Ciona intestinalis, an ascidian that 

allows in toto imaging, and the chick embryos to study myogenesis (Esteves de Lima et 
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al., 2014; Ogura et al., 2011). Meanwhile, Takaya Abe and his colleagues updated the 

mice FUCCI, named as Fucci2, with the Rosa26 promoter that can minimize the 

expression bias between different cell types (Abe et al., 2013). They also replaced the 

fluorescent protein pairs to mCherry (red) and mVenus (green) to improve the contrast 

of the reporters. In addition, Cre-mediated loxP recombination technique is applied in 

the transgenic mice, which allows tissue specific expression of FUCCI (Abe et al., 2013; 

Mort et al., 2014). However, the degradation of hCdt1 and hGem may not be conserved 

in more primitive animals. The incompatibility was discovered when Mayu Sugiyama 

and her colleagues tried to migrate human FUCCI into zebrafish embryos (Sugiyama et 

al., 2009). Although hGem could oscillate normally under the control of fish specific 

promoter, hCdt was observed throughout the cell cycle. Therefore, they re-designed 

both reporter proteins using zebrafish orthologues, zebrafish Cdt1 (zCdt1) and 

zebrafish geminin (zGem) to be the zebrafish version of FUCCI (zFUCCI). The failure 

of hCdt to oscillate was due to the degradation system for Cy motif was not conserved 

in zebrafish. While Cy motif was the degradation motif used in the truncated hCdt of 

human FUCCI, zCdt1 used another motif for degradation that was named as PIP box. 

Same as Cy motif, PIP box was targeted for degradation in S/G2/M phase, which 

allowed zCdt1 to be a G1 marker. Platynereis dumerilii, a marine annelid, was also 

applied the FUCCI technology using its own truncated PIP box containing Cdt1 driven 

by a strong promoter, with an advantage that its invariant embryonic development, 

allowed the combination of cell lineage tracing as in C. elegans embryos (Ozpolat et al., 

2017). Similar design strategy as in zebrafish was used in Drosophila version of 

FUCCI (Fly-FUCCI) (Zielke et al., 2014). When they tried to migrate the hCdt1 to fly, 

same problem as in zebrafish was found in flies, which did not oscillate throughout the 

cell cycle. Instead of looking for the orthologues of hCdt1 and hGem in fly, they chose 

two genes that never attempted to be used in the FUCCI technology, Drosophila E2F1 
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and Drosophila Cyclin B (CycB), which were having the same degradation motifs as in 

zCdt1 and zGem, respectively. Both proteins were working as expected and became the 

core design of Fly-FUCCI. The FUCCI technology was further established in plant 

model, Arabidopsis (Yin et al., 2014), which proved that the application potential of 

FUCCI was huge across the biological models. Learning from the experience from 

those animal models, Sakaue-Sawano and her colleagues further updated the human 

FUCCI by the reintroduction of PIP box from hCdt1 and the lost function of Cy motif 

(hCdt1[PIP(+)Cy(-)]) (Sakaue-Sawano et al., 2017). This variant took advantage of the 

higher degradation efficiency of CUL4Ddb1 (Cullin 4, damage-specific DNA-binding 

protein 1), a degradation complex that targeted the proteins containing PIP box. This 

modification allowed a much sharper degradation of hCdt1 during the G1/S transition. 

More importantly, the CUL4Ddb1 only active during S phase, which allowed the 

reaccumulating of hCdt1[PIP(+)Cy(-)] during G2/M phase, i.e. hCdt1[PIP(+)Cy(-)] 

could label the G1/G2/M phases. The fluorescent protein of hCdt1[PIP(+)Cy(-)] also 

replaced to be mCherry, together with the truncated hGem that labelled by different 

blue or green fluorescent proteins, this variant of human FUCCI could effectively 

produce a distinctive triple-color separation of G1 (red), S (green) and G2/S (yellow) 

phases. 
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2.3 Material and methods 

2.3.1 Worm strains and maintenance 

All the animals were maintained on nematode growth media (NGM) plates seeded with 

OP50 at room temperature (Stiernagle, 2006). Some strains were provided by the CGC, 

which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). 

The genotypes of the strains used in this paper were listed in Table 1. All the ZZY 

strains were generated from our lab, in which ZZY0576 (CDT-1D) and ZZY0717 

(CYB-1DG) were generated by Dr. Vincy W. S. Ho and Miss L. Y. Chan together. 

 

Table 1. List of worm strains generated and/or used in this thesis. 

Strain Name Genotype Phenotype 

N2 N/A C. elegans wild-type 

RW10029 

unc-119(ed3) III; zuIs178 [his-72(1kb 5' 

UTR)::HIS-72::SRPVAT::GFP::his-72 (1KB 

3' UTR) + 5.7 kb XbaI - HindIII unc-119(+)]; 

stIs10024 [pie-1::H2B::GFP::pie-1 3' UTR + 

unc-119(+)] 

GFP lineaging 

marker 

RW10226 

unc-119(ed3) III; stIs10226 

[Phis-72::HIS-24::mCherry ::let-858 3' UTR 

+ unc-119(+)]; 

stIs37[Ppie-1::mCherry::H2B::pie-1 3'UTR 

+ unc-119(+)] 

RFP lineaging 

marker 

ZZY0576 

unc-119(tm4063) III; zzyIs176 

[Phis-72::mCherry::CDT-1(1-189 aa)::pie-1 

3'UTR + unc-119(+)] V 

FUCCI (mCherry), 

CDT-1D 
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ZZY0536 

unc-119(tm4063) III; zzyIs176 

[Phis-72::mCherry::CDT-1(1-189 aa)::pie-1 

3'UTR  + unc-119(+)] V; unc-119(ed3) III; 

zuIs178 [his-72(1kb 5' 

UTR)::HIS-72::SRPVAT::GFP::his-72 (1KB 

3' UTR) + 5.7 kb XbaI - HindIII unc-119(+)]; 

stIs10024 [pie-1::H2B::GFP::pie-1 3' UTR + 

unc-119(+)] 

GFP lineaging 

marker, CDT-1D 

ZZY0678 

unc-119(tm4063) III; zzyIs147 

[Phis-72::mCherry::EGL-13(1-25 

aa)::CYB-1(8-80 aa)::pie-1 3'UTR + 

unc-119(+)] III 

FUCCI (mCherry), 

CYB-1D 

ZZY0686 

unc-119(tm4063) III; zzyIs147 

[Phis-72::mCherry::EGL-13(1-25 

aa)::CYB-1(8-80 aa)::pie-1 3'UTR + 

unc-119(+)] III; unc-119(ed3) III; zuIs178 

[his-72(1kb 5' 

UTR)::HIS-72::SRPVAT::GFP::his-72 (1KB 

3' UTR) + 5.7 kb XbaI - HindIII unc-119(+)]; 

stIs10024 [pie-1::H2B::GFP::pie-1 3' UTR + 

unc-119(+)] 

GFP lineaging 

marker, CYB-1D 

ZZY0717 

unc-119(tm4063) III; zzyIs180 

[Phis-72::GFP::EGL-13(1-25 

aa)::CYB-1(8-80 aa)::pie-1 3'UTR + 

unc-119(+)] II 

FUCCI (GFP), 

CYB-1DG 

ZZY0731 

unc-119(tm4063) III; zzyIs176 

[Phis-72::mCherry::CDT-1(189 aa)::pie-1 

3'UTR + unc-119(+)] V; zzyIs180 

[Phis-72::GFP::EGL-13(1-25 

aa)::CYB-1(8-80 aa)::pie-1 3'UTR + 

unc-119(+)] II 

FUCCI (mCherry, 

GFP), CDT-1D, 

CYB-1DG 
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ZZY0732 

unc-119(tm4063) III; zzyIs180 

[Phis-72::GFP::EGL-13(1-25 

aa)::CYB-1(8-80 aa)::pie-1 3'UTR + 

unc-119(+)] II; unc-119(ed3) III; stIs10226 

[Phis-72::HIS-24::mCherry ::let-858 3' UTR 

+ unc-119(+)]; 

stIs37[Ppie-1::mCherry::H2B::pie-1 3'UTR 

+ unc-119(+)] 

RFP lineaging 

marker, CYB-1DG 

ZZY0876 

unc-119(tm4063) III; zzyIs216 

[Phis-72::GFP::EGL-13(1-25 

aa)::CYB-1(8-145 aa)::pie-1 3'UTR + 

unc-119(+)] X 

CYB-1D145 

ZZY0852 

unc-119(tm4063) III; zzyIs217 

[Phis-72::GFP::EGL-13(1-25 

aa)::CYB-1(8-209 aa)::pie-1 3'UTR + 

unc-119(+)] IV 

CYB-1D209 

 

2.3.2 DNA constructs 

his-72 promoter (2349 bps from immediately upstream of its start codon), pie-1 3’UTR 

(3’ untranslated region, 787bp immediately after the stop codon), the NLS of EGL-13 

(1-25aa), the degrons of CDT-1 (1-189aa) and CYB-1 (8-80aa) were all amplified from 

the N2 genomic DNAs using PCR with Ex Taq®  DNA Polymerase (TaKaRa) or 

Phusion®  High-Fidelity DNA Polymerase (NEB). The coding fragments for mCherry 

and eGFP were amplified using pCFJ104 (Frokjaer-Jensen et al., 2014) and pZZ31 

(Zhao et al., 2010) as a template. The fusion cassette consisting of 

Phis-72::mCherry::CDT-1 (1-189aa)::pie-1 3'UTR was cloned into the miniMos vector 

pCFJ909 (Frokjaer-Jensen et al., 2014) to generate plasmid pZZ176 using Gibson 

Assembly®  Master Mix (NEB) according to the manufacturer’s description. Plasmid 

pZZ180 [Phis-72::GFP::EGL-13 (1-25aa)::CYB-1 (8-80aa)::pie-1 3'UTR + unc-119 

(+)] was generated in the similar way as pZZY176. DNA fragment coding EGL-13 

(1-25aa) was fused to the DNA fragment coding the N-terminal of CYB-1 degron to 
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serve as an NLS (Lyssenko et al., 2007). pZZ147 [Phis-72::mCherry::EGL-13 

(1-25aa)::CYB-1 (8-80aa)::pie-1 3'UTR + unc-119 (+)] was made by cutting the 

pZZ141 (Table 2) with ApaI (NEB) and SpeI-HF®  (NEB), respectively, to replace the 

HIS-24 coding region with the fusion between EGL-13 (1-25aa) and CYB-1 (8-80aa). 

The details of constructs built in this study were listed in Table 2. The pZZ141, pZZ176 

and pZZ180 plasmids were cloned by Dr. Vincy W. S. Ho. 

 

Table 2. List of plasmids used in this thesis. 

Plasmid 

name 
Genotype 

pZZ141 pCFJ909::Phis-72::mCherry::HIS-24::pie-1 3'UTR+ unc-119(+) 

pZZ176 
pCFJ909::Phis-72::mCherry::CDT-1(189aa)::pie-1 3'UTR+ 

unc-119(+) 

pZZ147 
pCFJ909::Phis-72::mCherry::EGL-13(1-25aa)::CYB-1(8-80aa)::pie

-1 3'UTR + unc-119(+) 

pZZ180 
pCFJ909::Phis-72::GFP::EGL-13(1-25aa)::CYB-1(8-80aa)::pie-1 

3'UTR+ unc-119(+) 

pZZ216 
pCFJ909::Phis-72::GFP::EGL-13(1-25aa)::CYB-1(8-145aa)::pie-1 

3'UTR+ unc-119(+) 

pZZ217 
pCFJ909::Phis-72::GFP::EGL-13(1-25aa)::CYB-1(8-209aa)::pie-1 

3'UTR+ unc-119(+) 

 

2.3.3 Transgenesis 

The Worm-FUCCI strains carrying a single-copy transgene were generated using C. 

elegans miniMos Transgenesis Kit (Addgene) (Frokjaer-Jensen et al., 2014). Briefly, 

the DNA fragment encoding a modified version of transposase was co-injected with 

DNA constructs containing Worm-FUCCI cassette along with a transgene selection 

marker. Forced expression of the transposase allowed integration of the cassette as a 

single copy into a random site of the host genome. Only the strains with bright maternal 
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and zygotic expression of Worm-FUCCI transgenes were selected for the subsequent 

analysis (Table 1). Transgene insertion site was mapped using inverse PCR as described 

(Frokjaer-Jensen et al., 2014). 

 

2.4 Results 

2.4.1 Generation of Worm-FUCCIs 

To establish developmental introduction of gap phases during C. elegans development, 

I and my colleagues built a worm version of FUCCI, which consisted of degrons 

derived from two proteins: C. elegans orthologues of human CDT1 and cyclin B1 

(CCNB1) protein, i.e., CDT-1 and CYB-1. Initial CDT1 derived FUCCI relied on one 

of its two degrons, i.e., Cy motif (Sakaue-Sawano et al., 2008). However, the Cy motif 

is absent in the C. elegans CDT-1, but the other degron of CDT1, PIP box, is present. As 

the PIP degron is rapidly degraded by CUL4Ddb1 during the S phase onset in humans 

(Sakaue-Sawano et al., 2017), CDT1 is known to be abundant in the G1 phase but 

barely detectable in the S phase, making the accumulation of the degron-containing 

reporter an excellent indicator for G1 phase. Accumulation of CDT1 takes place again 

in G2 and mitosis, presumably to prepare for G1 (Nishitani et al., 2000), making it also 

a G2 indicator at later cell cycle. This degradation pathway was also shown to be 

conserved in C. elegans, which will be discussed in detail in Chapter 3. A recent study 

demonstrated the superiority of the PIP-containing degron as a G1-specific 

degron-reporter over the Cy motif, as it provided a sharper boundary between G1 and S 

phases in a human cell line (Sakaue-Sawano et al., 2017). 

 

To generate a G1- and G2-specific reporter in C. elegans, a sequence consisting of 
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1-189 CDT-1 amino acids that carried the PIP box but not the putative cyclin binding 

motif was fused with the C-terminus of mCherry (referred to as CDT-1D hereafter) (Fig. 

4 and Table 2). To achieve ubiquitous spatial and temporal expression, the fusion was 

flanked by a his-72 promoter and a pie-1 3’ untranslated region (3’ UTR). The his-72 

promoter drives strong zygotic expression but is less capable in driving maternal 

expression (Ooi et al., 2006). The inclusion of a pie-1 3’ UTR has been shown to 

significantly boost maternal expression (Merritt et al., 2008; Zhao et al., 2010) (Fig. 

4B). Therefore, the reporters are expected to show strong and broad expression in both 

germline and soma in the absence of robust degradation. The truncated CDT-1 

sequence seems to contain a cryptic nuclear localization signal (NLS) that directs the 

reporters into nuclei. The cassette was introduced into random locations of the C. 

elegans genome as a single copy using the miniMos technique (Frokjaer-Jensen et al., 

2014). Choosing miniMos instead of MosSCI or CRISPR/Cas9 knock-in for 

single-copy insertion was mainly due to the high insertion rate of miniMos technique 

(Nance and Frokjaer-Jensen, 2019). Each injection might result in several transgenic 

strains and the strain showing the brightest and broadest expression with no apparent 

developmental defect was selected for the subsequent analysis. Nuclear expression is 

required for the subsequent quantification of reporter accumulation in each cell over 

development using automated lineaging and expression profiling technologies (Bao et 

al., 2006; Murray et al., 2008). 

 

To develop a second reporter in assisting the CDT-1D in defining cell phase boundaries, 

I attempted to use a C. elegans orthologue (gmn-1) equivalent to that in humans, i.e., 

Geminin. A similar construct as CDT-1 was cloned, no apparent expression was found 

either extra chromosomal array strains or insertion strains. This can be explained by the 

fact that the Geminin degrons and nuclear localization signal were barely identifiable 
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by sequence alignment in C. elegans, although its function appeared to be conserved 

(Yanagi et al., 2005). I therefore used another highly conserved degron of cyclin B1 

(CYB-1), whose Drosophila orthologue has been demonstrated to show accumulation 

dynamics that is comparable to those of Geminin degrons, i.e., absence in the G1 and 

starting accumulation from S phase and peaking in the G2 phase (Zielke et al., 2014). 

The N-terminal sequences of both C. elegans CYB-1 and its mouse orthologue, cyclin 

B1, contain several degrons that form a domain called destruction box (D-box) (Fig. 

4A). The mammalian cyclin B1 was demonstrated to be degraded by both APC/CFzr/Cdh1 

and APC/CFzy/Cdc20 (Clijsters et al., 2013; Zur and Brandeis, 2002). The CYB-1 

N-terminal sequence (8-80 amino acid), which contains the first two D-box degrons 

with the amino acid sequences of “REILALKPSN” and “RINL”, respectively, but lacks 

the putative mitotic chromosome association motif at the N-terminal (Pfaff and King, 

2013) and another two putative D-box degrons located within the cyclin N-terminal 

domain. I omitted the two D-box degrons within the cyclin N-terminal domain to avoid 

the potential functional interference of the native protein. This may lead to abnormal 

degradation. The truncated fragment was fused with the C-terminus of either GFP 

(referred to as CYB-1DG) or mCherry (referred to as CYB-1D) (Fig. 4B). Again, the 

fusion was flanked by the same regulatory sequences as those for the cassette CDT-1D 

to achieve expression in germline and soma (Table 2). However, the transgenic animals 

generated with the CYB-1 fusion did not show expression of the reporter in the nuclei 

as shown previously (Wang et al., 2013). A nuclear localization signal (NLS) sequence 

derived from EGL-13 (Lyssenko et al., 2007) was fused in frame between the 

fluorescence protein sequence and the degron sequence (Fig. 4B). 
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Fig. 4 Overview of Worm-FUCCI design. (A) Schematic representations of predicted 

domains in the full-length (FL) CDT-1 (top) and CYB-1 (bottom) proteins. Protein size 

in amino acid (aa) is shown in scale. PIP box: PCNA-interacting protein (CDT-1 

degron). D-box: Destruction box (CYB-1 degron). LRATNN: amino acid sequence of a 

chromosome localization motif. (B) Construct design for Worm-FUCCIs. To ensure 

broad expression both maternally and zygotically, all expression cassettes are driven by 

a his-72 promoter with a pie-1 UTR at 3’ end. Top: the CDT-1 degron consisting of 

1-189 aa of CDT-1 is fused to the C-terminus of mCherry (referred to as CDT-1D) to 

label the G0/G1 and G2 phases. The PIP box with the sequence of QTAVTDFF in the 

degron is targeted for degradation by the CRL4DDB-1 complex. Middle: the CYB-1 

degrons consisting of 8-80 aa of CYB-1 including first two D-boxes at the N-terminal 

are fused to the C-terminus of GFP (referred to as CYB-1DG) to label the S and G2 

phases. The putative D-boxes are targeted for degradation by APC/CFZR-1 complex. An 

NLS from EGL-13 (1-25 aa) is introduced between the GFP and the truncated CYB-1 

to ensure nuclear localization of expression. Bottom: Same as the CYB-1 fusion with 

GFP except the substitution of the GFP with mCherry (referred to as CYB-1D). All of 
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the fusion constructs are integrated into C. elegans genome as a single copy transgene 

via miniMos technique. 

