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Abstract 

 

In most sexually reproducing animals, sperm entry provides the signal to initiate 

the final stages of female meiosis. The molecular mechanism of this process is still 

unclear. In C. elegans, three maternally-expressed paralogs, memi-1, 2 and 3 (meiosis-

to-mitosis) are required for sensing sperm entry.  Loss of all three paralogs results in a 

skipped meiosis II (MII) phenotype. In contrast, a hypermorphic mutation, memi-

1(sb41ts), results in embryonic lethality, whereby fertilized cells enter MII but are 

unable to exit MII properly. A previous genome-wide RNAi screen for suppressors of 

memi-1(sb41) lethality revealed two genes that encode sperm-specific PP1 

phosphatases, gsp-3 and gsp-4.  Further EMS-based suppressor screening recovered 

alleles of gsp-4 and additional genes in this pathway. One of the genes, gskl-1, 

encodes a putative GSK-3 protein kinase. Work presented in this thesis reveals that 

gskl-1 is functionally redundant with another GSK-3-encoding gene, gskl-2, and that 

double mutants exhibit a range of defects, including paternal-effect embryonic lethality, 

abnormal sister chromatid segregation during male meiosis, and defective spermatid 

budding. Furthermore, sperm produced from double-mutant males exhibited defects in 

motility and pseudopod treadmilling. Indirect immunofluorescence experiments 

showed that GSKL-1 and GSKL-2 locate to the pseudopod region of activated sperm, 

indicating that they could play a role in regulating the dynamics of the cytoskeletal 

polymer, major sperm protein (MSP), possibly by phosphorylating MSP at the tip of the 

pseudopod. gskl-1 gskl-2 double-mutant hermaphrodites also exhibited embryonic 

lethality with incomplete penetrance. Defective embryos exhibited normal MI, but MII 
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spindle assembly was delayed, and the second polar body failed to extrude. In addition 

to the double mutant phenotypes, a gskl-1 gskl-2 gsp-4 triple mutant exhibited an 

increase in embryonic lethality, and some embryos displayed a skipped female MII 

phenotype, which is similar to memi-1/2/3(RNAi). Together, this work affirms that GSK-

3 kinases and PP1 phosphatases perform some similar functions with respect to sperm 

motility and meiosis, and that these enzymes work together for post-fertilization 

functions involving MEMI.  
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The results presented in Chapter 4 and the Appendix of this thesis are original work 
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1. Introduction 

 

1.1 A brief history of our conception of sexual reproduction  

 

One of the most fundamental questions regarding life itself is how organisms 

reproduce. The great Greek physician Hippocrates (460 – 370 BCE) believed that 

semen of men and factor of women mixed inside the uterus to form the embryo. Later, 

the great Greek philosopher Aristotle (384 – 322 BCE) gave more credit to men for 

forming an embryo. This male-centric view was dominant until William Harvey, in the 

seventeenth century, proposed his “ex ovo omnia” theory, or “everything from the egg” 

(Harvey and animals. 1981). Jan van Horne, Jan Swammerdam, Neils Stensen, 

Regner de Graaf and Francesco Redi were other notable scientists during this time 

who were also in favour of this female-centric view (Lopata 2009). This female-centric 

view of fertilization changed again when Antonii van Leeuwenhoek discovered 

spermatozoa (Leeuwenhoek 1677). In many animals, fertilization of the female gamete 

occurs within the organism, therefore, mammalian eggs were not implicated in 

procreation until theses cells were first viewed under the microscope in the early 

nineteenth century, by Karl Ernst von Baer (Baer 1827). Other notable scientists during 

that time, namely, Matthias Jakob Schleiden and Theodor Schwann hypothesized that 

the sperm and egg are both cells (Schleiden 1838; Schwann 1839). The discovery of 

sperm and egg fostered the logical proposal that both sperm and egg could contribute 

to form an embryo. Finally in 1876, Oscar Hertwig made his ground-breaking discovery 

that the nuclei of sperm and egg fuse during fertilization of sea urchins (Hertwig 1876). 
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This was the first experimental evidence to prove that both sperm and egg are essential 

components of fertilization, providing the genetic basis of new life.  

 

1.2 The fusion of the products of meiosis give rise to the zygote  

 

In sexual reproduction, the male provides the haploid sperm (n), and the female 

provides the haploid oocyte (n). These two highly specialized gametes unite upon 

fertilization to form the diploid zygote (2n). Fertilization is a multi-step process and, in 

mammals, it can be divided into three major steps: sperm activation in the female 

reproductive tract, sperm-egg association, and egg activation.  

 

1.2.1 Sperm activation  

 

In humans, millions of sperm are ejaculated into the female reproductive tract 

during sexual intercourse. Inside the female reproductive tract, sperm undergo a 

maturation process to become competent to fertilize the egg. This final sperm 

maturation process in the female reproductive tract is known as capacitation. 

Capacitation is accompanied by many changes in the spermatozoa. These changes 

include the loss of cholesterol from the sperm plasma membrane, increased tyrosine 

phosphorylation within the sheath cells of the sperm tail, increased intracellular cyclic 

adenosine monophosphate (cAMP) and reactive oxygen species (ROS), and changes 

in the expression of different receptor proteins on the sperm plasma membrane (Aitken 

and Nixon 2013). Also, flagellar movement of sperm dramatically changes from a low 

amplitude symmetric beat to a short asymmetric beat. This transformation of the sperm 
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motility is known as hyperactivation that makes the sperm competent for fertilization 

(Trebichalská and Holubcová 2020). The underlying molecular mechanism of 

capacitation is not clearly understood; however, the role of the cation channel of sperm 

(CatSper) in Ca2+ signalling during hyperactivation of sperm is well established.  

CatSper is a sperm-specific, pH-sensitive and low voltage-dependent cation channel 

that is composed of four pore-forming subunits and five accessory subunits (Sun et al. 

2017). In humans, the female hormone progesterone was shown to induce the 

hyperactivation of human sperm. Progesterone binds with the α/β hydroxylase domain 

containing protein 2 (ABHD2) on the sperm and then ABHD2 degrades 2-

arachidonoylglycerol (2AG) on the sperm membrane (Miller et al. 2016). The 

degradation of AG2 leads to CatSper opening and the subsequent hyperactivation of 

sperm. This progesterone-mediated CatSper activation is not conserved among 

species, however, as experiments showed that progesterone is unable to hyperactivate 

mouse sperm (Lishko et al. 2011).  

 

1.2.2 Sperm-oocyte interactions  

 

Scientists have been trying to decipher the molecular mechanism of sperm-to-

oocyte interactions over the last four decades (Alexandre 2001; Clift and Schuh 2013). 