 

2.5 Chapter summary 

In this chapter, I reviewed the history of FUCCI development and how it can be 

migrated into different model organisms. Based on those prior knowledge, I have 

designed three constructs using the degrons from CDT-1 or CYB-1 as the reporters of 

the worm version FUCCI, which I referred to as Worm-FUCCI (Fig. 4B). I and my 

colleagues built the plasmids and created the transgenic strains that each carry a single 

copy of transgene reporters to express the Worm-FUCCIs for further studies (Table 1). 

The next step will be characterizing the expression pattern of the transgenes in order to 

evaluate their potential in establishing cell cycle stages in C. elegans embryo. 
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Chapter 3 Expression and Validation of Worm-FUCCI 

3.1 Introduction 

Worm-FUCCIs reporters consisted of two degrons from worm versions of Cdt1 (CDT-1) 

and cyclin B (CYB-1). In theory, the accumulation pattern should be at least governed 

by the following factors: 1) promoter, 2) 3’UTR, 3) degradation signals, and 4) nuclear 

localization signals. As the promoter and 3’UTR were already well known in C. 

elegans (Merritt et al., 2008; Ooi et al., 2006; Zhao et al., 2010), the remaining 

uncertain factors should be the degradation signals and the nuclear localization signals. 

According to the most updated studies in human and fly, the expected accumulation of 

CDT-1D and CYB-1D or CYB-1DG should be similar to that of hCdt1[PIP(+)Cy(-)] used 

in human FUCCI and the truncated Drosophila Cyclin B (CycB) used in Fly-FUCCI, 

respectively (Sakaue-Sawano et al., 2017; Zielke et al., 2014). i.e., The high abundance 

of the CDT-1D accumulation in the absence of the CYB-1D or CYB-1DG would be 

indicative of the G0 or G1 phase of a cell; whereas the absence of the CDT-1D with the 

initial accumulation of CYB-1D or CYB-1DG would be indicative of the S phase; and a 

high abundance of the both degron-reporters would be indicative of the G2 phase. Since 

a NLS was introduced in both CYB-1D and CYB-1DG, their accumulation should be 

able to remain in the nucleus at least during the anaphase (Fig. 5). 

To study how Worm-FUCCIs can represent the cell cycle state of a cell, their 

degradation dynamics should be validated biochemically and functionally. For 

biochemical validation, EdU incorporation should be the most accurate assay available. 

For the functional validation, gene knockdown using RNA interference (RNAi) can be 

performed to confirm the expected degradation pathways or cell cycle phenotypes. 

Finally, both CDT-1D and CYB-1D were found to be mostly consistent with the 
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expectation except the CYB-1D was unexpectedly accumulated in M phase. Since the 

M phase could be readily recognized by the morphology of the condensed 

chromosomes labelled by the histone reporters, the unexpected accumulation of 

CYB-1D should not hinder any further interpretation. 

In this chapter, both embryonic and postembryonic accumulation dynamics of 

Worm-FUCCIs were shown and they were both biochemically and functionally 

validated for their representation to the cell cycle state of a cell. 

 

 

Fig. 5 Schematics of embryonic cell cycles and the expected Worm-FUCCIs 

accumulation dynamics. (A) Illustrations of early embryonic cell cycle (top) and full 

cell cycle (bottom) showing putative accumulation dynamics of the degrons in C. 

elegans as indicated. (B) Predicted accumulation dynamics of the Worm-FUCCIs 

during C. elegans embryogenesis. The degrons are color coded as in (A). The 

emergence sequence of G1 and G2 phase in the diagram is arbitrary. The mitotic 

degradation of CYB-1 degron induced by CRL2ZYG-11 E3 ligases was omitted for 

simplicity. 
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3.2 Literature reviews 

As cell cycle progression is a continuous event during metazoan development, it is 

integral to visualize the process through live imaging. Prior to the discovery of green 

fluorescent protein (GFP), researchers of C. elegans estimated the cell cycle phases by 

DNA content determination using DAPI staining (Edgar and McGhee, 1988). In 

addition, nucleoside incorporation to detect DNA synthesis is a more recent method to 

identify the S phase more accurately in C. elegans (Boxem et al., 1999; Cinquin et al., 

2010). However, both methods require a fixation and staining process, which can only 

provide information of cell cycle phases at a single time point. Therefore, the 

development of a reliable in vivo cell cycle reporter for live imaging is essential. I will 

first cover the major in vivo cell cycle reporters that allow live cell imaging in C. 

elegans. Then I will discuss the possible limitations and improvements for them. 

Finally, I will discuss in detail the known degradation pathways of both CDT-1 and 

CYB-1, which are the proteins selected for the generation of Worm-FUCCIs. 

 

Until now, all the in vivo cell cycle reporters used in C. elegans are fluorescent protein 

based. The first among them is an S phase-specific reporter, which is constructed 

through the promoter fusion of worm ribonucleotide reductase (Prnr-1) with a GFP 

(Hong et al., 1998). When the cell enters S phase, GFP is expressed under the control of 

Prnr-1. After the M phase, the reporter fades away. In C. elegans postembryonic cell 

cycle research, combining with the classic cell cycle techniques, this Prnr-1::GFP 

reporter is extensively used (Boxem et al., 1999; Boxem and van den Heuvel, 2001; 

Hong et al., 1998; Matus et al., 2015; Park and Krause, 1999). In later studies, a 

variation of this reporter is invented by introducing a destruction box domain from 

worm cyclin B1 (CYB-1) into the reporter (Korzelius et al., 2011a). This allows timely 
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degradation of the reporter to improve the accuracy of representing the cell cycle state. 

Although without solid evidence, the Prnr-1 based reporter probably does not express 

in embryonic cells. This drawback leads the to the development of another S phase 

reporter, a protein fusion between worm proliferating cell nuclear antigen 

(PCNA/PCN-1) and GFP (Brauchle et al., 2003). To allow the embryonic expression, 

they first clone the fusion protein into a pie-1 promoter driven expression vector. Then 

the reporter is integrated into worm genome by bombardment integration (Praitis et al., 

2001). Similar to the Prnr-1 reporter, the expression of GFP::PCN-1 peaks at S phase. It 

becomes undetectable when it diffuses into the cytoplasm during nuclear envelop 

breakdown (NEBD) in M phase. This reporter is proven suitable for S phase detection 

during early embryonic cell cycle progression using live imaging (Benkemoun et al., 

2014; Brauchle et al., 2003; Kisielewska et al., 2005). Genes that are well known for 

G1/S progression may occasionally be used as a G1/S reporter. They are generated by 

either promoter fusion or protein fusion of worm Cyclin-Dependent Kinase 4 (cdk-4), 

Cyclin D (cyd-1) or Cyclin E (cye-1) with GFP (Brodigan et al., 2003; Fujita et al., 2007; 

Matus et al., 2015; Park and Krause, 1999). In addition, a G1 reporter was developed by 

protein fusion between CDT-1 and GFP (Kim and Kipreos, 2007; Matus et al., 2014). 

This reporter only shows expression during the G1 phase, and it would be degraded 

before the cell starts DNA replication. Recently, a new strategy for the cell cycle 

reporter was invented using human DNA helicase B (DHB), which is named as a 

cyclin-dependent kinase (CDK) sensor (Spencer et al., 2013). Its mechanism is based 

on the phosphorylation of DHB by CDK2 in nucleus during S/G2 phases, leading to the 

phosphorylated DHB to be exported to cytoplasm, whereas the non-phosphorylated 

DHB will actively be translocated into nucleus by its NLS during G1/G0. This CDK 

sensor is established in C. elegans by replacing the promoter and 3' UTR (van Rijnberk 

et al., 2017). Further study of this CDK sensor is found to be able to distinguish 
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between G1 and G0 cells in C. elegans larval cells, leading to the findings that the 

commitment point of G1/G0 decision is probably influenced by a maternal input of 

cyclin-dependent kinase inhibitor (CKI) activity before cell division (Adikes et al., 

2020). This CDK sensor as a single reporter, allows the detection of the in vivo cell 

cycle phases of the postembryonic cells. 

 

In theory, all the G1 and S phases in both embryonic and postembryonic stages can be 

resolved with the available tools. However, the understanding of cell cycle phases 

during the entire C. elegans embryogenesis is still not complete. For example, the 

complete cell cycle map of the entire embryogenesis and a distinctive G2 cell cycle 

reporter are still lacking. The limitation of the available cell cycle reporters in C. 

elegans is one of the reasons for these research gaps. As mentioned, Prnr-1 based 

reporters do not have any reported expression during C. elegans embryogenesis. This is 

expected as this reporter is introduced into worms either by the formation of an 

extrachromosomal array using microinjection or by the genome integration using 

gamma irradiation (Hong et al., 1998; Korzelius et al., 2011a). The constructs of Prnr-1 

in both methods are prone to be silenced in germline because of multiple copies 

(Leyva-Diaz et al., 2017). Since the RNAi of rnr-1 produces embryonic lethal 

phenotype, it may have expression during embryogenesis if there is no germline 

silencing (Kamath et al., 2003). Although the PCNA based reporter can be expressed in 

early embryos, the overexpression of the GFP::PCN-1 causes chromosomal 

segregation defects in some embryos (Brauchle et al., 2003). For the G1/S reporters, 

cdk-4, cyd-1, and cye-1, all of them are maintained by an extrachromosomal array. 

Therefore, they are not likely to have expression during embryogenesis (Matus et al., 

2015). Similar restriction also appears in the CDT-1 based G1 reporter, which is 

introduced in the worm by extrachromosomal array or gamma irradiation (Kim and 
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Kipreos, 2007; Matus et al., 2014). The latest DHB reporter appears to be the most 

promising cell cycle reporter among the others. However, the quantification of the 

nucleus export of the GFP probe could be challenging (Spencer et al., 2013). Especially 

during the late stage of embryogenesis, the cells are crowded in a tiny eggshell and the 

size ratio between nucleus and cytoplasm is significantly decreased (Arata et al., 2014; 

Sulston et al., 1983). Afterall, a compelling reporter for embryogenesis and G2 phase 

still needs to be established. Interestingly, there is an alternative option to generate an in 

vivo cell cycle reporter. FUCCI was first invented in the human cell line 

(Sakaue-Sawano et al., 2008). It is now already well established in many animal models 

except in C. elegans (Zielke and Edgar, 2015). Hopefully, this reporter may have the 

potential to systematically resolve the remaining unknown cell cycle phases during C. 

elegans development. 

 

As FUCCI technology mainly relies on the degradation of the degrons of selected cell 

cycle proteins, identifying the associated degradation pathway is necessary for the 

validation of representing cell cycle state from the degron reporters. C. elegans CDT-1 

is found to be regulated by CUL-4 ubiquitin ligase, one of the Cul4 degradation 

pathway as in human Cdt1 (Zhong et al., 2003). CUL-4 is one of the conserved cullins, 

which forms a cullin-based complex as one of the ubiquitin-protein ligases for 

degradation, i.e., cullin-RING ligase 4 (CRL4) (Kipreos, 2005). A cullin-based 

complex usually consists of a cullin, an adaptor protein and a variable F-box protein for 

substrate recognition. In the case of CRL4, its adaptor protein is found to be DDB-1, 

whereas CDT-2 is shown to function as a substrate recognition subunit and they are 

found to be working together with CUL-4 for CDT-1 degradation to prevent 

rereplication during S phase (Kim and Kipreos, 2007; Kim et al., 2008). Unlike its 

human orthologue, only PIP box but not Cy motif, can be found in CDT-1, indicating 
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CRL4CDT-2 should be the major degradation pathway for CDT-1 during S phase (Kim 

and Kipreos, 2007; Kim et al., 2008). CDT-1 is also found to be degraded during 

mitosis in early C. elegans embryonic cells, which appears to be extracted from mitotic 

chromatin that facilitates by CDC-48/p97, suggesting the degradation of CDT-1 is 

prepared as early as M phase in the early embryonic cells (Franz et al., 2011). On the 

other hand, degradation of C. elegans cyclin B, CYB-1, appears to be more complicated 

than that in CDT-1. Similar to human cyclin B1 and Geminin, four D-box degrons (one 

“RxxLxxxxN” and three “RxxL”) can be identified in CYB-1 (Fig. 4A) (Pfaff and King, 

2013). It is shown that RxxL is the more conserved D-Box and most of the APC/C 

substrates contain not only D-box but also a second motif named as KEN-box (Morgan, 

2013; Pfleger and Kirschner, 2000). From an in vitro study, both D-box and KEN-box 

can be targeted by APC/C for degradation in mouse, but they are recognized by 

different substrate recognition subunits, namely fzy (also known as Cdc20 in human 

and fzy-1 in C. elegans) and fzr (also known as Cdh1 in human and fzr-1 in C. elegans). 

They found that D-box can be recognized by both fzy and fzr, whereas KEN-box can 

only be recognized by fzy (Zur and Brandeis, 2002). However, no putative KEN-box 

can be identified in CYB-1, suggesting KEN-box should be a higher evolution 

regulation for APC/C substrates. The activation timing of fzy and fzr is also important, 

fzy is known to be activated during mitosis (M phase), whereas fzr is activated during 

G1 phase (Clijsters et al., 2013; Zur and Brandeis, 2002). A recent study conducted 

with C. elegans larvae using fzr-1 mutants suggested that FZY-1 probably has a 

prolonged degradation activity that can degrade the mitotic cyclins, such as CYB-1, 

during G1 phase (The et al., 2015). Despite APC/C, mitotic degradation of CYB-1 is 

also found to be redundantly regulated by a cullin 2 based E3 ligase, CUL-2ZYG-11, and 

HECT-E3 ligase, ETC-1 (Liu et al., 2004; Wang et al., 2013). The exact amino acid 

motifs recognize by CRL2ZYG-11 or ETC-1 in CYB-1 are not known yet, except a 
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cryptic degron should be located in or near the cyclin N-terminal (CBOX1) 

(Balachandran et al., 2016). In summary, CDT-1 should be specifically degraded during 

S phase, while CYB-1 should be degraded during G1 and M phase (Fig. 5). 

 

3.3 Material and methods 

3.3.1 Worm strains and maintenance 

Worm strains and maintenance were described in chapter 2.3.1. 

 

3.3.2 DNA constructs 

Plasmid pZZ216 [Phis-72::GFP::EGL-13 (1-25aa)::CYB-1 (8-145aa)::pie-1 3'UTR+ 

unc-119 (+)] and pZZ217 [pCFJ909::Phis-72::GFP::EGL-13 (1-25aa)::CYB-1 

(8-209aa)::pie-1 3'UTR+ unc-119(+)] were generated using blunt end ligation. In brief, 

pZZ147 [Phis-72::mCherry::EGL-13 (1-25aa)::CYB-1 (8-80aa)::pie-1 3'UTR + 

unc-119 (+)] was cloned and linearized using PCR with Phusion®  High-Fidelity DNA 

Polymerase (NEB) except the CYB-1 (8-80aa) coding region. DNA fragment coding 

the CYB-1 (8-145aa) and CYB-1 (8-209aa) were cloned using PCR with Phusion®  

High-Fidelity DNA Polymerase (NEB) and T4 Polynucleotide Kinase (T4 PNK, NEB) 

treated primers from the N2 genomic DNA. T4 DNA Ligase (NEB) was then used to 

ligate the PCR products of CYB-1 (8-145aa) or CYB-1 (8-209aa) with the linearized 

pZZ147 (without the CYB-1 (8-80aa) coding region) to generate pZZ216 and pZZ217, 

respectively. The details of constructs built in this study were listed in Table 2. 
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3.3.3 Transgenesis 

The transgenesis method using miniMos was described in chapter 2.3.3. Strains 

expressing Worm-FUCCIs were individually crossed either with strain RW10029 (Bao 

et al., 2006) that broadly expresses a fusion between histone and GFP or RW10226 

(Murray et al., 2008) that broadly expresses a fusion between histone and mCherry, 

both of which were referred to as a lineaging marker. FUCCI reporter consisting of 

mCherry or GFP was individually crossed with RW10029 and RW10226, respectively, 

to enable automatic cell tracing and lineal expression profiling. Both the lineaging 

marker and the FUCCI reporters were rendered homozygous. To facilitate 

simultaneous visualization of both degron-reporters in the same animal, the transgenes 

consisting of Phis-72::mCherry::CDT-1 (1-189aa)::pie-1 3'UTR and 

Phis-72::GFP::EGL-13  (1-25aa)::CYB-1 (8-80aa)::pie-1 3'UTR were rendered 

doubly homozygous in the same animal by crossing. 

 

3.3.4 EdU incorporation and detection 

Prior to EdU incorporation, L4 worms were fed with diluted perm-1 RNAi bacteria to 

permeabilize the eggshell as described (Carvalho et al., 2011). To confirm the 

permeabilization of eggshell, part of the embryos from the RNAi animals were stained 

with FM®  4-64 dyes (Invitrogen). Embryos were retrieved from about 10 dissected 

worms and allowed to develop under the Boyd’s buffer/methyl cellulose for 3 hours 

(Murray et al., 2006). Click-iT®  EdU Imaging Kits (Invitrogen) was used for EdU 

detection. After 3 hours development, embryos were incubated with EdU for 15 

minutes, followed by freeze-cracking in PBS between slide and coverslip with 15µm 

polystyrene beads (Sigma-Aldrich) in between, immersed in -20ºC methanol for 30 

seconds, fixation by 1×PBS, 0.08 M HEPES (pH 6.9), 1.6 mM MgSO4, 0.8 mM EGTA, 
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3.7% formaldehyde for 30 minutes and DAPI (1µg/ml in PBS) staining for 30 minutes 

(Seydoux and Dunn, 1997). After EdU incorporation and DAPI staining, embryos were 

first imaged for DAPI and accumulation of CDT-1D or CYB-1D to avoid the quenching 

of fluorescent proteins, followed by EdU detection with Alexa Fluor®  647 according to 

the manufacturer’s description. Both DAPI and Alexa Fluor®  647 in the same embryos 

were imaged again, with DAPI staining for cell alignment to overlay the Worm-FUCCI 

accumulation with EdU signal in the nuclei. 

 

3.3.5 RNAi 

RNAi against fzr-1 was performed by microinjection as described (Ho et al., 2015). The 

dsRNA was produced from each gene PCR product amplified from C. elegans N2 

genomic DNA using NEB HiScribe T7 Quick High Yield RNA Synthesis kit (NEB) 

according to the manufacturer’s description. The dsRNA was diluted to 100 ng/µl in the 

TE buffer for microinjection. RNAi against ddb-1 was performed by feeding on the 

NGM plates supplemented with 50 μg/ml Ampicillin and 1 mM IPTG for 18-20 hours. 

RNAi against perm-1 was performed similar to that of ddb-1, except the perm-1 RNAi 

bacteria was diluted with those bacteria containing “empty” control vector (L4440) in 

1:6 ratio to improve embryo viability (Carvalho et al., 2011). The RNAi bacteria was 

derived from the Ahringer C. elegans RNAi feeding library (BioScience) (Kamath et 

al., 2001). 

 

3.3.6 Fluorescence microscopy for embryo 

Micrographs of embryos were acquired with a Leica SP5 confocal microscope with an 

objective of 63× magnification. Early embryos were dissected from young adult worms 

and mounted with Boyd’s buffer/methyl cellulose containing Polybead®  Microspheres 
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(20μm) (Polysciences) (Murray et al., 2006), and late embryos were picked from the 

NGM plate (Stiernagle, 2006). For 3D imaging, GFP and mCherry were 

simultaneously illuminated with 488nm and 594nm laser beams, respectively, and 

micrographs of their expression were collected with two separate hybrid detectors 

through a water immersion objective. Imaging setting was similar to what was used 

previously using a frame size of 712×512 pixels except the scanning speed was 

changed to 200 hertz (hz) (Ho et al., 2015). Laser compensation was applied during the 

stack acquisition to ensure the comparable brightness of the images acquired between 

the lower stack and upper stack. DIC images were acquired separately for a single focal 

plane typically in the middle of the embryo. For time lapse 3D imaging, it was 

performed as described (Murray et al., 2006) with the following modifications. 

Micrographs from 41 focal planes were collected consecutively for three embryos per 

imaging session from top to bottom of the embryo at an interval of about 1.5 minutes 

with a Z-axis resolution of 0.71µm. Images were continuously collected for at least 200 

time points. The entire imaging duration was divided into four blocks based on the time 

point, i.e., 1-60, 61-130, 131-200, and beyond 201. Z axis compensation was 0.4-4% 

for 488nm laser and 19-95% for the 594nm laser. The pinhole sizes for the four blocks 

were 2.3, 2.0, 1.6, 1.3 AU (airy unit). 3D projection was deconvoluted and generated 

using Scientific Volume Imaging (SVI) Huygens Suite (SVI) and Leica Application 

Suite X (LAS X, Leica Microsystems), respectively. 

 

3.3.7 Fluorescence microscopy for postembryonic stages 

Imaging of postembryonic tissues was performed as described (Shao et al., 2013). In 

brief, micrographs of larvae were acquired with tile scanning using the same confocal 

microscope as that used for the embryo. Animals were mounted on a 1% agarose pad 
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with 0.1M sodium azide (SIGMA-ALDRICH) in M9 buffer (Stiernagle, 2006) for 

imaging with scanning speed of 200 to 400hz depending on the size of the animals. For 

acquisition of 3D image stacks, imaging settings were similar to those used for embryos 

except using 1µm per z-step instead of 0.71µm per z-step for the embryos. 

 

3.3.8 Time-lapse imaging of larvae 

Synchronized L1 larvae were obtained through egg prep. Animal development time (in 

hour) was counted from the start of feeding. Five larvae were selected for imaging each 

hour before and after feeding for a continuous duration of 13 hours. Micrographs were 

acquired only for part of the intestine using 0.3µm per z-step and 200hz scanning speed. 

Micrographs of mCherry and DIC were collected simultaneously. A representative 

micrograph for the cells “int2” and “int3” were collected for illustration. 

 

3.3.9 Automated lineaging and gene expression profiling 

Automated lineaging was performed as described (Murray and Bao, 2012; Murray et al., 

2006). In brief, the raw 3D time-lapse images produced by Leica SP5 were renamed 

into StarryNite compatible formats. Then, the TIFF images were used as input for 

lineage tracing and image segmentation algorithms derived from StarryNite (Bao et al., 

2006), including hybrid blob-detection and semi-local neighborhood-based framework, 

which were implemented on Linux operating system to trace and name embryonic cells 

automatically and construct the cell lineage (Bao et al., 2006; Santella et al., 2014; 

Santella et al., 2010). The lineal gene expression profiling was performed using the 

TIFF images acquired from FUCCI reporters as input for computing the intensity of the 

fluorescent signal accumulation in each nucleus using Acebatch (Murray and Bao, 

2012; Murray et al., 2008). The tracing errors were manually curated using AceTree 
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software (Boyle et al., 2006; Katzman et al., 2018) up to approximately 550-cell stage 

unless stated otherwise. 

 

3.4 Results 

3.4.1 Accumulation dynamics of Worm-FUCCI during embryonic development 

To quantify the accumulation of Worm-FUCCI in the embryonic cells with the 

corresponding cell identity, the CDT-1D and CYB-1D reporters were crossed into a C. 

elegans embryo ubiquitously expressing HIS-72::GFP in the nuclei, hereafter referred 

to as lineaging marker. Given the invariant development of C. elegans, the GFP marker 

was used for automated recognition and tracing of nuclei to resolve cell identity using 

time lapse 3D movies as described (Bao et al., 2006). The expression intensity of both 

CDT-1D and CYB-1D were quantified for all nuclei at each imaging time point by 

calculating the fluorescence pixels within the defined nuclei as described previously 

(Murray et al., 2008). As a result, CDT-1D accumulation was observed in all cells 

except the germline progenitors, “Z2” and “Z3”, up to the last time point of imaging 

when most cells completed their last round of division during embryogenesis (Appx. 1). 

In addition, there is a transient accumulation of the reporter in mitotic chromosomes 

during M phase, which was also seen by the immunostaining of CDT-1 previously 

(Appx. 3) (Zhong et al., 2003). While with the help from the EGL-13 NLS, CYB-1D 

resulting in bright expression of the single-copy transgenes in the nuclei, making it 

compatible with automated lineal expression analysis (Appx. 3) (Murray et al., 2008). 

As reverse of CDT-1D, CYB-1D accumulated in all cells except when they completed 

their last round of division (Appx. 2). 
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3.4.2 Biochemical and functional validation of degradation dynamics of 

Worm-FUCCIs 

To validate whether the Worm-FUCCIs would be temporally degraded as expected, I 

investigated the concurrence between the incorporation of 5-ethynyl-2’-deoxyuridine 

(EdU) and the accumulation of the CDT-1D and the CYB-1D. EdU was expected to be 

incorporated into genomic DNA only at the S phase when CDT-1D and CYB-1D were 

expected to be absent and present, respectively. To facilitate EdU incorporation through 

permeabilizing the eggshell, I partially inactivated perm-1 via RNA interference (RNAi) 

as reported previously (Carvalho et al., 2011). As expected, the accumulation of 

CDT-1D was mutually exclusive to the staining of EdU in nearly all embryonic cells 

(Fig. 6A), whereas the accumulation of CYB-1D mostly overlapped with the staining of 

EdU (Fig. 6B). Because the CYB-1D was expected to be accumulated also in the G2/M 

phase, those cells showing CYB-1D accumulation but no staining of EdU were 

expected to be at the G2/M phase. 
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Fig. 6 Biochemical and functional validation of degradation of Worm-FUCCIs. (See 

also Fig. 7) (A) EdU staining of the embryo expressing CDT-1D. Note that the 

localization of CDT-1D (red) is mutually exclusive (Merge) with the nuclei showing the 

staining of EdU (green) in a perm-1 RNAi embryo. Nuclei stained with DAPI are 

shown in blue. (B) Same as (A) except the embryo is expressing CYB-1D. Note that the 

reporter-expressing cells (red) cover all the cells stained with EdU. The 
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CYB-1D-expressing cells that show no incorporation of EdU are presumably at G2/M 

phase. (C) Lineal expression (redness) of CDT-1D in the sublineages of “ABarp” and 

“E” in a wild-type embryo. Development time starting from the birth of the ancestral 

cell of interest is shown on the left and cell deaths are indicated with a “×”. 

Epifluorescence micrographs for a representative time point at the “E4” stage (“E” 

divides into four daughters) are shown at the bottom. Histone, HIS-72::GFP/H2B::GFP  

used for cell tracking during lineage analysis. (D) Same as (C) except the embryo is 

treated by RNAi against ddb-1. Note that onset of CDT-1 accumulation becomes much 

earlier and expression intensity becomes much higher in most cells after the RNAi. 

Epifluorescence micrographs for a representative time point at the “E4” stage are 

shown at the bottom as in (C). (E) Lineal expression of CYB-1D in the sublineages of 

“ABplp” and “E” in a wild-type embryo. Development time and cell deaths are shown 

as in (C). Epifluorescence micrographs for a representative embryo at comma stage are 

shown at the bottom. (F) Same as (E) except that the embryo is treated by RNAi against 

fzr-1. Note that the degradation of the reporter during late embryogenesis was mostly 

abolished after the RNAi. 

 

I next functionally validated the degradation of CDT-1D, which was reported to be 

degraded by a cullin 4-based complex, i.e., cullin-RING ligase 4 (CRL4) coupled with 

an adaptor protein DDB-1 (together referred to as CRL4DDB-1), in C. elegans (Kim and 

Kipreos, 2007). I first performed RNAi against the gene encoding the adaptor, ddb-1, 

using a strain that simultaneously expressed the degron-reporter and a lineaging marker. 

I then performed automated lineaging and lineal gene expression analysis using this 

strain with or without RNAi treatment as described (Ho et al., 2015). I did not detect 

any accumulation of CDT-1D in most cells till about 550-cell stage of embryogenesis in 

a wild-type embryo (Fig. 6C and Appx. 1). In contrast, the RNAi led to the robust 
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accumulation of CDT-1D much earlier than that in the wild-type embryo (Fig. 6D), 

confirming that the degron-reporter had been targeted by the degradation pathway 

involving DDB-1. Besides the adaptor DDB-1, CDT-2 was shown to function as a 

substrate recognition subunit in the CRL4 ubiquitin ligase for CDT-1D degradation 

(Kim et al., 2008). RNAi against cdt-2 also led to an increased accumulation of CDT-1D 

in most cells when compared with the wild-type embryo (Fig. 7), further confirming 

that the CDT-1D was degraded by the CRL4DDB-1 pathway in C. elegans. 

The CYB-1D was expected to accumulate in any cells with an active S and/or G2 phase 

and to abolish its accumulation in embryonic cells once they entered G0/G1 phase. The 

transgenic strain carrying CYB-1D construct indeed demonstrated CYB-1D 

accumulation throughout early embryonic cell cycle (Fig. 6E and Appx. 2). Notably, 

CYB-1D also demonstrated unexpected accumulation in the M phase. Given that 

CYB-1D orthologue in mouse is targeted by APC/CFzr/Cdh1 pathway for G1 specific 

degradation (Zur and Brandeis, 2002), I reasoned that CYB-1D may be targeted for 

degradation by the Fzr orthologue in C. elegans, i.e., FZR-1, because the function of 

this degradation complex was known to be conserved in C. elegans (Fay et al., 2002; 

Kipreos and van den Heuvel, 2019; The et al., 2015). I therefore performed RNAi 

against C. elegans fzr-1 followed by automated lineage and lineal gene expression 

analysis. Instead of the absence of accumulation in the wild-type embryo, I observed a 

substantial increase in the accumulation of CYB-1D in most of the embryonic cells that 

completed their last round of division (Fig. 6F), indicating that the C. elegans D-box 

within CYB-1 was also targeted by the similar degradation pathway as that in mice. 
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Fig. 7 Validation of CDT-1D degradation by RNAi against cdt-2, another known 

component of CDT-1 degradation pathway. (A) Shown are epifluorescence 

micrographs of embryonic accumulation of CDT-1D (red) or Histone (grey) in the 

wild-type (top) and the cdt-2 RNAi (bottom) animals. Micrographs were taken at 

comparable E4 (E produced into 4 progeny) stages. Note that after cdt-2 perturbation, 

CDT-1D accumulation was high in most nuclei (bottom) compared with minimal 
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accumulation in wild-type embryos (top). Histone, HIS-72::GFP/H2B::GFP used for 

cell tracking. (B) Same as (A) except the micrographs were taken at the E8 stage (when 

E produced 8 progenies). 

 

I attempted to fix the unexpected accumulation of CYB-1D in the M phase by creating 

alternative versions of CYB-1 degron reporter. Since two D-boxes were not included in 

the CYB-1D and a cryptic degron was located in the cyclin N-terminal of CYB-1 

(Balachandran et al., 2016), two different versions of CYB-1 degron reporter were 

generated as in CYB-1D except the protein length were extended to 8-145 amino acid 

(referred to as CYB-1D145 hereafter) and 8-209 amino acid (referred to as CYB-1D209 

hereafter) (Fig. 8A). Same as CYB-1D, the cassette of CYB-1D145 and CYB-1D209 were 

introduced into C. elegans genome using miniMos technique. However, both strains 

only showed accumulation in oocytes but not in embryos (Fig. 8B-E). Further lineage 

analysis of CYB-1D145 and CYB-1D209 was not possible without the embryonic 

accumulation. 
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Fig. 8 An overview of of extended CYB-1 degron reporters design and expression. (A) 

Construct design for extended CYB-1 degron reporters. Top: the CYB-1 region from 

CYB-1D (see also Fig. 4C) is replaced with an extended CYB-1 degron consisting of 

8-145aa of CYB-1 (referred to as CYB-1D145). It includes all four D-boxes and part of 
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the truncated cyclin N-terminal domain. Bottom: Same as the CYB-1D145 except the 

CYB-1 degron is further extended to 8-209aa of CYB-1 (referred to as CYB-1D209). It 

includes all four D-boxes and the complete cyclin N-terminal domain that including the 

suspected cryptic degron (Balachandran et al., 2016). (B) A Nomarski micrograph of a 

N2 adult worm. Posterior region of the worm contains a posterior arm of gonad is 

framed with a dashed rectangle. (C) Shown are epifluorescence micrographs of the 

posterior region highlighted in (B) from a N2 adult worm that excited by a 488nm (left) 

laser and a 594nm (right) laser. Note that all the signals collected from both excitations 

are autofluorescence. The last oocyte nucleus is indicated with an arrow. (D) Same as 

(C) except the epifluorescence micrographs were taken from a worm expressing 

CYB-1D145. (E) Same as (C) except the epifluorescence micrographs were taken from a 

worm expressing CYB-1D209. Note that both nucleus expression of CYB-1D145 and 

CYB-1D209 in oocytes from (D) and (E) are found only when they are excited by a 

594nm laser but not by a 488nm laser or from the N2 worm, indicating the expression 

are not autofluorescence. 

 

3.4.3 Accumulation dynamics of Worm-FUCCI during postembryonic development 

The Worm-FUCCI showed accumulation dynamics not only over embryogenesis, but 

also over postembryonic development (Fig. 9A-D). For example, as expected, CDT-1D 

but not CYB-1DG was accumulated in nearly all the cells at the dauer stage, indicating 

that these cells were arrested at G0 or G1 stage (Fig. 9E). Given that there is a wide 

spectrum of cells showing accumulation dynamics during postembryonic development, 

including vulva, seam cells, neurons and germline, here I only explored the 

accumulation dynamics in the intestine of larvae. An exhaustive examination of the 

dynamics of the Worm-FUCCI in postembryonic cell is beyond the scope of my thesis.  
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CDT-1D accumulation was high in the dorsal and ventral intestine cells, including “int2” 

(referred to as “int2D” and “int2V” hereafter, respectively) and “int3” (referred to as 

“int3D” and “int3V” hereafter, respectively), of the synchronized L1 animals 5 hours 

after feeding (Fig. 10). The “int2D/V” cells are known to undergo DNA endoreplication 

while the int3D/V cells are known to undergo both DNA replication and nuclear 

division during the late L1 stage (Hedgecock and White, 1985). The accumulation 

patterns of Worm-FUCCI were consistent with these observations. The presence of 

CDT-1D only indicated that all of these cells were arrested at the G1 phase during the 

first six hours of feeding of the starved L1 animals. Approximately 10 and 7 hours after 

feeding, the “int2” and “int3” cells entered the S phase, as judged by the absence of 

CDT-1D. CDT-1D accumulation was observed again roughly 12 hours after feeding, 

indicating that the cells had entered the G2 phase. For the “int2D/V” cells, which 

undergo endoreplication without division, I referred to the relevant cell cycle phase as 

the G phase rather than the G2 phase due to the endoreplication without division. For 

the “int3D/V” cells, which undergo both DNA replication and division, I referred to the 

period of CDT-1D re-accumulation before division as the G2 phase. Taken together, the 

Worm-FUCCIs provide a useful tool for delineation of cell cycle phases in both embryo 

and postembryonic stages. 
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Fig. 9 Accumulation of Worm-FUCCIs in larvae. Shown are 3D projections of 

superimposed accumulations of CDT-1D (red) and CYB-1D (green) in L1 (A), L2 (B), 

L3 (C), L4 (D) and dauer larvae (E). Nomarski micrographs of the same animals are 

also shown. Developing gonads and vulva are indicated with arrow and arrowhead, 

respectively. 
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Fig. 10 Accumulation dynamics of CDT-1D in the intestine cells “int2” (circled) and 

“int3” (squared) in developing L1 larvae. Shown are the epifluorescence micrographs 

superimposed with corresponding Nomarski micrographs. The dorsal and ventral sides 

of cell pairs are shown on the left and right, respectively. Cell cycle phases revealed by 

Worm-FUCCI are indicated. The cell cycle phase that cannot be defined as either G1 or 

G2 phase is labeled as G phase (G). Development time (hour) after feeding is indicated 
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on the left. 