Early studies have shown that the extracellular coat that surrounds the mammalian 

egg, the zona pellucida (ZP) contains a few glycoproteins, namely ZP1 to ZP3 in mice 

and ZP1 to ZP4 in humans, which are required for mammalian sperm-egg binding 

(Wassarman and Litscher 2008). ZP3 was initially proposed to be the primary receptor 

for sperm binding. However, it was later found that ZP3 alone is insufficient for sperm 
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binding (Rankin et al. 1998). Alternatively, it was predicted that all zona pellucida 

proteins were required to form the binding site of the sperm and cleavage of ZP2 after 

fertilization was also predicted to disrupt that proposed sperm binding site (Bleil et al. 

1981; Dean 2004). This model was further solidified by the discovery of Ovastacin, a 

component of cortical granules that cleaves ZP2 after fertilization (Burkart et al. 2012). 

This study has shown that the sperm cannot bind to the 2-cell embryo isolated from 

wild type mice but can bind to the 2-cell embryo isolated from mice expressing non-

cleavable ZP2. A decade ago, it was revealed that the majority of the zona pellucida 

glycoproteins ended with an attached Sialyl-LewisX tetrasaccharide (Wassarman and 

Litscher 2008). It was shown that an anti-Sialyl-LewisX antibody reduces the sperm-

egg binding affinity in vitro. Although the sperm-egg interaction is not clearly 

understood, all studies to date suggest that the three-dimensional structure of the zona 

pellucida is important for initiating this process (Clark 2013).  

 

1.2.3 Egg activation  

 

In humans, the oocyte undergoes periodic changes in cytosolic Ca2+ concentration, 

commonly known as calcium oscillations, after the sperm fuses with the oocyte. The 

calcium oscillations lead to an egg activation process that is characterised by the 

release of the oocyte from the secondary arrest at metaphase II, selective degradation 

of maternal mRNAs, pronuclear development, and initiation of embryonic gene 

expression (Stricker 1999). This egg activation initiates the transition from the meiotic 

cell division program to the mitotic embryo. The polyspermy block is another important 

event that also occurs simultaneously during the fertilization. Attachment of the first 
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sperm to the oocyte membrane causes a rapid change in the membrane potential from 

negative to positive charge (Jaffe 1976). This huge change in the membrane potential 

prevents other sperm from attaching to the oocyte membrane. This process is known 

as the fast block to polyspermy. An alternative mechanism to the fast block to 

polyspermy proposes that after the first sperm binding, the remaining receptors in the 

oocyte are discharged from the egg membrane to the extracellular vesicles (Chalbi et 

al. 2014). Thus, no additional sperm can bind to the egg membrane once a single 

sperm enters the oocyte. Other than these events (Ca2+ wave and polyspermy block) 

it is not clear how the cell division program is specified in these cells.  

In all sexually reproducing organisms, the oocyte is primarily arrested at the late 

prophase I and in mammals it takes several months to years to release from this arrest. 

In addition, it is also difficult to study this oocyte maturation process in a living organism. 

So, the molecular mechanism of the transition from unfertilized oocyte to developing 

zygote is largely unknown.  

 

1.3 C. elegans – an excellent model to study fertilization in vivo  

 

The challenges associated with studying complex cell and developmental 

processes in vivo became less daunting when Sydney Brenner introduced optically 

transparent C. elegans as a genetic model organism to the world in 1974 (Brenner 

1974) (Figure1.1). With respect to fertilization, C. elegans oocytes lack a zona pellucida 

and the sperm lack an acrosome, however, this system shares many features with 

mammalian counterparts, such as internal fertilization, sperm activation within the 
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reproductive tract, oocyte meiotic maturation, oocyte activation by sperm, mechanisms 

to prevent polyspermy, and degradation of selected maternal mRNAs (Marcello et al. 

2013). Also, fertilization in C. elegans occurs within about one hour, and the gonad 

produces a fertilized embryo approximately every half hour, so the entire fertilization 

process can be viewed in utero through live-cell imaging. In addition, the worms are 

amenable to genetic manipulation and they have a relatively fast life cycle of 3 days. 

Furthermore, genome-wide loss-of-function approaches like RNAi-mediated 

interference and gene editing via CRISPR-Cas9 techniques allow the systematic 

examination of complex biological processes. 

C. elegans has two sexual forms: male and hermaphrodite, which progress through 

four larval stages (L1 – L4) to become an adult. Worms can be maintained at 12ºC to 

25ºC, whereby higher temperatures increase the developmental rate (Corsi et al. 

2015). At 20ºC, it takes approximately 72 hours for an adult worm to develop from the 

egg. Hermaphrodite and males have five pairs of autosomes, and sex in this model 

organism is determined by the X:A ratio; hermaphrodites have a pair of X 

chromosomes (XX) while males have only one X chromosome (X0) (Madl and Herman 

1979; Zarkower 2006). Both males and hermaphrodites perform spermatogenesis 

during the L4 larval stage. After L4, hermaphrodite germ cells stop spermatogenesis 

and switch to oogenesis for the rest of their life, while males continue spermatogenesis. 

Hermaphrodites produce self-progeny using their own sperm; the vast majority of self-

progeny are XX hermaphrodites, however a small fraction of males are also produced 

(0.1-0.2%) because of nondisjunction of the X chromosome (Hodgkin et al. 1979). If 

hermaphrodites mate with a male, the male sperm is preferentially used because the 
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larger male sperm gain an advantage by outcompeting smaller hermaphrodite sperm 

(LaMunyon and Ward 1998; Anderson et al. 2010). As a result of this highly efficient 

out-crossing system, successful matings are evident by the presence of 50% males in 

the progeny.   

 

 

Figure 1.1: Schematic diagram of a hermaphrodite C. elegans. Unfertilized oocytes 

get fertilized during progression through the spermatheca and the fertilized eggs are 

stored in the uterus. Eggs are laid on plates through the vulva.  

 

Males can be distinguished from the hermaphrodites by their flat fan-shaped tails. 

This distinct morphology is dependent on the activity of the transcription factor TRA-1, 

inactivation of which leads to male development (Hunter and Wood 1990). 

Hermaphrodites have two U-shaped gonads, consisting of germline nuclei that develop 

in the distal portion of the gonad and migrate towards the proximal region. During the 

L4 stage, nuclei in the proximal region mature into sperm and in the adult stage they 

develop into oocytes. The distal tip cell (DTC) plays an important role in controlling the 

production and maturation of germ cells (Kimble and White 1981; Cecchetelli and Cram 

2017). The nuclei enter into the meiotic prophase stage upon reaching the transition 

zone and arrest briefly at the pachytene stage before proceeding to diplotene (Figure 

1.2). During spermatogenesis, they exit from pachytene without any delay, but during 
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oogenesis they arrest for a second time in diakinesis. Activation of mitogen-activated 

protein kinase (MAPK) in both oocyte and sperm are important for the cells to exit from 

the pachytene arrest (Church et al. 1995). Sperms are stored inside a specialized sac 

in the proximal part of the gonad arm, known as the spermatheca. The mature oocytes 

travel through the spermatheca to get fertilized by the sperm and enter into the uterus. 