 

3.5 Chapter summary 

In this chapter, I have provided the expression prediction of Worm-FUCCI according 

to the available literature. Then, the available cell cycle reporters in C. elegans are 

discussed to emphasize the importance of developing Worm-FUCCI. After validation, 

the Worm-FUCCI works mostly the same as expected, CDT-1 degron (CDT-1D) 

degrades at S phase only, whereas the CYB-1 degron (CYB-1D or CYB-1DG) is 

unexpectedly degraded only in G1/G0 phase. Both the extended versions of CYB-1 

degrons (CYB-1D145 and CYB-1D209) fail to show expression in embryos, suggesting 

that CYB-1D or CYB-1DG are the best available options as a S/G2/M phase reporter. 

Further imaging of larvae confirmed that the Worm-FUCCI is able to show dynamics 

during the postembryonic development, therefore may also work for postembryonic 

cell cycle studies. In the next chapter, I will utilize the embryonic expression of 

Worm-FUCCI to monitor the introduction of gap phases during embryogenesis of C. 

elegans. 
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Chapter 4 Gap phase introduction during C. elegans embryogenesis 

4.1 Introduction 

The developmental control of cell cycle progression is essential to ensure a balance 

between cell proliferation or growth and cell fate differentiation. Dysregulation of the 

balance may lead to catastrophes such as carcinogenesis or abnormal cell death. Unlike 

cell division in a single-celled organism or a cultured cell, which progresses through a 

full cell cycle with four phases: i.e., two gap phases, G1 and G2, that separate the DNA 

synthesis (S) phase from the mitosis (M) phase, early embryonic division in most 

metazoans consists of S and M phases only without any gap phase (Farrell and O'Farrell, 

2014) (Fig. 3). After a number of rounds of synchronous divisions that are mostly 

driven by maternal factors, cell cycles become asynchronous, and gap phases are 

thought to be introduced in a cell type- or developmental stage-dependent manner. The 

transition from synchronous to asynchronous division coincides with zygotic genome 

activation when zygotic gene expression is initiated (Lee et al., 2014; Palfy et al., 2017). 

However, when and how the gaps are systematically introduced at cellular level during 

embryogenesis remain poorly defined. 

I and my colleagues have previously shown that cell cycle asymmetries are primarily 

controlled by the regulatory factors determining fate differentiation (Ho et al., 2015; 

Wong et al., 2016). The differential abundances of cell cycle regulators, including 

PLK-1, CDC-25.1 and PAR proteins, are only responsible for the subtle asymmetry in 

cell cycle length between the first two blastomeres of C. elegans embryo (Benkemoun 

et al., 2014; Budirahardja and Gonczy, 2008; Rivers et al., 2008; Tavernier et al., 2015). 

Notably, the asymmetry in cell cycle length becomes more evident over embryogenesis, 

in particular during late embryogenesis when cells prepare for their last round of 



48 

 

embryonic division with extended cell cycle length (Sulston et al., 1983). I hypothesize 

that differential introduction of gap phase may play an important role in establishing the 

asymmetry in cell cycle length between sister cells, which is frequently associated with 

cell fate differentiation. 

C. elegans embryo is an excellent model for investigating gap phase introduction with 

cellular resolution. First, its embryo is transparent and develops with an invariant cell 

lineage within roughly 14 hours at room temperature (Sulston et al., 1983), allowing 

live-cell imaging of the entire embryogenesis process at a temporal resolution of one 

minute. Second, various automated tools have been developed to trace cell division and 

profile reporter expression with cellular resolution at one minute interval (Bao et al., 

2006; Murray et al., 2008; Zhao et al., 2010). Third, C. elegans embryogenesis 

demonstrates frequent division asymmetry in cell cycle length between sister cells that 

develop into the same or different fate(s) (Bao et al., 2008; Sulston et al., 1983). 

However, the method for systematic profiling of gap phase introduction has not been 

established in C. elegans though a postembryonic fluorescence reporter for detection of 

cell cycle entry has been developed, which were based on reporter’s translocation 

rather than its accumulation or degradation to mark cell cycle commitment (Adikes et 

al., 2020; van Rijnberk et al., 2017). In addition, its dependence on the ratio between 

cytoplasmic and nuclear CDK abundance makes it not feasible for automated and 

accurate quantification of reporter intensity that relies on expression in nuclei. 

In Chapter 2 and 3, I showed that how Worm-FUCCI combined with automated lineage 

analysis can represent the cell cycle state of embryonic cells. In this chapter, I will show 

how Worm-FUCCI can identify the introduction of a gap phase during C. elegans 

embryogenesis. In combination with depletion of G1 cyclins that are required for G1 

phase progression, I demonstrated that G1 phase is introduced in most cells during their 

last two rounds of division. Strikingly, only cyclin E is involved in the G1 progression 
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in the “P2” descendants, whereas both cyclins D and E are involved in the G1 

progression in “AB” and “MS” descendants with cyclin D only being involved in the 

G1 progression of the last embryonic divisions. 

 

4.2 Literature reviews 

Multicellular metazoan embryonic cell cycle is one of the important aspects in 

developmental biology. Different from the single cell organisms that have a relatively 

consistent cell cycle phases, embryonic cell cycle has a drastic remodeling of gap 

phases throughout embryogenesis (Blythe and Wieschaus, 2015; Zhang et al., 2017). In 

general, early embryonic cell cycle has a relatively fast pacing with S phase (DNA 

synthesis) and M phase (mitosis) only. During development, the length of S phase will 

become longer in different cell lineages (Kermi et al., 2017). This is one of the 

strategies for multi-cellular embryos to introduce the asynchrony of cell division 

(Brauchle et al., 2003; Ho et al., 2015). To further increase the time of asynchrony, gap 

phases are also introduced (Budirahardja and Gonczy, 2009). This process mostly 

occurs during or after the maternal-to-zygotic transition (MZT), which is a globe 

degradation of maternal products and activation of zygotic transcription event (Farrell 

and O'Farrell, 2014). G2 phase is usually introduced around the first gastrulation, while 

G1 phase is introduced around morphogenesis (Yuan et al., 2016). However, visually 

record these timely events in single-cell resolution are technically challenging. Mostly 

because of the limitation of cell cycle phases tracking tools are required fixation and the 

accessibility of the multi-cellular embryos require a high-ended microscope (van den 

Heuvel and Kipreos, 2012). 

 

Most of the early multicellular metazoan embryonic cell cycles consist of several 
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rounds of fast and synchronous cell divisions, such as Drosophila, Xenopus, Zebrafish 

and P. mammillata (Dalle Nogare et al., 2009; Dumollard et al., 2013; Langley et al., 

2014; Siefert et al., 2015). Their early cell cycles involve only S and M phase. After that, 

the cell cycle will eventually slow down. Prior to gap phase introduction, it is achieved 

by the elongation of S phase. After MZT, gap phases are being introduced to further 

slowdown the cell cycle. However, the early C. elegans embryonic cell cycles seem to 

deviate from those models, with the fast but asynchronous cell divisions starting from 

the 2-cell embryo (Brauchle et al., 2003). Because of this, the MZT of C. elegans is not 

well defined, but generally considered in between 4-cell stage to 28-cell stage, which 

has some detectable zygotic transcripts and a first detected a G2 introduction just before 

the gastrulation of intestinal progenitors with a robust transcription, respectively 

(Tadros and Lipshitz, 2009; Vastenhouw et al., 2019; Wong et al., 2016). Interestingly, 

the mammalian embryos, such as mouse and human, do not have the early rapid cell 

cycles; the first cell cycles of them are more than few hours and the division timing are 

varied afterwards (Artus and Cohen-Tannoudji, 2008; Kermi et al., 2017). The different 

pacing of cell divisions may be due to the evolutionary differences between viviparous 

animals and oviparous animals (Kermi et al., 2017). Although with some differences in 

between models, the main theme of cell cycle in most of the early embryogenesis 

mainly consist of S phase elongation and gap phase introduction. 

 

S phase elongation in C. elegans was first discovered during the 2-cell stage (Brauchle 

et al., 2003). After the asymmetric division of the 1-cell stage, AB and P1 are generated. 

It was found that the division of AB is always about 2 minutes ahead of P1. The 

asynchrony is achieved by the asymmetric regulation of mitotic entry and the activation 

of DNA replication checkpoint on P1. Asynchrony between sister cells (ADS) is not 

only in AB and P1, but also throughout the embryogenesis (Ho et al., 2015). The 
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control of them is likely achieved by the fate determinants and RNA polymerase II. But 

the transcription of early embryogenesis is silenced, maternal fate determinants should 

have a major role to control the asynchrony (Edgar et al., 1994). Other models also 

possess S phase elongation at different rounds of synchronous divisions (Kermi et al., 

2017). The exact mechanism between them is different and not unified, indicating that 

they are not evolutionarily conserved. But their findings can provide a mechanistic 

insight to the ADS in C. elegans. 

 

The early gap phase introduction of metazoan embryos usually starts after the zygotic 

genome activation (ZGA), although they are not necessarily depending on each other, 

e.g., Xenopus and Zebrafish (Dalle Nogare et al., 2009; Langley et al., 2014; Siefert et 

al., 2015). Different animal models start the ZGA at different number of cell cycles; 

Drosophila starts at cycle 14, Xenopus starts at cycle 12, Zebrafish starts at cycle 10, C. 

elegans starts at cycle 2 and mouse starts at cycle 1 (Tadros and Lipshitz, 2009; 

Vastenhouw et al., 2019). In contrast, the gap phase introduction is largely common 

with small variation between most species; G2 phase is firstly introduced in Drosophila, 

Xenopus, Zebrafish and C. elegans, while G1 phase is firstly introduced in mouse 

(Dalle Nogare et al., 2009; Edgar and McGhee, 1988; Siefert et al., 2015; Yuan et al., 

2016). In C. elegans, the G1 or G0 introduction is observed to be introduced in the 

embryonic cells that have extended cell cycle length (Kipreos and van den Heuvel, 

2019). With Worm-FUCCI, the exact timing of G1 introduction could be revealed. 

 

The G1 phase can be defined by the presence of phosphorylated retinoblastoma tumor 

suppressor protein (Rb). Un-phosphorylated Rb suppresses cell cycle related 

transcription factors, such as E2F. Phosphorylation of Rb can dissociate its repression 

effect and allow the entry of cell cycle. Rb is hypo-phosphorylated in early G1, and it 
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will be further hyper-phosphorylated in late G1 (Orford and Scadden, 2008). In 

between, a hypothetical point is named as “restriction point” (R point) to separate them. 

It has been assumed that once the cell cycle passed through the R point, the cell cycle is 

committed and cannot be stopped even if the mitogens are removed. Cyclin D forms 

complex with CDK4/6 that is well-known for the hypo-phosphorylation of Rb in early 

G1, whereas cyclin E is responsible for hyper-phosphorylate the Rb in late G1 

(Narasimha et al., 2014; Orford and Scadden, 2008). A recent study argued that the R 

point is not the true commitment point for cell cycle entry, as the exposure to stress 

between R point and the inactivation of APC/CCdh1 reverted the cells back to a 

mitogen-sensitive quiescent state (Cappell et al., 2016). They claim that the inhibition 

of APC/CCdh1 is initiated by cyclin E/Cdk2 while made irreversible by the Emi1. 

 

In C. elegans, CYD-1 (an orthologue of human cyclin D) forms complex with CDK-4 

(an orthologue of human CDK4/6) that is thought to be specific to G1. It is responsible 

for the phosphorylation of LIN-35 (an orthologue of human Rb) to eliminate its 

transcriptional repression (Boxem and van den Heuvel, 2001). However, the 

involvement of cyclin E in cell cycle progression is not as specific as cyclin D in G1 

phase progression. During the G1 and S phases, cyclin E has been shown to target at 

least three discrete cell cycle components to regulate the cell cycle progression. The 

first target is Rb, where cyclin E and Cdk2 form complexes to mediate its 

hyperphosphorylation to remove the transcriptional repression at the late G1 restriction 

point. This was thought to be preceded by mono-phosphorylation of Rb by cyclin D 

with Cdk4/6 during the early G1 phase of mouse embryonic fibroblast cells (Narasimha 

et al., 2014). The second target is APC/CCdh1, Cdk2/Cyclin E are responsible for the 

inactivation of this degradation complex by phosphorylation of Cdh1 during G1/S 

progression. Recent study proposed that this is a “point of no return” for cell cycle entry 
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(Cappell et al., 2016). The roles of cyclin E in G1 progression for both targets have yet 

been confirmed in C. elegans, especially in embryos. The most relevant study was done 

in C. elegans larvae, which showed that Cdk4/Cyclin D is the major inhibitor for both 

Rb and APC/CCdh1, but they did not rule out the possible involvement of Cdk2/Cyclin E 

in the inactivation of Rb and APC/CCdh1 (The et al., 2015). The third target is the 

replication initiation factors Sld2 and Sld3, which has been demonstrated in C. elegans 

(Gaggioli et al., 2020). In C. elegans embryo, phosphorylation of SLD-2 and SLD-3 

promote their interaction with MUS-101, which is essential for DNA replication 

initiation. 

 

As discussed, the cell cycle in early Drosophila embryogenesis is usually considered as 

lacking any gap phases (Farrell and O'Farrell, 2014). One of the main reasons for the 

lack of gap phases is the constitutive expression of cyclin E (Richardson et al., 1993). 

This mode of expression leads to continuous cycling of cells by prompting the effective 

entry into the S phase right after the M phase. Similar expression mode of cyclin E was 

also found in early C. elegans embryos (Brodigan et al., 2003), which also lack gap 

phases except in the intestine cells (Edgar and McGhee, 1988). However, most of the 

cell cycle studies are focused on the early embryogenesis in animal models. It is 

probably due to the complexity and the timing issues to observe the cell cycles during 

late embryogenesis. In addition, the whole lineage information is nearly not possible to 

obtain in most animal models except in C. elegans. For example, in mouse embryo 

research, even with the FUCCI technology, a continuous observation of its cell cycles 

during embryogenesis is still hard to achieve (Abe et al., 2013). It is because the mouse 

is an oviparous animal, the whole embryonic development has to take place in the 

uterus. Therefore, utilizing the Worm-FUCCI and automated cell lineage analysis in C. 

elegans is a valuable tool to study the cell cycle of late embryogenesis. 
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4.3 Material and methods 

4.3.1 Worm strains and maintenance 

Worm strains and maintenance were described in chapter 2.3.1. 

 

4.3.2 RNAi 

RNAi against pat-3, cyd-1, cye-1 or cdc-25.2 was performed by microinjection as 

described (Ho et al., 2015). The dsRNA was produced from each gene PCR product 

amplified from C. elegans N2 genomic DNA using NEB HiScribe T7 Quick High Yield 

RNA Synthesis kit (NEB) according to the manufacturer’s description. The dsRNA was 

diluted to 100 ng/µl in the TE buffer for microinjection. 

 

4.3.3 Fluorescence microscopy for embryo 

The fluorescence microscopy for embryo was described in chapter 3.3.6 except the 

following changes: In general, the imaging duration for wild-type embryos were 

around 6 hours, whereas for the cyd-1 and cye-1 RNAi embryos, the imaging duration 

was extended to 7 hours and 9 hours, respectively, to compensate the slower 

development of the embryo after RNAi. 

 

4.3.4 Imaging and data analysis beyond time point when embryo starts twitching 

To image a developing embryo beyond the time point when it started twitching, 

knockdown of pat-3 by RNAi was performed through microinjection. For automated 

lineaging of all embryonic cells up to 1.5-fold stage, the same settings were used as 

described above except the imaging duration was extended from 6 hours to 9 hours. For 
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manual curation of the cells, V5QL/R, beyond the 1.5-fold stage, the RNAi embryo 

arrested at two-fold stage that specifically accumulated CYB-1DG was traced backward 

till the time point when their exact identities were established through automated 

lineaging at approximately 1.5-fold stage. 

 

4.3.5 Automated lineaging and gene expression profiling 

The automated lineaging and gene expression profiling was described in chapter 3.3.9 

except the following changes: Similar error tracing and curation was performed in the 

cye-1 RNAi embryos, except the tracing was done either up to the terminal cell division 

before the end of imaging or the arrested cells were traced up to the time point when 

Worm-FUCCIs accumulation indicated the characteristics of G1 patterns. 

 

4.3.6 Systematic Quantification and Comparison of Reporter Expressions 

To facilitate the comparison of accumulation intensities of the two reporters in the same 

cells from two different embryos throughout embryogenesis, two sets of reporter 

expression series (𝑬) were acquired from an embryo expressing CDT-1D (𝑬R; red; 

Embryo R) and another embryo expressing CYB-1D (𝑬G; green; Embryo G). The 

expression intensity, i.e., fluorescent signal intensity, of a cell 𝜔 at time point 𝑇 was 

expressed by 𝐸(𝜔, 𝑇), where 𝑇 = 1, 2, 3, … and its corresponding actual time was 

denoted by 𝑡 (𝑡 = 𝑇 · Resolution). The confocal imaging started from a 4-cell stage 

embryo and ended in approximately 550-cell stage. A previously established quality 

control cell list, which provided a group of conserved and comparable developmental 

stages, was applied on both embryos (Cao et al., 2020; Guan et al., 2020). In brief, The 

quality control required the embryonic stage between 𝑇4−cell and 𝑇~350−cell that must 

be imaged continuously, whereas the last co-existence time point of “ABa”, “ABp”, 
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“EMS” and “P2” cells were labelled as 𝑇4−cell and the first coexistence time points of 

“AB256”, “MS32”, “E16”, “C16”, “D8”, “Z2” and “Z3” cells were labelled as 

𝑇~350−cell. 

There were four types of unavoidable experimental variations that needed to be 

normalized before the comparison of reporter expressions. 

A. Due to the high dynamic range of the lineaging marker expression values, the 

entire imaging process was separated by multiple blocks with different pinholes. 

However, the changes of pinhole would also sharply and constantly change the 

absolute recorded value of FUCCI reporter expressions. To maintain the 

continuity and comparability of both sets of the reporter expression series, linear 

scaling on the expression data was subsequently applied on each change of 

pinhole at the exact time point (𝑇𝑖 = 60, 130, 200). The proportional scaling 

coefficient 𝐾𝐸,𝑖 was obtained by fitting the global FUCCI reporter expressions 

before and after the adjustment into similar and smooth values, according to 

𝐸(𝜔, 𝑇)′ =  𝐸(𝜔, 𝑇) · 𝐾𝐸,𝑖 (𝑇 > 𝑇𝑖) ; here, 𝐾𝐸,𝑖 =
∑ 𝐸(𝜔,𝑇𝑖)𝜔∈𝛺

∑ 𝐸(𝜔,𝑇𝑖+1)𝜔∈𝛺
, where 𝛺  was 

the cells present at both time points 𝑇𝑖 and 𝑇𝑖 + 1. 

B. The expression level of both FUCCI reporters varied globally among the embryos. 

Therefore, the data from them were linearly scaled to a closer order of magnitude 

for better visualization and comparison. The proportional scaling coefficient 𝐾𝐸′ 

was obtained by fitting the maximum reporter expression detected before the time 

point 𝑇~350−cell  in those two embryos into the same value, according to 

𝐸G(𝜔, 𝑇)′ =  𝐸G(𝜔, 𝑇) · 𝐾𝐸′; here, 𝐾𝐸′ =
∑ 𝐸G(𝜔,𝑇)

𝜔∈𝛺′,𝑇≤𝑇350

∑ 𝐸R(𝜔,𝑇)
𝜔∈𝛺′,𝑇≤𝑇350

, where 𝛺′ were the 

cells existing before the time point 𝑇~350−cell + 1. 

C. The global variation in developmental paces between embryos, which was 

revealed by the slightly changeable cell cycle length ( 𝐶 ), were frequently 
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observed among individual embryos owing to multiple factors, such as individual 

fitness and the variation of room temperature. To normalize these variations, the 

cell cycle length of all cells that had complete lifespan and divided before 

𝑇~350−cell in both embryos were compared, and the relative growth rate 𝐾𝐶 of 

Embryo G compared to Embryo R, was calculated according to a method 

described previously (Cao et al., 2020). Then, the cell cycle length of all cells in 

Embryo G was transformed into 𝐶G(𝜔)′ = 𝐶G(𝜔) 𝐾𝐶⁄ . 

D. Despite the global normalization on developmental pace, the cell cycle length of 

each specific cell would still be different in the two embryos. Hence, for each cell 

with complete lifespan recorded, it’s time points in Embryo G to fit the ones in 

Embryo R were linearly transformed by setting the actual time of appearance and 

the end of a cell that was totally same for both embryos, namely, 𝑡G(𝜔, 1)′ =

𝑡R(𝜔, 𝑇min), 𝑡G(𝜔, 𝑇max)′ = 𝑡R(𝜔, 𝑇max). The transformation of each time point 

followed the formula 𝑡G(𝜔, 𝑇)′ = [𝑡G(𝜔, 𝑇) − 𝑡G(𝜔, 𝑇min)] ·

𝑡R(𝜔,𝑇max)−𝑡R(𝜔,𝑇min)

𝑡G(𝜔,𝑇max)−𝑡G(𝜔,𝑇min)
+ 𝑡R(𝜔, 1) (𝑇min ≤ 𝑇 ≤ 𝑇max) . For the cell without 

complete life span, its actual time of appearance was directly translated to 

Embryo R, and no linear scaling was performed. 

All four experimental variations were normalized, and the expression data of Embryo 

G were aligned onto that of Embryo R, which served as a reference regarding both 

reporter expression level and developmental pace. Finally, the expression values of 

two reporters from two different embryos were drawn on a single linage tree or 

plotted individually for each cell. The normalization method was done by Mr. G. Y. 

Guan from Peking University, while the lineage tree drawing program was written by 

Dr. X. T. Huang from Xidan University. 
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4.4 Results 

4.4.1 A clear G0 or G1 phase in nearly all embryonic terminal cells 

Equipped with the Worm-FUCCIs that showed expected accumulation dynamics, 

which were predictive of cell cycle phases, I set out to systematically determine the gap 

phase introduction during C. elegans embryogenesis. I collected time-lapse 3D images 

from embryos that simultaneously express a lineaging marker and a FUCCI reporter, 

which allowed me to trace cell lineage and acquire lineal accumulation of the FUCCI 

reporter up to the 1.5-fold stage of embryogenesis, upon which lineaging analysis 

became impractical due to the start embryo twitching (Appx. 1 and 2) (Bao et al., 2006; 

Murray et al., 2008). Notably, most of the embryonic cells had completed their last 

rounds of division by this stage with a few exceptions discussed below. To facilitate the 

comparison of CDT-1D and CYB-1D accumulation, I superimposed the lineal 

accumulation patterns of the two reporters in a single lineage tree (Fig. 11A) using a 

customized script developed by my colleague as described previously (Murray et al., 

2008). 
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Fig. 11 Expression dynamics of Worm-FUCCIs in representative cell lineages during C. 

elegans embryogenesis. (See also Appx. 1 and 2) (A) Cell lineage trees showing the 

superimposed lineal accumulation of CDT-1D (colored in red) and CYB-1D (colored in 

green) in the representative sublineages of “ABplap”, “MSpaa”, “Ea”, “Caa” and “P3”. 
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Cell death is indicated with a “×”. Note the overall complementary accumulation 

patterns between the two reporters, i.e., CYB-1D is ubiquitously expressed during early 

embryogenesis, while CDT-1D usually shows no accumulation until a cell completes its 

last round of embryonic division. Long lasting CDT-1D accumulation is predictive of a 

cell cycle exit. (B) Epifluorescence micrographs of the embryos at different stages as 

indicated at the bottom, which carry both CDT-1D and CYB-1DG reporters in the same 

embryo. The Nomarski micrographs of the same embryos are shown at the bottom. (C) 

Quantification of accumulation dynamics of CDT-1D (red) and CYB-1D (green) during 

the development of E lineage (only “Earpa” sublineage is shown). Normalized 

fluorescence intensity in the arbitrary unit (AU) is plotted on the Y axis. Development 

time from “E” to “Earpa” cells starting from the birth of “E” is plotted on the X axis. 

Cell cycle phases are indicated based on the accumulation dynamics of the two 

reporters. Division time point of each cell is indicated with a dashed line. Note that the 

sharp drop of CYB-1D that coincides with division is due to nuclear envelope 

breakdown (NEBD) during mitosis rather than native accumulation dynamics in the 

nuclei, leading to the diffusion of nuclear CYB-1D into the cytoplasm, whereas the 

sharp increase of CYB-1D after division is due to the NLS from EGL-13. 

 

Strikingly, the accumulation patterns of the two reporters barely overlapped but were 

mostly complementary both spatially and temporally in nearly all embryonic cells. For 

example, CYB-1DG accumulated broadly during early embryogenesis, whereas CDT-1D 

did not accumulate in most embryonic cells until they had completed their last round of 

embryonic division (Fig. 11A and B). These results demonstrate that most embryonic 

cell cycles may progress with the S and M phases only and arrest in the G0 or G1 phase 

after they have completed their last round of division. However, it remains possible that 

there could be some brief G1 phases present in the embryonic cells that may not be 
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picked up by the reporters due to the limited temporal resolution imposed by the 

maturation time and/or the degradation efficiency of the reporters. 

The CDT-1D accumulation accurately indicates cell cycle exit, i.e., the CDT-1D 

accumulation was invariably observed in all cells when they completed their last round 

of embryonic division (Fig. 11A, B and Appx. 1). To functionally validate this 

observation, I used RNAi to inactivate cul-1, which encodes a key cell cycle regulator 

required for cell cycle exit. The perturbation was expected to prevent the embryonic 

cells from entering G0 or G1 phase (Kipreos et al., 1996). As expected, the CDT-1D 

accumulation was not detectable in the same generations in the perturbed embryo as 

those in the wild-type embryo (Fig. 12), indicating that the cells of the RNAi embryo 

failed to arrest in the G0 or G1 phase. 

 

 

Fig. 12 Changes in the accumulation dynamics of Worm-FUCCIs are indicative of cell 

cycle exit. (A) Superimposed lineal accumulation of CDT-1D (red) and CYB-1D (green) 

in the representative sublineages, “ABpla” and “MSpa”, in the wild-type (N2) embryo. 

Development time starting from the birth of the cell of interest is shown on the left and 

the cell death is indicated with “×”. (B) Same as (A) except the embryos were retrieved 

from the parents treated by RNAi against cul-1. Each cell lineage tree was shown up to 

the developmental time similar to that in the wild-type embryo. Note that the absence of 
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CDT-1D but with apparent CYB-1D accumulation is indicative of the failure of cell 

cycle exit in the RNAi embryo. 

 

I observed an inconsistency of Worm-FUCCIs in demarcating cell cycle progression of 

germline progenitors “Z2” and “Z3”. Despite embryonic arrest of the “Z2” and the 

“Z3”, CDT-1D accumulation was not observed, while CYB-1D accumulation was 

observed up to approximately 350-cell stage (Fig. 11A and Appx. 1, 2). Importantly, the 

accumulation patterns of CDT-1D and CYB-1D were comparable before and after 

perturbation of their respective degradation pathways. The results were consistent with 

the previous finding that the his-72 promoter was not able to drive zygotic expression 

of Worm-FUCCIs in these germline progenitors (Ooi et al., 2006). Therefore, a 

promoter able to drive strong maternal and zygotic expression in the germline 

progenitors is needed to study their cell cycle progression. 

 

4.4.2 First introduction of G2 phase in intestine precursors 

The “E2” (two daughters of “E”) and “E4” (four granddaughters of “E”) of the intestine 

primordium (“E”) were found to express both CDT-1D and CYB-1D at the late stage in 

their cell cycles, indicating that a G2 phase was introduced in these cells (Fig. 11A and 

C). Consistent with this, a previous study with DAPI staining also demonstrated that a 

G2 phase was introduced in the “E2” cells (Edgar and McGhee, 1988). However, the 

accumulation of CDT-1D became barely detectable in the “E8” (four granddaughters of 

“Ea” and “Ep” each), which suggests the absence of G2 phase (Fig. 11A and C). It was 

also possible that the expression level of CDT-1D driven by his-72 promoter was too 

low to be detected in the S phase onward in the “E8” cells. Although ddb-1 RNAi led to 

robust accumulation of CDT-1D, the accumulation of CDT-1D in “E8” cells of the 
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perturbed embryo could be due to the lack of degradation in the previous generations 

(Fig. 6D). Notably, upon the “E16” (daughters of “E8”) stage, most of the cells arrest in 

the G1/G0 phase unless they are destined to undergo another round of embryonic 

division, as judged by the accumulation pattern of the two degron-reporters (Fig. 11A 

and Appx. 1, 2). Those cell cycle characteristics mirrored that of most other terminal 

embryonic cells. 

 

4.4.3 Introduction of both G1 and G2 phases in the last round division of the cells, 

“ABplapapaa” and “ABprapapaa”, that divided with an extended cell cycle length 

As stated above, all embryonic cells did not accumulate CDT-1D and simultaneously 

lost CYB-1D accumulation until they had completed their last round of embryonic 

division except the cells “Z2” and “Z3” (Sulston et al., 1983). I wondered whether any 

gap phases had been introduced in these cells with an exceptional cell cycle length (Fig. 

13). However, they divided after the embryo started twitching, presenting a significant 

challenge to the live-cell imaging required for the subsequent lineage analysis (Appx. 4) 

(Murray et al., 2008). To facilitate imaging during the development of these cells, I 

depleted the activity of pat-3, which encodes a β-integrin subunit required for normal 

muscle filament assembly and function (Gettner et al., 1995). This depletion permitted 

the perturbed embryo to continue developing without twitching and rotating till its 

arrest at around the 2-fold stage (Appx. 5). This allowed me to trace cell division 

beyond the 1.5-fold stage using the extended imaging time. As expected, I observed a 

clear two-way dynamic of CDT-1D in one cell pair, consisting of “ABplapapaa” and 

“ABprapapaa”, referred to as “V5QL” and “V5QR”, respectively hereafter, which 

divided about one hour before hatching (Fig. 13). The two cells developed into a mirror 

fate, dividing into "V5L" and "QL" versus "V5R" and "QR", forming two pairs of 
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postembryonic hypodermal and neuronal blast cells, respectively. 

 

 

Fig. 13 Cells “ABplapapaa” and “ABprapapaa” shown in the context of a complete cell 

lineage tree of C. elegans embryo. The divisions of the two cells are shaded in green 

and red, respectively (modified from (Sulston et al., 1983)). The two cells divide 

roughly one hour before hatching. Development time (minute) at 20 ºC after 

fertilization is shown on the left. Original image by J .E. Sulston, E. Schierenberg, J. G. 

White, J. N. Thomson. Modified with permission from WormAtlas. 

 

The two cells resume cell division during postembryonic development, giving rise to 

hypodermal or neuronal cells (Sulston et al., 1983). CDT-1D accumulated soon after the 

birth of the two cells, peaked and got completely degraded at around 150 and 220 

minutes after their birth, respectively, in both cells. Immediately after the disappearance 

of CDT-1D, CYB-1D started to accumulate, and peaked about 7 hours after their birth in 

the same cells (Fig. 14A and B). Importantly, the CDT-1D accumulated again at roughly 

420 minutes and peaked around 550 minutes after their birth till the end of the imaging 

process, while the accumulation of CYB-1D remained constant after it peaked (Fig. 14A 

and B). The presence of CDT-1D but the lack of CYB-1D in this long duration (roughly 
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two hours) clearly indicated the presence of a G1 phase, whereas the absence of 

CDT-1D indicated an S phase therein. The simultaneous accumulation of the two 

degron-reporters indicated the presence of a G2 phase. 

 

 

Fig. 14 Cells “V5QL” (“ABplapapaa”) and “V5QR” (“ABprapapaa”) divide with a full 

cell cycle during C. elegans embryogenesis. (A) Lineal accumulation of CDT-1D (red) 

and CYB-1D (green) in the sublineage of “ABplapap”, grandparent of “V5QL”, in the 

embryos treated with RNAi against pat-3 to inhibit twitching. All cells are curated up to 
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365 minutes after the birth of “ABplapap” or till their apoptotic cell death except the 

“V5QL” cell, which is curated up to 646 minutes after its birth. For simplicity, only the 

accumulation of reporters in “V5QL” is shown. (B) Quantification of CDT-1D (red) and 

CYB-1D (green) accumulation in the V5QL cell and its parent (“ABplapapa”). 

Fluorescence intensity in the arbitrary unit (AU) is plotted on the Y axis and 

development time from the birth of “ABplapap” on the X axis. Durations of cell cycle 

phases are indicated with a scaled bar above based on the accumulation dynamics of the 

two reporters. Division time point of “ABplapapa” is indicated with an arrow. (C) 

Accumulation dynamics of CDT-1D and CYB-1DG in a late embryo treated with RNAi 

against pat-3 (see also Movies S2 and S3). Shown is the 3D projection of 

epifluorescence micrographs at six time points as indicated with CYB-1DG (green) and 

CDT-1D (red). The embryo is oriented to facilitate visualization of both “V5QL” and 

“V5QR” (highlighted with white circles and indicated with L and R, respectively) that 

are located at the posterior of the embryo. Development time is shown as in (B). Note 

that the CYB-1DG is degraded in most cells up to 1.5-fold stage (224 minutes) but is 

accumulated in high level only in “V5QL(R)” and “ABpl(r)apappppa” (indicated with 

L and R, respectively) upon two-fold stage (294 minutes). The CYB-1DG becomes 

completely degraded in the latter two cells about 140 minutes later. Also note that the 

CDT-1D is accumulated at the bean stage (154 minutes) and becomes completely 

degraded upon 294 minutes in the “V5QL(R)” cells. Most cells accumulate a high level 

of CDT-1D during late embryogenesis, indicating their arrest at G1 or G0 phase. (D) 

Magnified views of the reporter accumulations in the “V5QL” cells shown in (C) over 

development. Development time in minute is shown on the top. The first and the last 

time points correspond to those indicated with black triangles in (A). Cell cycle phases 

are indicated based on reporter accumulation dynamics. 
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Notably, “V5QL” and “V5QR” were the last cells that divide during embryogenesis 

(Fig. 13 and Appx. 4) (Sulston et al., 1983). Most other cells were arrested at the G0 or 

G1 phase up to the late “2-fold” stage (actually beyond the 2-fold stage in a wild-type 

embryo due to embryonic arrest caused by the depletion of pat-3), which can be judged 

by the apparent accumulation of CDT-1D. “V5QL” and “V5QR” were the only two 

cells still expressing CYB-1DG in the late “2-fold” stage (Fig. 14C,  D and Appx. 5). 

Based on the degradation characteristics of the two degron-reporters, our 

Worm-FUCCIs demonstrated an obvious G1 and a G2 phase in the two embryonic cells, 

“V5QL” and “V5QR” cells, meaning they divided with a full cycle consisting of G1, S, 

G2 and M phases. 

 

4.4.4 Brief G1 phase revealed by depletion of cyclin D 

Previous studies of postembryonic larvae suggested that in addition to “V5QL” and 

“V5QR”, two coelomocyte precursors, “MSapapaa” and “MSppapaa”, may also divide 

with a G1 phase in their last round of division during late embryogenesis. This was 

deduced based on the cell cycle arrest upon the loss of function in cyd-1 (Boxem and 

van den Heuvel, 2001; Kipreos and van den Heuvel, 2019; Yanowitz and Fire, 2005). 