Young embryos complete the early stages of development within the uterus before they 

exit through the vulva.  

 

 

Figure 1.2: A schematic diagram of a single-arm of wild type male gonad. This 

diagram represents changes in nuclear morphology during spermatid formation 

(Adapted from Spermatogenesis review by Chu and Shakes 2003).  

 

Although C. elegans provides an excellent in vivo platform to study the entire 

fertilization process, it also presents some challenges for researchers. One of the major 

issues that makes it difficult to assess gene function in this system is that many genes 

exhibit functional redundancy. For example, a sperm specific protein, major sperm 

protein (MSP), is encoded by more than forty genes (Burke and Ward 1983; Klass et 
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al. 1984; Ward et al. 1988). That makes it difficult to genetically alter MSP to study its 

functions. Another potential drawback is that many metazoan genes are absent in C. 

elegans (Ruvkun and Hobert 1998). For example, Hedgehog signalling is required in 

vertebrates for the patterning of various organs but many genes in the Hedgehog 

signalling pathway are absent in C. elegans (Bürglin and Kuwabara 2006).  Despite the 

lack of sequence conservation, however, there are many instances of functional 

conservation between distantly-related or seemingly unrelated proteins in C. elegans 

and other metazoans. For example, tpxl-1 in C. elegans shares only limited homology 

with its vertebrate ortholog tpx2 only in the N terminal region and it has been contested 

whether this protein is a bona fide TPX2 ortholog (Karsenti 2005).  However, functional 

analyses indicated that this protein does perform functions in C. elegans that are similar 

to the vertebrate TPX2 counterpart, despite having only traces of similarity at the 

primary sequence level (Ozlü et al. 2005).   

 

1.4 Spermatogenesis in C. elegans  

 

 

1.4.1 Overview  

 

Spermatogenesis may be defined as the process of making sperm from 

undifferentiated germ cells. In C. elegans, syncytial germ cells progress through the 

early stages of meiosis within the rachis, a central core of cytoplasm that bathes the 

germ-cell nuclei. As meiosis progresses, individual nuclei compartmentalize to form the 

primary spermatocyte cells. Primary spermatocytes become separated from the rachis 

to undergo two rounds of meiosis cell divisions. During meiosis I, homologous 
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chromosomes separate from each other and in meiosis II, sister chromatids separate 

from each other to form four haploid spermatids that bud off, leaving behind a central 

residual body. Cytoplasmic contents such as tubulin, actin, and ribosomes, all of which 

are not necessary for further physiological activities of sperm, are deposited into the 

residual body (Ward 1986; Machaca et al. 1996).  

In all organisms, sperm cells undergo morphological changes during sperm 

activation, a process usually called spermiogenesis. In mammals, this morphological 

change is accompanied by sperm-specific transcription and translation (Freitas et al. 

2016). In C. elegans, there is no detectable protein synthesis in mature spermatids 

because of the absence of ribosomes (Ward et al. 1983). Spermatids seem to possess 

all of the proteins required for motility and fertilization, and they employ a number of 

mechanisms to regulate the activity of these proteins. For example, the major sperm 

protein, MSP is the primary cytoskeletal subunit that is required for sperm motility. This 

protein can form dynamic polymers, but it is subjected to extensive regulation 

throughout spermatogenesis to control where and when this occurs. Fibrous bodies 

(FBs) and Membranous organelles (MOs) are two key components that help to properly 

assemble MSP in the spermatid and allow the spermatid to undergo morphological 

changes during sperm activation (Ward et al. 1981; Roberts et al. 1986). MOs form 

from the Golgi apparatus and FBs develop on the surface of MOs. This FB-MO complex 

can be visible during the late pachytene stage. On the other hand, MSP synthesis starts 

during mid pachytene stage and, towards the end of meiotic prophase it is sequestered 

inside the FBs. Assembly of MSP into FBs facilitates both FB growth and MSP 

sequestration. FB-MO complexes grow in size throughout the meiotic divisions, and 
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they are segregated into the budding spermatids during anaphase II. It was previously 

reported that when spermatids separate from the residual body, the membrane 

surrounding the FB retracts into the MO, and MSP contents depolymerize to disperse 

throughout the cytoplasm of the spermatid (Roberts et al. 1986; L'Hernault 2006). 

However, later observations revealed that some FBs are released from the MOs but 

they are not fully disassembled (Wu et al. 2012). This observation suggested that the 

disassembly of MSP from FBs and their distribution throughout the cytoplasm does not 

occur instantly when spermatids bud off from the residual body; rather, it is a gradual 

process that occurs during the sperm activation when MSP is polarized to form the 

pseudopod. Proper formation of the pseudopod is necessary for sperm motility. As C. 

elegans sperm has no actin like mammalian sperm, the sperm motility is entirely 

dependent on the dynamics of MSP in the pseudopod region.  

 

1.4.2 Regulation of MSP distribution in the FB-MO complex  

 

Previous work has identified many genes in C. elegans that are required for 

spermatogenesis, collectively referred to as the spe genes (Figure 1.3). Analysis of the 

phenotypes of some spe mutants suggested that regulation of MSP is key to many 

developmental events during the production of sperm (Nishimura and L'Hernault 2010).  

For example, proper assembly of MSP into FBs during meiosis prevents MSP from 

interfering with chromosome segregation (Price et al. 2021) and this sequestration of 

MSP is also necessary for the motility of the future spermatozoan after budding. The 

spe-39 gene encodes a hydrophilic, protein and has orthologs in many metazoans. In 

spe-39 mutants, instead of proper MOs, many small MO-like vesicles form but the FBs 
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appear to be uncovered and free from the membrane envelope. In this case, the spe-

39 mutant spermatids do not separate from the residual body during budding (Zhu and 

L'Hernault 2003). 