However, only CYB-1D but not CDT-1D showed accumulation in the two cells, which 

did not support the presence of a G1 phase in these cells (Fig. 15A and B). I reasoned 

that some brief G1 phases could be missed by the FUCCI reporters due to their short 

duration as well as a relatively long maturation of the fluorescence reporters. To test 

this possibility, I took advantage of the requirement of cyclin D, CYD-1, a G1 cyclin 

that is used for the G1 progression at least during late embryogenesis (Park and Krause, 

1999; Yanowitz and Fire, 2005). Namely, when a failure in cell division was observed 

after cyd-1 perturbation, the cell was assumed to have a G1 phase in the wild-type 
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embryo. This can be further substantiated if the cell accumulated CDT-1D but not 

CYB-1D after the perturbation. To this end, I performed RNAi against cyd-1. As 

expected, despite the lack of CDT-1D accumulation in the wild-type embryos, I and my 

colleagues detected an apparent accumulation of CDT-1D and a complete degradation 

of CYB-1D in the coelomocyte precursors after the RNAi (Fig. 15C and D), which 

supported the notion that the depletion of cyd-1 resulted in arresting of the two cells at 

G1 phase. The results supported that a brief G1 phase was indeed present in these cells 

but was missed by the Worm-FUCCIs in the wild-type embryo. 

 

 

Fig. 15 Worm-FUCCIs accumulation during cell cycle progression of coelomocyte 

precursor “MSppapaa”. (A) Superimposed lineal accumulation of CDT-1D (red) and 
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CYB-1D (green) in one of the coelomocytes and their precursor (“MSppapaa”) in the 

embryos treated by the RNAi against pat-3. Developmental time in minute starting 

from the birth of the precursors is shown underneath the lineal accumulation tree. For 

simplicity, only the accumulation of Worm-FUCCIs in the coelomocyte precursor 

“MSppapaa” is shown. (B) Quantification of the accumulation of CDT-1D (red) and 

CYB-1D (green) in the “coelomocyte AR” and its ancestors in the embryos treated by 

RNAi against pat-3. Normalized fluorescence intensity in arbitrary unit (AU) is plotted 

on the Y axis, and development time of “MSppapa” into “coelomocyte AR” from its 

birth on the X axis. Cell cycle phases are indicated based on the accumulation dynamics 

of the two reporters. Division time points are indicated with dashed lines. (C) Same as 

(A) except the embryos treated by the RNAi against cyd-1. Note the division was 

abolished and CDT-1D initiated accumulation. (D) Same as (B) except the embryos 

treated by the RNAi against cyd-1. Note the apparent and marginal accumulations of 

the CDT-1D in the cell cycle of “MSppapaa” in the RNAi and wild-type embryos, 

respectively. 

 

4.4.5 Differential use of cyclin D or E for G1 phase progression in a lineage- and 

time-specific manner 

In addition to coelomocyte precursors, the absence of the last round of embryonic 

division in intestine cells was also reported in cyd-1 mutant, resulting in only 16 rather 

than 20 intestinal cells as seen in wild-type larvae (Boxem and van den Heuvel, 2001). 

I reason that the embryonic cells are more likely to divide with a brief G1 if it divides 

with an extended cell cycle length, especially for these cells whose cell cycle length is 

significantly longer than that of its sister during late embryogenesis (Sulston et al., 

1983). Therefore, I examined the division pattern and the accumulation of CDT-1D or 
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CYB-1D in the embryonic cells prioritized based on the following criteria in 10 cyd-1 

RNAi embryos. Cells were selected based on the asymmetry in the cell cycle length 

between sister cells if a division occurred: 1) later than or equal to the 9th generation 

in the AB and MS progeny, or later than or equal to 7th generation in the P1 progeny; 

2) one sister completed the last round of embryonic division whereas the other did not, 

except a handful of cells that divided: a) later than or equal to 10th generation, or b) 

with a cell cycle length difference between sister cells was equal or more than one 

fold with both cells being expected to divide further. The details of the selected 

cells/lineages were included in Table 3. I did find that at least one sister cell in each of 

the 38 prioritized sister cell pairs demonstrated a characteristics of G1, namely, a failure 

of division that was expected to occur in a wild-type embryo and the apparent CDT-1D 

accumulation or CYB-1D degradation in at least one of the 10 embryos (Table 4), 

supporting a brief G1 phase present in their cell cycles; whereas the remaining cell pairs 

did not show the G1 characteristics in any replicate embryos (Table 5). Noted that the 

penetrance of cyd-1 RNAi was shown in three different columns, which were 

“CDT-1D”, “CYB-1D” and “Total”, due to the limitation of the automated lineaging 

could only include a single FUCCI reporter for each RNAi embryo. But the cell arrest 

phenotype could be added together and shown in “Total”, as only those cells fulfilled 

both criteria, i.e., missing division and showing corresponding Worm-FUCCIs 

accumulation pattern, would be counted and the depletion effect in both Worm-FUCCI 

expressing strains should be the same. To investigate whether there were any more cells 

with a G1 phase that was missed by the Worm-FUCCIs in wild-type embryo, I 

examined the missing division in all the remaining cells other than the 38 cells in two 

out of the 10 embryos that showed the highest cyd-1 RNAi penetrance in terms of 

missing division. I did not observe any further missing division in both replicates, 

supporting a notion that a brief G1 tends to be acquired by the daughter cells with an 
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extended cell cycle length from asymmetric division. 

 

Table 3. Selection criteria prioritized for the examination of embryonic cells in 10 

cyd-1 RNAi embryos. 

Sublineage Selection Criteria Note 

ABala 
Asymmetric divisions; 

only 10th generation 
N/A 

ABalp 
Asymmetric divisions; 

only 10th generation 

Except ABalppppppa/p (symmetric 

division). 

ABara 
Asymmetric divisions; 

only 10th generation 
N/A 

ABarpa 
Asymmetric divisions; 

only 10th generation 
N/A 

ABarpp 
Asymmetric divisions; 

only 9th generation 

Only ABarppaaapp & ABarpppapp 

are selected. 

ABpla 
Asymmetric divisions; 

only 10th generation 

Except ABplapapaa & ABplapappp 

(9th generation). 

ABplp 
Asymmetric divisions; 

only 10th generation 
N/A 

ABpra 
Asymmetric divisions; 

only 10th generation 

Except ABpraaapppa/p (symmetric 

division); ABprapapaa & 

ABprapappp, (9th generation). 

ABprp 
Asymmetric divisions; 

only 10th generation 
N/A 

MS 
Asymmetric divisions; 

9th or 10th generation 

Except MSaaaaaa & MSa/papapa 

(>=1-fold sister cell cycle length 

difference). 

E 
Asymmetric divisions; 

only 7th generation 
N/A 

C 
>=1-fold sister cell 

cycle length difference 
Only Caapa is selected. 

P3 N/A N/A 
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Table 4. List of cells with cell cycle arrest and expected accumulation of G1 

Worm-FUCCI reporters after cyd-1 RNAi 

   cyd-1 RNAi 

penetrance 

Postembryonic Cell 

Fates 

Embryonic Cell 

Name 

Generation 

(From P0) 
CDT-1D CYB-1D Total 

QL+V5L ABplapapaa 9th 5/5 ND 5/5 

QR+V5R ABprapapaa 9th 3/5 ND 3/5 

Coelomocyte AL+PL MSapapaa 9th 5/5 1/5 6/10 

Coelomocyte AR+PR MSppapaa 9th 2/5 3/5 5/10 

Int1 DL+VL Ealaa 7th 1/5 1/5 2/10 

Int1 DR+VR Earaa 7th 1/5 1/5 2/10 

Int 8L+9L Eplpp 7th 2/5 3/5 5/10 

Int 8R+9R Eprpp 7th 2/5 0/5 2/10 

PLML+ALNL 

+2 dead cells 
ABplapappp 9th 4/5 4/5 8/10 

PLMR+ALNR 

+2 dead cells 
ABprapappp 9th 5/5 4/5 9/10 

ALML+BDUL ABarppaapp 9th 5/5 5/5 10/10 

ALMR+BDUR ABarpppapp 9th 5/5 4/5 9/10 

IL1DL+1 dead cell ABalapappaa 10th 1/5 2/5 3/10 

IL1DR+1 dead cell ABalappppaa 10th 1/5 1/5 2/10 

SMBDL+1 dead cell ABalpapapap 10th 1/5 0/5 1/10 

SMBDR+1 dead cell ABarappapap 10th 2/5 1/5 3/10 

ASKL+1 dead cell ABalpppappp 10th 4/5 4/5 8/10 

ASKR+1 dead cell ABpraaaappp 10th 3/5 1/5 4/10 

NSML+1 dead cell ABaraapapaa 10th 1/5 0/5 1/10 

NSMR+1 dead cell ABaraapppaa* 10th 0/5 0/5 0/10 

ASIL+1 dead cell ABplaapappp 10th 1/5 0/5 1/10 

ASIR+1 dead cell ABpraapappp* 10th 0/5 0/5 0/10 

ADEL+ADAL ABplapaaaap 10th 1/5 0/5 1/10 

ADER+ADAR ABprapaaaap 10th 2/5 1/5 3/10 

FLPL+AIZL ABplapaaapa 10th 5/5 3/5 8/10 

FLPR+AIZR ABprapaaapa 10th 2/5 2/5 4/10 

HSNL+PHBL ABplapppapp 10th 1/5 0/5 1/10 

HSNR+PHBR ABprapppapp* 10th 0/5 0/5 0/10 

CEPVL+1 dead cell ABplpaapppp 10th 4/5 2/5 6/10 
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CEPVR+1 dead cell ABprpaapppp 10th 3/5 1/5 4/10 

RICL+1 dead cell ABplppaaaap 10th 1/5 0/5 1/10 

RICR+1 dead cell ABprppaaaap* 10th 0/5 0/5 0/10 

SABVL+RIFL ABplppapaaa 10th 2/5 1/5 3/10 

SABVR+RIFR ABprppapaaa 10th 2/5 0/5 2/10 

GLRL+GLRVL MSapaaaa 9th 5/5 5/5 10/10 

GLRR+GLRVR MSppaaaa 9th 5/5 5/5 10/10 

g1AL+1 dead cell MSaapaapa* 10th 0/5 0/5 0/10 

g1AR+1 dead cell MSpapaapa 10th 1/5 0/5 1/10 
      

* predicted to require CYD-1 to undergo division based on the RNAi phenotype 

of its symmetrical cell. 

ND: not determined due to twitching. 

 

Table 5. List of cells without cell cycle arrest and no expected accumulation of G1 

Worm-FUCCI reporters after cyd-1 RNAi 

   cyd-1 RNAi 

penetrance 

Postembryonic Cell 

Fates 

Embryonic Cell 

Name 

Generation 

(From P0) 
CDT-1D CYB-1D Total 

IL1R+1 dead cell ABalaappppa 10th 0/5 0/5 0/10 

IL1L+1 dead cell ABalapaappa 10th 0/5 0/5 0/10 

OLQDL+1 dead cell ABalapapapa 10th 0/5 0/5 0/10 

OLQDR+1 dead cell ABalapppapa 10th 0/5 0/5 0/10 

I2L+1 dead cell ABalpappaap 10th 0/5 0/5 0/10 

I2R+1 dead cell ABarapapaap 10th 0/5 0/5 0/10 

IL1VL+1 dead cell ABalppapppa 10th 0/5 0/5 0/10 

IL1VR+1 dead cell ABarapppppa 10th 0/5 0/5 0/10 

OLLL+1 dead cell ABalppppapa 10th 0/5 0/5 0/10 

OLLR+1 dead cell ABpraaapapa 10th 0/5 0/5 0/10 

ASEL+1 cell death ABalppppppa 10th 0/5 0/5 0/10 

ASER+1 cell death ABpraaapppa 10th 0/5 0/5 0/10 

ASJL+AUAL ABalppppppp 10th 0/5 0/5 0/10 

ASJR+AUAR ABpraaapppp 10th 0/5 0/5 0/10 

CEPDR+URXR ABarpapaapp 10th 0/5 0/5 0/10 

CEPDL+URXL ABplaaaaapp 10th 0/5 0/5 0/10 

OLQVL+1 dead cell ABplpaaappa 10th 0/5 0/5 0/10 
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OLQVR+1 dead cell ABprpaaappa 10th 0/5 0/5 0/10 

PVCL+LUAL ABplpppaapa 10th 0/5 0/5 0/10 

PVCR+LUAR ABprpppaapa 10th 0/5 0/5 0/10 

GLRDL+GLRDR MSaaaaaa 9th 0/5 0/5 0/10 

g2L+1 dead cell MSaapapa 9th 0/5 0/5 0/10 

g2R+1 dead cell MSpapapa 9th 0/5 0/5 0/10 

I3+g1P MSaaaaapa 10th 0/5 0/5 0/10 

DVC+1 dead cell Caapa 7th 0/5 0/5 0/10 

 

In addition to cyclin D, cyclin E is another cyclin that contributes to G1 to S phase 

progression. In addition to its established function in the initiation of DNA synthesis 

(Gaggioli et al., 2020), the cyclin E also plays a role in hyper-phosphorylation of 

retinoblastoma protein (Rb) through the cyclin dependent kinase 2 (CDK2) in the 

mammalian cells together with cyclin D (Sherr, 1993), which seems to remove the 

transcriptional repression by Rb at the late G1 restriction point. This was thought to be 

preceded by mono-phosphorylation of Rb by cyclin D with Cdk4/6 during the early G1 

phase of mouse embryonic fibroblast cells (Narasimha et al., 2014). The Cdk2/Cyclin E 

complex was also found to be responsible for the inactivation of degradation complex 

APC/CCdh1 by phosphorylation of Cdh1 during G1/S progression. Recent study 

proposed that this is a “point of no return” for cell cycle entry (Cappell et al., 2016).  

cye-1 is an C. elegans orthologue of human CCNE1 (cyclin E1) and CCNE2 (cyclin 

E2), which has a similar function on cell cycle progression in somatic cells (Fay and 

Han, 2000; Korzelius et al., 2011b). In contrast to the expression of cyd-1 that begins at 

about the 300-cell stage of embryo, the expression of cye-1 was detected as early as the 

28-cell stage (Brodigan et al., 2003; Park and Krause, 1999). I therefore further 

examined the presence of a G1 phase in embryonic cells through a combination of cell 

cycle arrest with the accumulations of CDT-1D and CYB-1D after perturbation of cye-1 

through RNAi. I did this in at least three replicated embryos for each reporter and traced 
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all cell divisions except those of “V5Q” and the parents of “PLM” and “ALN”. As a 

result, I observed that over 100 cells were arrested with expected accumulation patterns 

of CDT-1D and CYB-1D in at least one embryo across the sublineages and generations 

(Tables 6 and 7, Figs. 16-18). Same as in cyd-1, the RNAi against cye-1 could only be 

done separately between two Worm-FUCCI expressing strains, but the penetrance 

could be added as the depletion effect should be the same in both strains. Interestingly, 

the majority of cell arrest took place before their last or second last round of embryonic 

division with the “P4” cell being the earliest cell to introduce a brief G1 phase (Fig. 

19C), suggesting a differential regulation of gap phase introduction between germline 

progenitor and somatic cells in embryo. To further illustrate the effect of RNAi against 

cye-1 or cyd-1 on embryonic cell cycle progression, I and my colleagues quantified the 

abundance of CYB-1D and CDT-1D accumulation before and after the RNAi in the 

“MSapaaaa” and “MSppaaaa” cells, respectively (Fig. 19A and B). The two cells were 

expected to undergo terminal asymmetric division in embryo with an extended cell 

cycle length relative to their sister and showed relatively high RNAi penetrance. As 

expected, the RNAi against either cye-1 or cyd-1 abolished terminal division in both 

cells, led to complete degradation of CYB-1D in the cell “MSapaaaa” (Fig. 19A) and 

the robust accumulation of CDT-1D in the cell “MSppaaaa” (Fig. 19B). 

 

Table 6. List of cells in “AB”, “MS” and “E” sublineages with cell cycle arrest and 

expected accumulation of G1 Worm-FUCCI reporters after cye-1 RNAi. 

   cye-1 RNAi 

penetrance 

Postembryonic Cell Fates 
Embryonic Cell 

Name 

Generation 

(From P0) 
CDT-1D CYB-1D Total 

1 dead cell+CEPsoVR* ABalaapapp 9th 0/6 0/5 0/11 

1 dead cell+CEPsoVL ABalppaapp 9th 1/3 0/3 1/6 

AVAR+OLQsoVR ABalaappap 9th 1/3 0/3 1/6 
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AVAL+OLQsoVL ABalppaaap 9th 1/3 0/3 1/6 

AVHL+1 dead cell* ABalapaaaa 9th 0/6 0/5 0/11 

AVHR+1 dead cell ABalappapa 9th 2/3 1/3 3/6 

AVJL+CEPsoDL ABalapappp 9th 2/6 0/5 2/11 

AVJR+CEPsoDR ABalappppp 9th 3/3 1/3 4/6 

arc post DL+e2DL ABalpaapaa 9th 1/3 0/3 1/6 

arc post DR+e2DR* ABaraaapaa 9th 0/6 0/5 0/11 

arc ant DL+arc post VL ABalpaappa 9th 3/3 0/3 3/6 

arc post D+arc post VR ABaraaappa 9th 0/6 1/5 1/11 

arc ant DR+hyp 1 DR* ABaraaappp 9th 0/6 0/5 0/11 

hyp 1 DL+hyp 2 DL ABalpaappp 9th 3/3 1/3 4/6 

I2L+1 dead cell ABalpappaap 10th 1/3 0/3 1/6 

I2R+1 dead cell ABarapapaap 10th 1/3 0/3 1/6 

I1L+1 dead cell ABalpapppa 9th 2/3 2/3 4/6 

I1R+1 dead cell* ABarapappa 9th 0/6 0/5 0/11 

mc1V+m3VL ABalpapppp 9th 1/3 0/3 1/6 

mc2V+m3VR* ABarapappp 9th 0/6 0/5 0/11 

OLLshL+1 dead cell ABalpppaap 9th 1/3 1/3 2/6 

OLLshR+1 dead cell ABpraaaaap 9th 2/3 0/3 2/6 

ASKL+1 dead cell ABalpppappp 10th 1/3 0/3 1/6 

ASKR+1 dead cell ABpraaaappp 10th 1/6 0/5 1/11 

OLLL+2 dead cells ABalppppap 9th 1/3 0/3 1/6 

OLLR+2 dead cells* ABpraaapap 9th 0/6 0/5 0/11 

ASEL+1 dead cell ABalppppppa 10th 3/3 3/3 6/6 

ASER+1 dead cell ABpraaapppa 10th 1/3 0/3 1/6 

ASJL+AUAL ABalppppppp 10th 2/3 0/3 2/6 

ASJR+AUAR ABpraaapppp 10th 1/3 0/3 1/6 

M2L+M3L ABaraapapp 9th 1/6 0/5 1/11 

M2R+M3R ABaraapppp 9th 1/3 0/3 1/6 

H0R+H1R ABarpappp 8th 1/3 0/3 1/6 

H0L+H1L ABplaaapp 8th 1/3 0/3 1/6 

ADEshL+H2L ABarppaaa 8th 2/3 3/3 5/6 

ADEshR+H2R ABarpppaa 8th 2/3 2/3 4/6 

hyp 7+ALML+BDUL ABarppaap 8th 1/3 2/3 3/6 

hyp 7+ALMR+BDUR ABarpppap 8th 1/3 2/3 3/6 

ALML+BDUL ABarppaapp 9th 2/2 0/1 2/3 

ALMR+BDUR ABarpppapp 9th 0/2 1/1 1/3 

V1L+V2L ABarppapa 8th 2/3 2/3 4/6 
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V1R+V2R ABarppppa 8th 3/3 3/3 6/6 

V4L+V6L ABarppapp 8th 3/3 3/3 6/6 

V4R+V6R ABarppppp 8th 2/3 3/3 5/6 

hyp 4+hyp 6 ABplaappa 8th 0/3 1/3 1/6 

hyp 4+hyp 6 ABpraappa 8th 2/3 1/3 3/6 

P3/4 L+P5/6 L ABplappaa 8th 1/3 2/3 3/6 

P3/4 R+P5/6 R ABprappaa 8th 1/3 1/3 2/6 

V3L+P7/8 L ABplappap 8th 1/3 2/3 3/6 

V3R+P7/8 R ABprappap 8th 2/3 1/3 3/6 

URAVL+CEPshVL ABplpaaapa 9th 1/3 0/3 1/6 

URAVR+CEPshVR ABprpaaapa 9th 0/3 1/3 1/6 

RIVL+AVBL ABplpaapaa 9th 1/3 0/3 1/6 

RIVR+AVBR* ABprpaapaa 9th 0/6 0/5 0/11 

AMsoL+CEMVL ABplpaapap 9th 1/3 0/3 1/6 

AMsoR+CEMVR ABprpaapap 9th 1/6 0/5 1/11 

SABVL+RIFL* ABplppapaaa 9th 0/6 0/5 0/11 

SABVR+RIFR ABprppapaaa 9th 1/3 0/3 1/6 

RIGL+DD1 ABplppappa 9th 2/3 0/3 2/6 

RIGR+DD2* ABprppappa 9th 0/6 0/5 0/11 

PHshL+hyp 8/9 ABplpppapa 9th 2/3 2/3 4/6 

PHshR+hyp 8/9 ABprpppapa 9th 3/3 2/3 5/6 

intestinal muscle L 

+anal depressor muscle 
ABplpppppa 9th 1/3 0/3 1/6 

1 dead cell+intestinal 

muscle R* 
MSppaap 8th 0/6 0/5 0/11 

tail spike+hyp 10 ABplpppppp 9th 1/3 0/3 1/6 

tail spike+hyp 10 ABprpppppp 9th 0/3 1/3 1/6 

RID+1 dead cell ABalappaap 9th 2/3 0/3 2/6 

hyp 6+hyp 7 ABarpaapa 8th 2/3 2/3 4/6 

hyp 7+hyp 7 ABarpaapp 8th 1/3 1/3 2/6 

DD3+DD5 ABplppappp 9th 1/3 0/3 1/6 

g2L+1 dead cell MSaapapa 9th 0/3 1/3 1/6 

g2R+1 dead cell MSpapapa 9th 1/3 1/3 2/6 

g1AL+1 dead cell* MSaapaapa 10th 0/6 0/5 0/11 

g1AR+1 dead cell MSpapaapa 10th 1/3 0/3 1/6 

GLRL+GLRVL MSapaaaa 9th 0/6 1/5 1/11 

GLRR+GLRVR MSppaaaa 9th 1/3 0/3 1/6 

coelomocyte AL MSapapa 8th 0/6 0/5 0/11 
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+coelomocyte PL 

+1 body muscle* 

coelomocyte AR 

+coelomocyte PR 

+1 body muscle 

MSppapa 8th 0/3 1/3 1/6 

2 body muscles MSaapppa 9th 0/3 1/3 1/6 

2 body muscles MSaapppp 9th 2/3 1/3 3/6 

I6+M5 MSpaaapa 9th 0/3 2/3 2/6 

2 body muscles MSpapppa 9th 1/3 0/3 1/6 

2 body muscles MSpapppp 9th 1/3 0/3 1/6 

2 body muscles MSppapp 8th 0/3 1/3 1/6 

2 body muscles MSppppa 8th 2/3 0/3 2/6 

2 body muscles MSppppp 8th 1/3 0/3 1/6 

int1DL+int1VL Ealaa 7th 1/3 2/3 3/6 

int1DR+int1VR Earaa 7th 2/3 0/2 2/5 

int2V+int5L Ealp 6th 2/3 0/3 2/6 

int2D+int5R Earp 6th 2/3 1/3 3/6 

int4V+int6L Epla 6th 3/3 3/3 6/6 

int4D+int6R Epra 6th 3/3 3/3 6/6 

int8L+int9L Eplpp 7th 2/3 1/2 3/5 

int8R+int9R Eprpp 7th 3/3 0/3 3/6 
      

* predicted to require CYE-1 to undergo division based on the RNAi phenotype 

of its symmetrical cell. 

 

Table 7. List of cells in "C", "D" and "P4" sublineages with cell cycle arrest and 

expected accumulation of G1 Worm-FUCCI reporters after cye-1 RNAi. 

   cye-1 RNAi 

penetrance 

Postembryonic Cell 

Fates 

Embryonic Cell 

Name 

Generation 

(From P0) 
CDT-1D CYB-1D Total 

hyp 7+hyp 7+hyp 

7+hyp 7 
Caaa 6th 1/3 0/3 1/6 

hyp 7+hyp 7 Caaaa 7th 2/2 3/3 5/5 

hyp 7+hyp 7 Caaap 7th 2/2 3/3 5/5 

DVC+dead cell Caapa 7th 2/3 1/3 3/6 

hyp 7+PVR Caapp 7th 1/3 0/3 1/6 
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4 body muscles Capaa 7th 1/3 0/3 1/6 

2 body muscles Capaaa 8th 2/2 3/3 5/5 

2 body muscles Capaap 8th 2/2 3/3 5/5 

4 body muscles Capap 7th 1/3 0/3 1/6 

2 body muscles Capapa 8th 1/2 1/3 2/5 

2 body muscles Capapp 8th 1/2 1/3 2/5 

2 body muscles Cappaa 8th 1/3 0/3 1/6 

2 body muscles Cappap 8th 2/3 1/3 3/6 

2 body muscles Capppa 8th 1/3 1/3 2/6 

2 body muscles Capppp 8th 1/3 2/3 3/6 

hyp 7+hyp 7 Cpaaa 7th 3/3 2/3 5/6 

hyp 7+hyp 7 Cpaap 7th 3/3 1/3 4/6 

hyp 7+hyp 7 Cpapa 7th 2/3 0/3 2/6 

hyp 7+hyp 11 Cpapp 7th 2/3 0/3 2/6 

2 body muscles Cppaaa 8th 3/3 3/3 6/6 

2 body muscles Cppaap 8th 3/3 3/3 6/6 

2 body muscles Cppapa 8th 2/3 2/3 4/6 

2 body muscles Cppapp 8th 2/3 2/3 4/6 

2 body muscles Cpppaa 8th 1/3 3/3 4/6 

2 body muscles Cpppap 8th 1/3 3/3 4/6 

2 body muscles Cppppa 8th 2/3 2/3 4/6 

2 body muscles Cppppp 8th 2/3 2/3 4/6 

4 body muscles Daa 6th 1/3 1/3 2/6 

2 body muscles Daaa 7th 2/2 2/2 4/4 

2 body muscles Daap 7th 2/2 2/2 4/4 

4 body muscles Dap 6th 1/3 1/3 2/6 

2 body muscles Dapa 7th 2/2 2/2 4/4 

4 body muscles Dapp 7th 2/2 2/2 4/4 

2 body muscles Dpaa 7th 2/3 3/3 5/6 

2 body muscles Dpap 7th 2/3 3/3 5/6 

2 body muscles Dppa 7th 2/2 3/3 5/5 

4 body muscles Dppp 7th 2/2 2/3 4/5 

Z3+Z2 P4 4th ND 3/3 3/3 
      

ND: not determined due to germline silencing of CDT-1D in P4. 
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Fig. 16 Involvement of cyclin E (CYE-1) and/or D (CYD-1) in the G1 progression of 

“ABa” descendants. Shown is the embryonic cell lineage tree of “ABa” (modified from 

(Sulston et al., 1983)) with differential use of cyclins D and E color-coded in blue and 

orange, respectively. See also Tables 4-7 for the detailed cye-1 or cyd-1 RNAi 

phenotypes. Note the earlier use of CYE-1 than CYD-1 in all cells analyzed. Original 

image by J .E. Sulston, E. Schierenberg, J. G. White, J. N. Thomson. Modified with 

permission from WormAtlas. 
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Fig. 17 Involvement of cyclin E (CYE-1) and/or D (CYD-1) in the G1 progression of 

“ABp” descendants as in Fig. 15. Original image by J .E. Sulston, E. Schierenberg, J. G. 

White, J. N. Thomson. Modified with permission from WormAtlas. 
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Fig. 18 Involvement of cyclin E (CYE-1) and/or D (CYD-1) in the G1 progression of 

“P1” descendants. Note the exclusive use of CYE-1 in the descendants of “C”, “D” and 

“P4” cells. Original image by J .E. Sulston, E. Schierenberg, J. G. White, J. N. 

Thomson. Modified with permission from WormAtlas. 
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Fig. 19 Lineage- and time-specific use of cyclin D and E for G1 progression. (A) 

Shown are epifluorescence micrographs of a given time point for an exemplary 

wild-type embryo (top), embryos treated with RNAi against cye-1 (middle) or against 

cyd-1 (bottom) from the CYB-1D-expressing strain. The “GLRL/GLRVL” 
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(“MSapaaaa”) cell is highlighted with a circle and shown in a magnified view. Lineal 

accumulation of CYB-1D (redness) in the cell over its life span is shown below each 

embryo. The time point for acquisition of the epifluorescence micrograph is indicated 

with an inverted triangle. Note the degradation of CYB-1D in the arrested 

“GLRL/GLRVL” cells from both RNAi treated embryos. (B) Same as (A) except the 

“GLRR/GLRVR” (“MSppaaaa”) cell from the CDT-1D-expressing strain is shown. 

Note the accumulation of CDT-1D in the arrested “GLRR/GLRVR” cells from both 

RNAi treated embryos. Histone, HIS-72::GFP/H2B::GFP used for cell tracing during 

lineage analysis. (C) Shown is a simplified C. elegans embryonic lineage tree for a 

summary of cell’s initial use of the two cyclins for G1 progression. Brown and blue dots 

denote depletion of CYE-1 and CYD-1, respectively (see also Tables 4, 6 and 7). Cells 

without the evidence of using the two cyclins are omitted and drawn in dashed line. 

Numbers indicates the round of divisions counting from “P0”. Note that cyclin E is 

always the first to be used in all the descendants of “AB”, “MS” and “E” cells, and is 

exclusively used in the “P2” descendants. The 12th round of “AB” divisions, including 

the divisions of “PLM” and “ALN” cells, and the 9th round “D” divisions, are omitted 

for simplicity. 

 

Strikingly, the progression from G1 to S phase in all “P2” descendants involved cyclin 

E only, whereas such progression in the “AB” and “EMS” involved both cyclin D and E 

(Fig. 19A and Tables 4, 6, 7). It is worth noting that some of the “D” sublineages were 

expected to undergo one more round of division, but the use of cyclin E was unable to 

be determined as they were arrested before reaching the last round of division in all the 

RNAi embryos (Fig. 18). In addition, if both cyclins were involved in G1 progression in 

a given cell lineage, only the cyclin E was always used before the terminal round of 

embryonic division; whereas the cyclin D was not used in the cell until its sister became 
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embryonic terminal cell or underwent programmed cell death with the following 

exceptions, i.e., the 9th round of divisions in the “AB” sublineage that had a sister cell 

undergoing programmed cell death and the sister cell of the programmed cell death of 

“MSpaapp” (Figs. 16-18 and 20). The results demonstrate that the introduction of a 

brief G1 phase takes place in most of the embryonic cells before their last or second last 

round of division, which involves differential use of cyclins in a lineage and 

developmental stage-specific manner. 

 

 

Fig. 20 Use of cyclin D for G1 progression is predictive of terminal embryonic division.  

Shown on the left are the involvements cyclins in the G1 introduction during the three 

terminal asymmetric divisions as exemplified by the cells “ABarppaap”, “ABplapapp” 
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and “MSapaaa”. Note that a brief G1 phase is introduced only in one sister that is 

expected to undergo further round of division while the other arrests at G1/G0 phase 

during embryogenesis (see also Figs. 16-18). Shown on the right are the involvements 

of cyclin E in the G1 progression during symmetric division as exemplified by the cell 

“ABalpppppp” whose both daughters undergo terminal division. In contrast to the cells 

on the left, only CYE-1 is involved in G1 progression here as judged by the RNAi 

phenotypes (see Tables 5 and 6). Cell cycle lengths are drawn in scale. 

 

4.4.6 Global introduction of brief G2 phase after the initiation of robust transcription 

revealed by the depletion of cdc-25.2 

The combination of Worm-FUCCIs with core G1 cell cycle genes knockdown allows 

effective delineation of G1 phase introduction during late embryogenesis. The next step 

would be to search for genes that govern the other gap phase, G2. In C. elegans, 

different paralogues of cyclin B (CYB-1, 2.1, 2.2 and 3) forms complex with CDK-1 

(ortholog of human Cdk1) to promote the G2/M progression (Kipreos and van den 

Heuvel, 2019). However, depletion of cdk-1 will lead to one cell arrest, whereas 

depletion of cyb-1 may inactivate the CYB-1D reporter expression, leading to the 

failure of Worm-FUCCI to represent the cell cycle state (Ho et al., 2015). Alternatively, 

Cdk1 is known to be regulated by two other proteins, Wee1 and Cdc25 (Kipreos and 

van den Heuvel, 2019). The inhibitory kinase Wee1 can phosphorylate Cdk1 to keep 

the kinase activity of Cdk1 low to prevent the entry of mitosis. During the G2 phase, 

Cdc25 removes the inhibitory effect from Wee1 by dephosphorylating the inhibitory 

signal in Cdk1. Four Cdc25 paralogues are identified in C. elegans, cdc-25.1, cdc-25.2, 

cdc-25.3 and cdc-25.4 (Ashcroft et al., 1998). These paralogues are through to have 

unique role in C. elegans germline development, while only cdc-25.1 and cdc-25.2 are 
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found to have an additional role in embryogenesis through the effect of RNAi 

(Hebeisen M, 2008; Ho et al., 2015; Kim et al., 2010; Yan et al., 2013). Intriguingly, 

depletion of cdc-25.2 caused a general slow development throughout the embryonic 

cells, a phenotype that is suitable for further characterization by Worm-FUCCIs (Ho et 

al., 2015). To this end, I performed cdc-25.2 RNAi using the Worm-FUCCI expressing 

strains (Fig. 21). Three selected sublineages (“MSp”, “E” and “C”) from the automated 

lineage analysis results that are curated up to the end of imaging timepoint from two 

replicates of both CDT-1D and CYB-1D embryos (Fig. 22). Depletion of cdc-25.2 

should remove its inhibitory effect on Wee1, which will further inhibit Cdk1 and 

produce G2 arrest. Unexpectedly, the perturbed embryos can develop nearly 200-cell 

stage with some of the cells known to have a G2 phase, such as “Ea” and “Ep”, still 

dividing but having a longer cell cycle. Both CDT-1D and CYB-1D are expected to be 

accumulated as their corresponding degradation pathways are turned off during G2 

phase (Fig. 5). By observing the accumulation patterns of CDT-1D and CYB-1D, 

extended “yellow” regions on the superimposed lineage tree are found in most of the 

cells just before their divisions or after their arrest, which cannot be seen in the 

wild-type embryos (Figs. 11A and 21C). This can be interpreted as those cells are 

developed a brief G2 phase that are undetectable in the wild-type embryos, probably 

due to the presence of CDC-25.2 (Edgar and McGhee, 1988). G1/G0 phase can also be 

observed in some of the cells after cdc-25.2 RNAi, such as “MSpaaaa”, which could be 

due to the incomplete depletion of CDC-25.2 (Fig. 21C). To have a more complete 

picture of gap phase introduction, All the observed cell cycle phases from the RNAi 

experiment of cyd-1, cye-1 and cdc-25.2 are put together in a single sublineage trees 

(Fig. 22). Similar to Drosophila, a globe G2 phase is introduced before the G1 phase 

during embryogenesis (Yuan et al., 2016). More importantly, all the G2 phases are 

introduced after the E2 stage, which is previously known as the initiation of robust 
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transcription stage (Fig. 22) (Wong et al., 2016). These are the characteristics of 

mid-blastula transition (MBT), which has not been clearly defined in C. elegans 

(Farrell and O'Farrell, 2014; Tadros and Lipshitz, 2009). Further systematic 

quantification of Worm-FUCCIs in G2 phase with these preliminary data should 

provide new insight to the maternal-zygotic transition (MZT) of C. elegans 

embryogenesis. 