Premature disassociation of the FB-MO complexes in spe-4 and spe-10 mutants 

also result in similar defects. The spe-4 gene encodes a sperm-specific 

intramembranous aspartyl protease, that is similar to members of the presenilin protein 

family (L'Hernault and Arduengo 1992). Presenilin is predicted to be involved in 

processing different membrane proteins, for example, Alzheimer’s precursor protein in 

the human brain (Xia and Wolfe 2003). In spe-4 mutants, spermatocytes complete 

chromosome segregation but are unable to initiate the budding process, presumably 

due to the misregulation of the cleavage of specific integral membrane proteins 

(Arduengo et al. 1998). The spe-10 gene encodes a 4-pass transmembrane protein 

with a DHCC-CRD zinc-finger motif that is predicted to be palmitoyl transferase which 

localizes within FB-MO (Gleason et al. 2006). In spe-10 mutants, FB-MO 

morphogenesis begins normally but during spermatid budding, FBs are left in the 

residual body that leads to the development of MSP-deficient immotile spermatids 

(Shakes and Ward 1989a; Gleason et al. 2006).  

A casein I type serine threonine kinase, SPE-6 is also predicted to be required for 

proper formation of FBs. In spe-6 null mutants, MSP fails to assemble into FBs and 

remains in the cytosol. As a consequence, the FB-MO complex never forms and 

spermatocytes arrest without completing meiotic divisions or undergoing cytokinesis 

(Varkey et al. 1993). This observation indicated that a regulatory phosphorylation may 

control the proper assembly of MSP into FBs but substrates of the SPE-6 kinase remain 
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unknown. Recently, an intrinsically disordered protein, SPE-18 was found to play an 

important role with SPE-6 to properly assemble MSP into FBs (Price et al. 2021). SPE-

18 is expressed during the late pachytene stage and it localizes to pre-FBs that are 

closely associated with MOs. As the cell division cycle progresses, SPE-18 forms a 

distinct barbell or multi-point pattern with the growth of FBs. MSP is also expressed 

during the late pachytene stage and its levels increase with the subsequent meiotic 

divisions. Interestingly, in spe-6 mutants, SPE-18 localizes to the pre-FB structure 

initially but these are unable to form the distinct barbell or multi-pointed pattern. As a 

result, MSP can not form the polymer, but instead remains scattered in the cytosol. 

This finding established that spe-18 alone is sufficient to form pre-FB structures; 

however, spe-6 is eventually required for proper assembly of MSP into FBs (Price et 

al. 2021).   
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Figure 1.3: Schematic representation of the functions of different spe genes in 

spermatogenesis and in fertilization. The approximate time when a spe gene is first 

detected are mentioned here in this figure. (Adapted from spe mutants review by Nishimura 

and L’Hernault 2010). 

 

 

1.4.3 Post-meiotic sperm activation  

 

Like other sexually reproducing animals, C. elegans sperm also progress through 

a series of post-meiotic events to activate their sperm. Hermaphrodite spermatids 

become active soon after they are formed, when they are pushed into the spermatheca 

during the first ovulation. Male sperm become active upon ejaculation, when they mix 

with the seminal fluid. Regardless of the type of sperm involved, two visible changes 
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occur during sperm activation (Figure 1.4) (Marcello et al. 2013). Firstly, MOs fuse with 

the plasma membrane to release their glycoproteins and transmembrane proteins. 

Secondly, MSP, along with the structural components originally sequestered inside the 

FBs, become asymmetrically distributed to one side of the cell body to form the 

pseudopod. Changes in the localization of some sperm proteins are also observed 

during this activation process. For example, the sperm membrane protein, SPE-9, is 

relocalized exclusively to the pseudopod region from the plasma membrane. In 

addition, two proteins, SPE-38 and SPE-41/TRP-3, are originally in the MOs within the 

spermatids.  After sperm activation, SPE-38 relocalizes to the pseudopod, while SPE-

41/TRP-3 distributes to both pseudopod and cell body.  

Sperm activation in C. elegans does not start automatically at the end of the meiotic 

divisions. In vitro studies revealed that activation can be achieved by treating 

inactivated spermatids with a wide range of compounds; though, the molecular targets 

of those compounds are still unknown (Ellis and Stanfield 2014). For example, a 

protease mixture called Pronase, the weak base triethanolamine (TEA), calmodulin 

inhibitors, the ionophore monensin, the stilbene chloride channel inhibitor DIDS, 

wortmannin, as well as zinc (Nelson and Ward 1980; Ward et al. 1983; Shakes and 

Ward 1989a; Machaca et al. 1996; Bae et al. 2009; Liu et al. 2013). The media used 

for in vitro sperm activation studies usually contain a mixture of buffered salts that 

generally includes Na+ and K+ (Ward et al. 1983). An independent study of the sodium- 

and potassium-transporting ionophore, monensin, revealed that sperm activation is 

dependent on extracellular Na+ and K+ ions, but not on the concentration of 

extracellular Ca2+ (Nelson and Ward 1980). Increases in intracellular pH during 



16 

 

treatment with monensin or TEA was also observed; however, Pronase treatment did 

not increase the intracellular pH level (Stanfield and Villeneuve 2006). This result 

indicated that the intracellular rise in pH during sperm activation is not absolutely 

required.   

 

 

 

Figure 1.4: Schematic diagram of sperm activation in C. elegans. In the 

inactivated spermatid (above): SPE-9 is located on the plasma membrane 

and SPE-38, SPE-41/TRP-3 are located on the MOs. In activated sperm, 

SPE-9, SPE-38 and SPE-41 are localized to the pseudopod tip. SPE-41 is 

also found in the plasma membrane. (Adapted from fertilization review by 

Marcello, Singaravelu and Singson 2013). 
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1.4.4 Sex-specific sperm activation  

 

Included amongst the spe genes identified in genetic screens for spermatogenesis 

defects were five genes in the spe-8 pathway (spe-8, spe-12, spe-19, spe-27 and spe-

29) that cause hermaphrodite-specific sperm activation defects (Shakes and Ward 

1989a; Minniti et al. 1996; Nance et al. 1999; Nance et al. 2000; Geldziler et al. 2005). 

In these mutants, hermaphrodites are self-sterile because their sperm are unable to 

become active. However, the hermaphrodite sperm can be activated in vivo after 

mating with either wild-type or mutant males from the spe-8 class. Males from these 

mutants are fertile and their sperm can activate normally. The spe-8 class of genes 

encode various proteins, as follows: spe8 encodes an SH2 domain-containing non-

receptor tyrosine kinase, spe-27 encodes a hydrophilic protein, spe-12 and spe-29 

encode transmembrane proteins. These studies suggested that both male and 

hermaphrodite sperm possess components that respond to a sex-specific activation 

signal.  

Through another genetic screen, swm-1 was identified as a mutation that affects 

the fertility of only male sperm (Stanfield and Villeneuve 2006). In this case, males are 

incapable of transferring sperm efficiently during mating as their sperm are activated 

precociously within the seminal vesicle. swm-1 encodes an extracellular protease 

inhibitor that is present in both males and hermaphrodites. Later, a male-specific 

seminal fluid protease, TRY-5, was discovered as a target of SWM-1 (Smith and 

Stanfield 2011). try-5 is expressed in the valve and vas deferens of the male gonad 

and is transferred to hermaphrodites during ejaculation. It was also shown that try-5 
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mutant hermaphrodites are fertile but males devoid of both swm-1 and try-5 are 

infertile.  

Interestingly, spe-6 and spe-4 were both found to suppress the spe-8 class genes  

(Muhlrad and Ward 2002; Gosney et al. 2008). Sperm activation in hermaphrodites and 

males involves the inhibition of SPE-6, which allows SPE-4 to become active to cleave 

transmembrane proteins such as FER-1, a multi-pass trans-membrane protein. 

Proteolytic processing during sperm activation produces different forms of SPE-4 that 

are required for proper fusion of MOs. In mutant spe-4 spermatids, MOs are unable to 

fuse properly with the plasma membrane and, as a result, short pseudopods are formed 

(L'Hernault and Arduengo 1992). Also, spe-4 mutant sperm are infertile, as proteins 

that are required for sperm-oocyte interactions remain within the unfused MOs (e.g., 

SPE-38).  

 

1.4.5 Phosphorylation signalling during sperm activation in C. elegans  

 

The biochemical basis of C. elegans sperm activation is not clearly understood; 

however, this biochemical process is well studied in another nematode, Ascaris suum. 

Ascaris is a parasitic nematode and much larger than C. elegans (>300 X), thus 

facilitating biochemical purifications of tissues and proteins. One other major difference 

between these two model organisms is that Ascaris is dioecious. However, during 

spermiogenesis, Ascaris displays similar process like MO fusion with the plasma 

membrane and polarized localization of MSP during pseudopod formation (Ma et al. 

2012). In addition, larger sperm size and easier sperm isolation make it a suitable in 

vitro model for biochemical studies of amoeboid sperm motility. 
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The MSP-based sperm motility of Ascaris was reconstituted in vitro by adding ATP 

to a cell-free sperm extract. A columnar meshwork of MSP was observed at the leading 

edge of protrusions extending from sperm cell bodies, which indicated the importance 

of MSP polymerization in forward extension of the pseudopod (Italiano et al. 1996). 

Later, by adding Yersinia enterocolitica tyrosine phosphatase to cell-free sperm 

extracts, retraction of MSP polymer at the basal side of the sperm pseudopod was 

reconstituted in vitro (Miao et al. 2003). Together these data suggest that 

phosphorylation at the leading edge and dephosphorylation at the base of the 

pseudopod are required for the MSP dynamics. 

Several biochemical studies have identified different key components that regulate 

the MSP dynamics in active sperm. To initiate MSP assembly, a 48-kDa MSP 

polymerization organizing protein (MPOP) is required. MPOP is predicted to be 

phosphorylated by a tyrosine kinase. At the leading edge, phosphorylated MPOP 

recruits a serine/threonine kinase MPAK (MSP polymerization-activating kinase) that 

phosphorylates MFP-2 (LeClaire et al. 2003; Yi et al. 2007). MFP-2 has been shown to 

act oppositely to MFP-1; phosphorylated MFP-2 stabilizes the MSP polymer, while 

MFP-1 activity leads to MSP destabilization (Buttery et al. 2003). An unknown kinase 

is implicated in phosphorylating MFP-3 at the base of the pseudopod to stabilize MSP 

filament and PP2a phosphatase involved in dephosphorylating phospho-MFP-3 to 

disassemble MSP fibres (Yi et al. 2009).  

The biochemical studies using C. elegans MSP revealed that the formation of fiber-

like structures was induced when the cell-free sperm extracts were incubated with the 

Yersinia tyrosine phosphatase YOP, followed by addition of ATP (Fraire-Zamora et al. 
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2011). This study also predicted two phosphorylation sites on MSP that could be 

involved in assembly and disassembly of the polymer. One of them was identified as a 

Protein Kinase C phosphorylation site (SaR) in amino acids 38-40; and the other one 

was a Casein Kinase II phosphorylation site (TnnD) in amino acids 85-88. As 

mentioned previously, casein-kinase I (SPE-6) is required for the proper assembly of 

MSP into the fibrous bodies. Thus, it is possible that SPE-6 could directly phosphorylate 

MSP for its assembly inside the FBs. Interestingly, GSP-3/4 was previously found to 

co-localize with MSP in the sperm, and was concentrated at the base of the pseudopod, 

thus, it could facilitate MSP disassembly (Wu et al. 2012).  However, no direct evidence 

is available until now whether MSP undergoes phosphorylation/dephosphorylation in 

the active sperm.  Recent discovery of C. elegans homologs of the Ascaris MFP1 and 

MFP2 and their co-localization with MSP in the pseudopod also raises the possibilities 

that those structural components of MSP can also be involved in 

phosphorylation/dephosphorylation during pseudopod treadmilling (Morrison et al. 

2021).  

 

1.5 Oocyte meiotic maturation in C. elegans  

 

 

1.5.1 Oocyte growth and development  

 

Like mammals, the RAS/ERK signalling pathway controls oogenesis in C. elegans 

(Verlhac et al. 1993; Church et al. 1995; Fan and Sun 2004; Lee et al. 2007; Fan et al. 

2009). Mutations in the components of the RAS/ERK pathway cause meiotic arrest in 

mid-pachytene. Activation of ERK for ~18 hours is essential to progress through the 
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pachytene stage (Lee et al. 2007; Lopez et al. 2013). Reduction in ERK signalling 

during mid pachytene stage resulted in “pachytene progression” phenotype in which 

extension of mid pachytene caused a decrease in oocyte numbers. Intriguingly, gain-

of-function mutations in ERK signalling resulted in an increase in low quality oocyte 

numbers. In both loss-function and gain-of-function backgrounds, the mutant animals 

are either sterile or produced progeny that died during early larval stages of 

development. Usually, the RAS/ERK pathway regulates cell numbers in developmental 

pathways, either by controlling proliferation or by apoptosis. It is recently shown that 

the RAS/ERK pathway does not regulate the oocyte numbers in C. elegans by 

proliferation or apoptosis; rather, RAS/ERK pathway regulates timely exit from the 

pachytene stage to regulate the oocyte numbers (Das et al.2020). ERK phosphorylates 

one of the chromosome axis components of Horma domain containing protein, HTP-1 

to coordinate formation and maintenance of  synaptonemal complex (SC) (Das et al. 

2020).  