 

 

Fig. 21 Globe use of CDC-25.2 for G2 progression. (A) Shown are epifluorescence 

micrographs of a given time point for an exemplary wild-type embryo (top), embryo 

treated with RNAi against cdc-25.2 (bottom) from the CYB-1D-expressing strain. The 
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“Earp” cell is highlighted with a circle. Lineal accumulation of CYB-1D (redness) in the 

cell over its life span is shown below each embryo. The time point for acquisition of the 

epifluorescence micrograph is indicated with an inverted triangle. Note the 

accumulation of CYB-1D in the arrested “Earp” cell from the RNAi treated embryo. (B) 

Same as (A) except the CDT-1D-expressing strain is shown. Note the accumulation of 

CDT-1D in the arrested “Earp” cell from the RNAi treated embryo. Histone, 

HIS-72::GFP/H2B::GFP used for cell tracing during lineage analysis. (C) 

Superimposed lineal accumulation of CDT-1D (red) and CYB-1D (green) in “MSpaa” 

(top), “Ea” (middle), and “Cpp” (bottom) sublineages from embryos treated with RNAi 

against cdc-25.2. The cell cycle phases of “MSpaa” are indicated based on the 

accumulation dynamics of the two reporters. Note that the extended G2 phase and G2 

arrest (yellow regions) after the S phase (green regions). The yellow regions from 

“MSpaaaa/p” just after division of “MSpaaa” should be due to the residue of CYB-1D 

from the extended G2 phase of “MSpaaa”, which takes more time to degrade after its 

division and arrest in G1/G0. The “Earp” cell shown in (A) and (B) is indicated with a 

black triangle. 
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Fig. 22 Progressive gap phase introduction after the initiation of robust transcription. 

Shown are the embryonic cell lineage trees of “MSp”, “E” and “C” sublineages 

(modified from (Sulston et al., 1983)). The G2 phases revealed by Worm-FUCCI 

through the depletion of cdc-25.2 that are color-coded in yellow; the G1 phases 

revealed by Worm-FUCCI through the depletion of cdc-25.2, cye-1 and cyd-1 that are 

color-coded in purple, orange and blue, respectively. Note the earlier introduction of G2 

phase than G1 phase in all the shown sublineages after the initiation of robust 

transcription (indicated by a dashed line) (Wong et al., 2016). Original image by J .E. 

Sulston, E. Schierenberg, J. G. White, J. N. Thomson. Modified with permission from 

WormAtlas. 

 

4.5 Chapter summary 

In this chapter, I have systematically characterized the gap phase introduction during 

C. elegans embryogenesis. Starting with providing the background of the similarities 

and differences between animal models to introduce gap phases in embryonic 

development. Then, a systematic analysis of C. elegans embryonic gap phase is 

performed to show how Worm-FUCCI can visualize the cell cycle stages. However, 

some of the brief G1 and G2 phases are not detectable by Worm-FUCCI in wild-type 

embryos due to the sensitivity of the reporters, but they can be inferred by the 

depletion of the corresponding gap phase introducing genes, such as cyd-1, cye-1 and 

cdc-25.2, and using Worm-FUCCI to further confirm the cell arresting stage. 

Systematic analysis of those brief gap phase introduction reveals the time- and 

lineage- specific use of CYD-1 and CYE-1 during embryogenesis, leading to an 

interesting observation that CYD-1 is only used for cell cycle progression in a cell 

when its sister cell is finished terminal division. Preliminary analysis of brief G2 
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introduction provides evidences that G2 is globally introduced after the robust zygotic 

transcription event, followed by G1 introduction before the cell’s last or second last 

division, suggesting a progressive introduction mechanism of gap phases. Overall, the 

establishment of Worm-FUCCI allows the detailed dissection of the gap phase 

introduction, which provides an important insight for the embryogenesis in a cell 

cycle prospective. In the next chapter, I will discuss the strength and caveat of the 

Worm-FUCCI system in C. elegans. The main findings in this study will be compared 

with the most relevant and updated literature to explain those observed phenomena. 
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Chapter 5 Discussion 

Gap phase introduction is an important developmental event during embryogenesis 

when most fate differentiation events take place. These events are often coupled with 

asymmetric cell division. Embryonic cell cycles are unique in that barely any gap phase 

is present in the early embryo of most species, including C. elegans (Edgar and 

McGhee, 1988; Farrell and O'Farrell, 2014), although a gap phase is introduced 

eventually. However, when and how a gap phase is introduced developmentally has yet 

to be established with cellular resolution in any metazoan. Availability of 

Worm-FUCCIs coupled with automated cell lineage analysis and lineal expression 

techniques allows me to establish developmental introduction of G1 phase in hundreds 

of embryonic cells with cellular resolution. The results demonstrate that G1 phase 

progression involves different cyclins in a lineage-, developmental stage- and cell 

fate-specific manner. The FUCCI tools as well as the preliminary data on 

developmental introduction of gap phases are expected to promote future study of 

coordination between cell cycle progression and fate differentiation during 

development. 

 

The major strength of the FUCCI reporters lies in its compatibility with automated cell 

lineage and lineal expression analyses, which allows continuous and systematic 

monitoring of gap phase introduction with cellular resolution throughout 

embryogenesis at a 1.5-minute interval. The FUCCI reporters demonstrate expected 

degradations that are indicative of the sharp boundary between G1 and S phase based 

on CDT-1D accumulation and degradation, or the start of S phase based on the onset of 

CYB-1D accumulation, for example, in the V5Q cells. Lineal accumulations of the 

FUCCI reporters coupled with cyclin depletion not only confirmed the presence of 
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presumptive G1 phase suggested by previous studies, but also revealed novel gap 

introduction in the hundreds of cells mostly resulting from asymmetric division with an 

extended cell cycle length (Tables 4, 6 and 7). Nearly ubiquitous expression of the 

Worm-FUCCIs spatially and temporally also offers an opportunity to study the 

coordination between cell cycle progression and fate differentiation during 

postembryonic development, including development of seam cells and vulva. Given 

that some of the postembryonic intestine cells are known to undergo endoreplication, 

the dynamics of the reporters in these cells also lay a foundation for mechanistic 

research into the regulation of endoreplication. 

 

However, the method is not without limitations. One of the major caveats of the FUCCI 

reporters is their temporal resolution in delineating gap phase introduction. For 

example, I observed a G1 or a G2 phase only in a few cells with a substantially 

extended cell cycle length before they completed their last round of embryonic 

divisions in wild-type embryos, although a G1/G0 phase was observed in nearly all 

cells after they completed their embryonic divisions (Figs. 11, 14 and Appx. 1, 2). 

Unexpectedly, I did observe a brief G1 phase in approximately 100 more cells that rely 

on cyclins D and/or E for progression to the S phase, but only upon depletion of these 

cyclins (Figs. 16-18 and Tables 4, 6, 7). The results suggest that the G1 phase may exist 

at a very brief duration that is beyond the detection limit of the Worm-FUCCIs in 

wild-type embryo. The sensitivity of the Worm-FUCCI is limited from several 

experimental designs. First, the maturation rate of fluorescent proteins is too slow for 

any gap phases that are less than 15 minutes, because some of the red fluorescent 

proteins may need at least 30 minutes to reach half of its absorbance (Verkhusha et al., 

2004). The actual maturation time of both GFP and mCherry used in this study is hard 

to determine, as the maturation rate is limited by many factors, such as pH and 
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temperature, which could be complicated within the cellular environment (Patterson et 

al., 1997). Next, the expression level of the his-72 promoter is not equivalent in all the 

lineages, leading to uneven expression of the FUCCI reporters in some of the lineages, 

such as “E”, “D” and “P4” lineages (Bao et al., 2006; Ooi et al., 2006). Furthermore, the 

imaging setting for automated lineaging also limit the effectiveness of the detection of 

the FUCCI reporters, due to the continuous tuning down of pinhole to compensate the 

increasing brightness of the lineaging marker and the long duration imaging limiting 

the laser dosage that can be used (Ho et al., 2015). This limitation can be improved by 

the implementation of a more advanced confocal microscope. The sensitivity issue of 

FUCCI reporters can be partially resolved by coupling with the depletion of cyclin D or 

E, although the penetrance of RNAi complicates the analysis as I failed to observe the 

phenotypes in some of the predicted cells. It is also possible that the functions of cyclin 

D and E are redundant in those cells, which seems to be the case in mammalian 

embryos (Geng et al., 1999; Kozar et al., 2004). It remains a possibility that there are 

some gap phases in those cells of early- or mid-embryogenesis that are missed by our 

FUCCI reporters. 

 

Another caveat of our reporters is the inability to differentiate the G1 from G0 phase, 

and the difficulties in defining the boundary between S and G2 phase. These caveats 

may be alleviated by development of reporters that rely on their shuttling between 

nucleus and cytoplasm based on differential phosphorylation rather than protein 

degradation (Adikes et al., 2020; van Rijnberk et al., 2017). However, their non-nuclear 

localizations make them incompatible with automated lineage analysis, preventing 

systematic monitoring of cell cycle progression with precise cell identity and cell cycle 

length. In particular, these reporters become infeasible for indicating cell cycle phases 

at late embryogenesis because the embryo is predominantly occupied by nuclei with 
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minimal cytoplasm at this stage. Tissue-specific promoters should be used to drive the 

FUCCI cassettes to study cell cycle progression in certain cells, in which the his-72 

promoter’s zygotic activities are absent or not high enough to drive sufficient 

expression, including but not limited to germline progenitors, “Z2” / “Z3” cells, and 

part of the descendants from “D” and “E” lineages. In addition, CYB-1D reporter did 

not include the degron that was specifically targeted by CRL2ZYG-11 for CYB-1 

degradation in M phase (Balachandran et al., 2016), leading to its improper perdurance 

through M phase to the early stage of next cycle (Fig. 11A). Although extending the 

CYB-1 degron was attempted, lacking embryonic accumulation suggested that the 

wild-type degradation of CYB-1 would be too effective and made it not suitable to be a 

S/G2 phase reporter, as CYB-1 was nearly undetectable after fertilization (Wang et al., 

2013). Despite these caveats, Worm-FUCCIs faithfully indicate cell cycle progression 

in hundreds of cells especially those in late embryo. 

 

Earlier use of cyclin E rather than cyclin D for G1 progression cannot be explained 

simply by their differential expression timing. Although the CYE-1 is constantly 

detected throughout embryogenesis up to comma stage (Brodigan et al., 2003), the 

CYD-1 starts expression approximately from 300-cell stage (Park and Krause, 1999), 

which is much earlier than the stage at which G1 phase detected by Worm-FUCCIs. 

Intriguingly, the G1 phase was not detected in most of the cells before the 350-cell stage, 

suggesting that these cell cycles either do not have a G1 phase (Edgar and McGhee, 

1988), or the durations of the G1 phase in these cells are too short to be detected by our 

reporters. It is also possible that depletion of G1 cyclins may not lead to G1 arrest as is 

the case in embryonic stem cells (Liu et al., 2017). One of the most obvious differences 

between C. elegans and mouse embryos is that the mouse embryos develop with a short 

but detectable G1 phase starting from one-cell stage (Artus and Cohen-Tannoudji, 
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2008), while the G1 phase in C. elegans is not detectable until very late stage of 

development. Despite the differential timing of zygotic genome activations and 

different cell cycle lengths between the two models, cell cycle regulation during 

embryogenesis is expected to be conserved in general. A recent study on mouse 

embryonic stem cells (mESCs) provided a possible linkage between them (Liu et al., 

2017). The study generated a mESC cell line in which all 5 G1 cyclins were deleted 

(cyclin D1, D2, D2 and cyclin E1, E2, named as “Q-KO” (quintuple knockout) mESC). 

Strikingly, the Q-KO mESCs did not arrest at G1 but having an extended G1 phase 

from 3 hours to 6 hours, which is suspected to be partially rescued by the cyclin A. To 

confirm this effect is mESC specific, the authors also generated a Q-KO mouse 

embryonic fibroblasts (MEFs) cell line, which is a differentiated embryonic cell type. 

As expected, those Q-KO MEFs arrested at G1 without the G1 cyclins. The major 

difference between mESCs and MEFs is the expression level of the G1 cyclins (Arand 

and Sage, 2017). Both cyclin D and cyclin E are constitutively expressed in mESCs, 

while they oscillate in MEFs. It is highly possible that the short G1 phase of mESCs is 

due to the constitutively expressed cyclin D and E, which minimize the duration of G1. 

This constitutive expression of G1 cyclin is also found in C. elegans embryo as is the 

case of CYE-1. Interestingly, CYD-1 is dispensable in early embryogenesis, as its 

expression is not found until around the 300-cell stage (Park and Krause, 1999). CYE-1 

is expressed both maternally and zygotically, which is similar to mESCs (Brodigan et 

al., 2003). RNAi against cye-1, which is expected to perturb both maternal and zygotic 

expression of cye-1, did not stop the cell cycle progression of early embryonic cells at 

least until about 100-cell stage (Brodigan et al., 2003; Fay and Han, 2000). Most of the 

cye-1 RNAi embryos in my study developed up to around the 500-cell stage coupled 

with slow development, which may be due to the incomplete knockdown of the gene. 

Although further evidence is needed, the early embryonic cells of C. elegans may 
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behave similarly with mESCs, with CYE-1 being constitutively expressed as a 

dominant cyclin that allows the cells to progress through a brief G1 in wild-type. 

Knockdown of cye-1 will not stop the progression of the cells, but only elongates the 

G1 as it may be rescued by other cyclins, such as cyclin A, as postulated previously 

(Stead et al., 2002). On the contrary, a brief G1 phase was introduced in the first zygote 

division of mouse embryo (Artus and Cohen-Tannoudji, 2008), suggesting a 

differential mechanism regulating G1 phase introduction between oviparous and 

viviparous embryos (Kermi et al., 2017). 

 

Lineage-specific use of cyclin E in G1 progression in “P2” descendants implies that 

some regulators specific for cyclin E or D expression might be established during early 

embryogenesis. Developmental stage- and lineage-specific use of the two cyclins 

suggests a coupling between cell fate differentiation and G1 phase progression over 

development. Given the apparent differentiation of cell fate during the asymmetric 

divisions in which the cyclin D is involved (Fig. 20), it is plausible that some fate 

regulators are involved in establishing the G1 phase in addition to its roles in fate 

differentiation. Future work should focus on the identification of such regulators, which 

will not only provide insight into the coordination between fate differentiation and gap 

phase introduction, but also sheds light on the dysregulation of cell cycle that could 

initiate cancerous proliferation in vivo in the first place. 

 

At the end, the implication of brief G1 introduction and how ADS is introduced remain 

uncertain, as limited by the sensitivity of the FUCCI reporters, the duration of gap 

phase versus S phase cannot be determined precisely. Future work should focus on 

combining Worm-FUCCI with the physical data of the embryonic cells, such as cell 

cycle length and cell size, to further characterize the MZT event. Integration of 
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Worm-FUCCIs with the recently developed technique of systematic quantification of 

morphological changes in cells (Cao et al., 2020) will enable mechanistic study of the 

roles of cellular behaviors in cell cycle regulation and fate differentiation. 
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Chapter 6 Summary and conclusion 

In this thesis, a worm version of FUCCI is established in the C. elegans model, named 

as Worm-FUCCI. Combining with the invariant development of the C. elegans 

embryos and the automated cell lineaging analysis technology, a most comprehensive 

global picture of gap phase introduction throughout metazoan embryogenesis had been 

generated. Despite the caveats on the sensitivity and the expression bias issue, the 

Worm-FUCCI is biochemically and functionally validated, which can faithfully 

represent the cell cycle state of cells from a living animal. More importantly, the 

systematic analysis allows the discovery of more than hundreds of embryonic cells that 

introduced gap phase. Surprisingly, the gap phase introduction in the C. elegans 

embryo tends to be a globe event that closely related to the programmed division 

rounds rather than cell-specific (Figs. 19C and 22). Lineage-specific use of cyclin D 

and cyclin E between “AB” and “P1” sublineages indicates how C. elegans controls the 

asymmetric divisions in late embryogenesis (Figs. 19C and 20). In general, the 

programmed gap phase introduction in the C. elegans embryos can be summarized in 

terms of embryonic stages (Fig. 23). Together, these findings should lay a solid 

foundation for further characterization of the relationship between differentiation and 

proliferation in metazoan embryogenesis. 
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Fig. 23 A schematic diagram to summarize the gap phase introduction in the C. elegans 

embryos. A brief G1 (denoted as “G1?”) phase may be present in early embryonic cells, 

which is effectively bypassed by the constitutive expression of cyclin E. After the 

initiation of robust transcription, a brief G2 phase is introduced, probably in all the 

somatic cells. After about 200-cell stage of embryonic development, most of the cells 

are differentiated to obtain a MEF-like cell cycle progression, probably through the 

oscillation of cyclins. 
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Appendices 

 

Appx. 1 Lineal accumulation dynamics of mCherry::CDT-1_PIP-box (CDT-1D) from 

four-cell to comma stage of a C. elegans embryo. Cell deaths are indicated with a “×”. 
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Appx. 2 Lineal accumulation dynamics of mCherry::CYB-1_D-box (CYB-1D) from 

four-cell to comma stage of a C. elegans embryo. Cell deaths are indicated with a “×”. 
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Appx. 3 A movie showing the accumulation and diffusion of Worm-FUCCIs (CDT-1D , 

labeled as red and CYB-1DG , labeled as green) in an early embryo during M phase. 
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Appx. 4 A movie showing the accumulation of Worm-FUCCIs (CDT-1D, CYB-1DG) in 

a rotating embryo. 
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Appx. 5 A movie showing the accumulation dynamics of the Worm-FUCCIs (CDT-1D, 

CYB-1DG) from comma stage to two-fold stage in an embryo perturbed by RNAi 

against pat-3. 

 

URL for the original files of Appx. 1-5: 

(Google drive URL: 

https://drive.google.com/drive/folders/1IpdIx0dT50jcPnUm2jAJdqhpd0rQotNK?usp=

sharing) 

(Shortened URL: https://bit.ly/3h6Zgqu) 

  

https://drive.google.com/drive/folders/1IpdIx0dT50jcPnUm2jAJdqhpd0rQotNK?usp=sharing
https://drive.google.com/drive/folders/1IpdIx0dT50jcPnUm2jAJdqhpd0rQotNK?usp=sharing
https://bit.ly/3h6Zgqu
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