As oocytes develop, several genes play a significant role in regulating the 

production and degradation of proteins. For example, a C. elegans homolog of the 

human Deleted Azoospermia gene, daz-1, encodes an RNA-binding protein that may 

regulate the translation of transcripts during female meiosis progression (Karashima et 

al. 2000). Two Skp1-related genes in C. elegans are predicted to interact with CUL-1 

or CUL-6 to regulate ubiquitin-mediated protein degradation during progression 

through pachytene (Nayak et al. 2002). The maxi-KH/STAR domain RNA binding 

protein, GLD-1, is predicted to prevent the translation of proteins needed for oocyte 

growth.  In this manner, the inhibitory effects of GLD-1 are highest during pachytene, 
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but decrease gradually in the growing oocyte to allow specific protein production (Jones 

et al. 1996; Jan et al. 1999; Lee and Schedl 2001). Oocytes that lack gld-1 exit from 

meiosis immediately after the pachytene stage and re-enter mitosis, to form a germline 

tumor (Francis et al. 1995).  

 

1.5.2 Oocyte meiotic maturation and MSP signalling  

 

The oocytes of almost all sexually reproducing organisms primarily arrest during 

meiotic prophase to permit oocyte growth, differentiation and stockpiling of maternal 

components (Von Stetina and Orr-Weaver 2011; Huelgas-Morales and Greenstein 

2018). Oocyte meiotic maturation may be defined as the transition between this 

prophase arrest and metaphase I. Exit from prophase is indicated by nuclear envelope 

breakdown, assembly of the meiotic spindle and rearrangement of the cortical 

cytoskeleton. This essential process prepares the oocyte for fertilization (Figure 1.5).  
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Figure 1.5: Schematic diagram showing oocyte meiotic maturation and the point 

of fertilization. Oocytes exit the primary arrest in response to a hormonal stimulus. Blue 

arrows indicate the point of fertilization in different animals. In C. elegans, there is no 

secondary arrest and oocyte meiotic maturation, and fertilization occurs simultaneously. 

In Drosophila, molluscs, Ascidians fertilization occurs after the oocyte completes 

metaphase I. In vertebrates, fertilization occurs after the oocyte reaches metaphase II. 

In Sea urchins, fertilization occurs after the oocyte completes meiosis II. (Adapted from 

oocyte maturation review by David Greenstein 2005).  

 

In many animals, meiotic maturation involves hormones such as luteinizing 

hormone (LH) in mammals or prostaglandins and ecdysone in Drosophila (Von Stetina 

and Orr-Weaver 2011). In a remarkable study, Miller et. al., (2001) showed that the 

cytoskeletal sperm protein, MSP, also induces oocyte meiotic maturation and gonadal 

sheath cell contraction. Gonadal sheath contraction is required to push the oocyte into 

the spermatheca for fertilization. In this study, the authors developed an in vivo assay 

in which MSP was injected into the uterus of fog (feminization of germline) mutant 

hermaphrodite worms that cannot make sperm. This resulted in a dramatic increase in 

oocyte maturation and sheath cell contraction. As a further test, anti-MSP antibody was 
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injected into the uterus of wild-type hermaphrodites, which resulted in a significant 

decrease in oocyte maturation. Further experiments revealed that MSP lacking a 

conserved 20 aa C-terminal domain can promote oocyte maturation but is unable to 

promote sheath cell contraction required for ovulation. 

Several studies reported that MSP-dependent oocyte maturation is mediated by 

protein kinase A (PKA) signalling in the gonadal sheath cells (Govindan et al. 2006; 

Harris et al. 2006; Cheng et al. 2008; Jud et al. 2008; Govindan et al. 2009; Nadarajan 

et al. 2009; Kim et al. 2012). Conserved components of heterotrimeric G-protein 

pathways, like GSA-1 (the simulator G-protein Gαs), ACY-4 (adenylate cyclase) and 

KIN-1 (the PKA catalytic subunit) are identified as key players in this process. MSP is 

released from the sperm by a vesicle budding mechanism. MSP binding with the sheath 

cells activates G GSA-1, which, in turn, activates adenylate cyclase to elevate the 

cAMP levels (Govindan et al. 2006; Govindan et al. 2009). Mosaic animals with gsa-1-

/- in the somatic gonad and gsa-1+/+ in the germline failed to produce mature oocytes, 

however, mosaic animals with gsa-1+/+ in somatic gonad and gsa-1-/- in germline were 

capable of initiating oocyte meiotic maturation (Govindan et al. 2009). Therefore, the 

MSP-mediated oocyte meiotic maturation is dependent on the expression of Gαs within 

the gonadal sheath cells.  

In addition to the stimulatory G-protein signalling, inhibitory G-protein signalling in 

the gonadal sheath cell is required to prevent meiotic maturation in the absence of 

sperm (Govindan et al. 2006; Govindan et al. 2009). For example, oocytes undergo 

meiotic maturation constitutively in females that are mutant in goa-1, the gene that 

encodes a Gαo/i subunit. This inhibitory signalling is also mediated by the gap junction, 
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Innexin, an invertebrate homolog of connexin. Mutations in the Innexin encoding inx-

14 and inx-22 genes suppress the oocyte maturation failure of gsa-1 mutants (Whitten 

and Miller 2007).  

Because of the involvement of heterotrimeric G-proteins in the maturation process, 

it is assumed that a G-protein-coupled receptor should also be involved in this process. 

There are more than 1000 GPCRs present in C. elegans (Fredriksson and Schiöth 

2005). To date, the only receptor implicated in oocyte maturation is the VAB Eph 

receptor, which is an MSP receptor that negatively regulates oocyte maturation. It was 

reported that gsa-1 and acy-4 regulate exclusion of VAB-1 Eph receptor trafficking 

through gap junction Innexin; during that transition recycling endosome VAB-1 Eph 

inhibits meiotic maturation (Cheng et al. 2008). Another study showed that VAB-1 

inhibits oocyte maturation by negatively regulating the DAF/PTEN pathway (Brisbin et 

al. 2009).  

 

1.5.3 Ovulation  

 

Oocyte entry into the spermatheca is controlled by two spermathecal valves 

(Figure 1.6). The proximal oocyte secrets LIN-3/EGF that is predicted to activate 

IP3/DAG in the sheath cells, this IP3 stimulation triggers calcium release from the IP3 

receptor cells (Clandinin et al. 1998). Then, the ovulated oocyte stays inside the 

spermatheca for 3-5 minutes to allow the sperm to fertilize the oocyte. A filamin protein 

FLN-1 senses the presence of the oocyte inside the spermatheca and, together with 

PLC-1/phospholipase C and gap junction proteins generate a directional wave of 

calcium that leads to the constriction of the spermatheca (Kovacevic and Cram 2013). 
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Opening of the spermathecal-uterine valve after constriction of the spermatheca allows 

the fertilized oocyte to move away from the spermatheca and enter the uterus. 

Recently, it was shown that the sole PIEZO-like mechanosensing protein in C. elegans, 

PEZO-1, regulates the spermathecal sheath cells and the distal valve opening during 

the ovulation process, possibly by replenishing cytosolic Ca2+ (Bai et al. 2020).   

 

 

 

Figure 1.6: Schematic diagram representing ovulation. The unfertilized oocyte enters the 

spermatheca through the distal valve. After a few minutes in the spermatheca, the fertilized 

oocyte enters the uterus by spermathecal sheath cell contractions that push the cell through 

the spermathecal-uterine (sp-ut) valve.  The fertilized eggs are stored in the uterus. The 

eggshell is formed only after the completion of meiosis II as displayed in the diagram.  
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1.6 Fertilization in C. elegans  

 

The secondary arrest of the oocyte in many organisms coordinates the completion 

of the female meiotic program with fertilization. In most vertebrates, the secondary 

arrest occurs at metaphase of meiosis II; in insects, it occurs at metaphase of meiosis 

I; and in many marine invertebrates such as echinoderms, it occurs after the oocyte 

completes both meiotic divisions (Figure1.4). In C. elegans, the process of ovulation 

and fertilization are developmentally coordinated, whereby fertilization typically occurs 

in the spermatheca a few minutes after ovulation. Previous observations of mutants 

that produce sperm that are incapable of fertilization, but still allow oocyte maturation, 

have revealed clues about the fate of mature oocytes that are not fertilized in a timely 

manner. For example, in fer-1 mutants, the unfertilized mature oocyte progresses into 

anaphase I, but this process is aborted and the segregated chromatin is resorbed into 

the oocyte cytoplasm without forming a polar body. Then, the meiosis II program is 

skipped, and a nuclear envelope forms around the meiotic chromatin. These 

unfertilized cells lack other sperm components required for mitotic spindle assembly; 

however, they appear to cycle mitotically, exhibiting repeated DNA replication and 

nuclear envelope breakdown. Despite these aforementioned abnormal events, which 

only occur with very specific mutants, the process of fertilization is incredibly precise 

and efficient in wild-type C. elegans. In these cases, sperm entry initiates a series of 

events described below.  
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1.6.1 Female meiotic spindle assembly  

 

Upon oocyte maturation (see above), the nuclear envelope breaks down and 

meiosis I spindle assembly initiates, usually before sperm entry, as the oocyte enters 

the spermatheca. One main distinction between female meiotic spindles and with male 

meiotic spindles or mitotic spindles, is that female spindles form without centrioles. 

During diplotene of the oocyte maturation process, centrioles are eliminated from the 

female germ cells (Mikeladze-Dvali et al. 2012). This elimination is likely regulated by 

cyclin-dependent kinase inhibitor-2 (cki-2), as multipolar mitotic spindles were 

observed in cki-2 mutant embryos (Kim and Roy 2006). In the absence of centrioles, 

female meiotic spindle microtubules form a barrel-shape structure, and a specialized 

pathway is employed to nucleate and organize microtubules during this process 

(Müller-Reichert et al. 2010). I other systems, the guanine exchange factor RCC1 is 

responsible for generating a Ran-GTP concentration gradient around the meiotic 

chromatin.  This gradient influences microtubule dynamics, such that microtubules near 

the chromatin are stabilized and microtubules growing away form chromatin remain 

dynamic (Bischoff and Ponstingl 1991). In C. elegans, the female meiotic spindle 

assembly does not require Ran-GTP. Rather, the microtubule-severing protein 

Katanin, a two-subunit complex encoded by mei-1 and mei-2, are essential for proper 

meiotic spindle assembly (Srayko et al. 2000). In the absence of mei-1, very long and 

fewer microtubules are visible around the meiotic chromatin and they fail to organize 

into bipolar spindles (Srayko et al. 2006). This suggests that during acentrosomal 

female meiosis in C. elegans, katanin functions, in part, to convert long microtubules 

into shorter fragments, which become incorporated into the bipolar spindle. Though 
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severing occurs during metaphase but a recent analysis based on mathematical model 

for microtubule dynamics proposed that rearrangements of spindle during anaphase 

are dependent on changes in nucleation rather than cutting rates (Lantzsch et al. 2021).  

Shortly after its formation the meiosis I spindle shortens over a period of several 

minutes and rotates toward the cortex of the embryo, at which time it becomes 

approximately 4.6 μm in length (Ellefson and McNally 2011). Recent analysis from in 

utero time-lapse imaging revealed a significant space between spindle poles and 

plasma membrane before the spindle rotation; further quantification suggests a better 

correlation between spindle rotation and spindle aspect ratio, than the correlation 

between spindle rotation and spindle length (Crowder et al. 2015). This rotation 

requires both the APC (anaphase-promoting complex) and cytoplasmic dynein (Yang 

et al. 2005; Ellefson and McNally 2009). Dynein heavy chain accumulates on meiotic 

spindle poles through an APC-dependent process before spindle rotation (Ellefson and 

McNally 2009). Further study revealed that the inhibition of cyclin B/CDK-1 was 

sufficient to induce dynein-dependent spindle rotation in APC-depleted embryos 

(Ellefson and McNally 2011). Later, p150 dynactin subunit, DNC-1 was identified as a 

target of CDK-1 (Crowder et al. 2015). Together, all these studies suggest that a 

dynein-dependent cortical pulling mechanism is responsible for C. elegans spindle 

rotation.  
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1.6.2 Chromosome segregation during female meiosis  

 

Proper meiotic chromosome segregation first depends on proper chromosome 

pairing, which occurs during the extended prophase stage of meiosis. This process is 

characterized by the appearance of a proteinaceous synaptonemal complex (SC) 

between chromosomes, and corresponding DNA strand exchanges that allow for 

genetic recombination between homologous chromosomes. The process of 

chromosome segregation begins only after oocyte maturation and spindle assembly. A 

kinetochore-independent mechanism of chromosome segregation during female 

meiosis in C. elegans was previously proposed (Dumont et al. 2010).  According to that 

study, microtubule polymerization between the segregating chromosomes could 

generate the pushing force to segregate them. Alternative to that model, a role for 

kinetochore proteins KNL-1 and KNL-3 in generating pulling forces during a pre-

anaphase stage associated with spindle shortening was recently reported (Danlasky et 

al. 2020).  Anaphase I occurs shortly after meiotic spindle rotation and the first polar 

body is extruded near the cortex. Metaphase II chromosomes appear in a pentagonal 

array and meiosis II spindles form within approximately 5 minutes after completion of 

anaphase I (McNally and McNally 2005). Sister-chromatid segregation occurs during 

anaphase II to release the second polar body. The centrosomal microtubules appear 

after the completion of female meiosis II.  The centrosomal nuclear complex starts 

migrating towards the female pronuclei for fusion and rotation, with the centrosomes 

on opposite sides of the two fused nuclei, and aligned along the anterior-posterior axis 

of the one-cell embryo. 
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Timely establishment and removal of chromatid cohesion (SCC) is a key to 

successfully complete chromosome segregation during meiosis and mitosis in all 

sexually reproducing organisms. Two SMC proteins, Smc1 and Smc3, form the core 

cohesin complex and Scc1 kleisin topologically surrounds that core structure (Nasmyth 

and Haering 2009). In monocentric chromosome, such as flies, vertebrates and yeast, 

cohesion is removed from the arms of homologous chromosomes during anaphase I 

but remains at the centromeric regions until anaphase II (Watanabe and Nurse 1999; 

Clyne et al. 2003; Lee and Amon 2003).  Shugosin protects cohesion at the centromere 

by recruiting protein phosphatase 2A (PP2A), which prevents Aurora B kinase-

mediated phosphorylation of REC-8 to prevent it from separase-mediated degradation 

(Kitajima et al. 2006). In holocentric C. elegans chromosomes, REC-8 is lost from the 

short arm of the bivalent but it remains on the long arm. The aurora B kinase homolog, 

AIR-2, is located on the short arm during meiosis I and is predicted to phosphorylate 

REC-8 for proteolytic degradation by separase (Kaitna et al. 2002; Rogers et al. 2002). 

Unlike other systems, the Shugoshin homolog in C. elegans, SGO-1, does not seem 

to be involved in protecting sister chromatid cohesion in meiosis I (de Carvalho et al. 

2008). Instead, worm-specific LAB-1 (long arm of the bivalent) protects REC-8 by 

targeting PP1 to antagonise AIR-2 phosphorylation (Tzur et al. 2012). Like cohesin, 

HORMA domain proteins are also associated with chromosomes to execute successful 

homolog pairing, cross-over formation and progress through the checkpoint 

(Rosenberg and Corbett 2015). It was previously shown SCC release during meiosis I 

was prevented by C. elegans HORMA domain protein homologs HTP-1 and HTP-2 

(Martinez-Perez et al. 2008; Severson et al. 2009). Recently, it is shown that HTP-1 
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and HTP-2 act as antagonists of Haspin kinase, which promotes Aurora B recruitment 

(Ferrandiz et al. 2018). 

 

1.6.3 Degradation of different proteins   

 

Egg activation and the oocyte-to-embryo transition involves the degradation of 

different proteins at the different stages of meiosis (Bowerman and Kurz 2006; 

Robertson and Lin 2013). Three phosphatases EGG-3, EGG-4 and EGG-5 were 

identified to coordinate egg activation events (Maruyama et al. 2007; Stitzel and 

Seydoux 2007; Cheng et al. 2009; Parry et al. 2009). One of the main functions of 

EGG-3/4/5 is to regulate the DYRK family kinase, MBK-2 (mini-brain kinase-2). MBK-

2 phosphorylates different substrates during the oocyte-to-embryo transition. Some 

known targets of MBK-2 are MEI-1, OMA-1, OMA-2, MEX-5 and MEX-6. The 

microtubule severing protein Katanin is required for female meiotic spindle assembly, 

but it needs to be degraded before mitosis, and MBK-2 mediated phosphorylation 

triggers this degradation process (Lu and Mains 2007; Johnson et al. 2009; Beard et 

al. 2016). In addition, the CCCH-type zinc-finger proteins, OMA-1 and OMA-2, act as 

translational repressors by sequestering the transcription factor TAF-4 (TATA-binding 

protein associated factor-4) to prevent precocious embryogenesis, and this process is 

regulated by MBK-2 mediated phosphorylation of OMA-1 and OMA-2 (Detwiler et al. 

2001; Nishi and Lin 2005; Guven-Ozkan et al. 2008). The anterior-posterior polarity of 

the C. elegans embryo also establishes after fertilization, as marked by the localization 

of PAR proteins at the cortical region of the embryo. The posterior region is determined 

by the site through which sperm enters the oocyte (Goldstein and Hird 1996; O'Connell 
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et al. 2000).  During polarization of the one-cell embryo, two cytoplasmic proteins MEX-

5 and MEX-6 localize to the anterior pole of the embryo (Schubert et al. 2000; Cuenca 

et al. 2003). MBK-2-mediated phosphorylation is a prerequisite for MEX-5 and MEX-6 

activation by polo-like kinases, PLK-1 and PLK-2, to properly establish the embryonic 

polarity (Nishi et al. 2008).  

MBK-2 activity needs to be regulated precisely for a successful oocyte-to-embryo 

transition. EGG-4/5 binds to the activation loop of MBK-2 to form a complex structure, 

which is sequestered to the oocyte cortex by an interconnection between EGG-3 and 

the integral membrane protein, CHS-1 (Cheng et al. 2009). MBK-2 is released from 

this complex in two steps. During meiosis I, CDK-1 phosphorylates MBK-2 and then, 

EGG-3 is degraded by the ubiquitin ligase, APC (Cheng et al. 2009). This early 

regulation of MBK-2 by the EGG complex is dependent on cell-cycle progression rather 

than fertilization; but, without fertilization, embryogenesis eventually fails. During the 

oocyte-to-embryo transition, MBK-2 is uniformly distributed on the cortex of the oocyte, 

but then undergoes a dramatic rearrangement to form a punctate pattern on the cortex 

of the embryo after metaphase I and prior to the second meiotic division (McNally and 

McNally 2005). This indicates that the intracellular location of MBK-2 changes in 

coordination with sperm entry during the fertilization.  

 

1.7 The MEMI pathway  

 

The Srayko lab studies the memi (meiosis to mitosis defective) genes, which 

encode maternal proteins that are required for female meiosis II (MII) (Ataeian et al. 
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2016). Three very similar paralogs memi-1, memi-2, and memi-3 function redundantly, 

but loss of all three paralogs results in phenotypes that are similar to what happens 

when immobile, fertilization-defective sperm do not enter the mature oocyte (Ward and 

Carrel 1979; McNally and McNally 2005). Despite being fertilized, memi-1/2/3(RNAi) 

embryos abort anaphase I, skip meiosis II entirely, and then enter mitosis (Ataeian et 

al. 2016). 

A gain-of-function, temperature-sensitive memi-1(sb41) mutation has a different 

effect. memi-1(sb41) was identified as a dominant temperature-sensitive maternal-

effect-lethal (MEL) mutation in a genetic screen to identify redundant genes affecting 

embryonic development in C. elegans (Mitenko et al. 1997). At 15ºC, memi-1(sb41) 

worms produce around 15% viable progeny, but at 25ºC, no viable progeny are 

produced. The memi-1(sb41) embryos displayed several MII defects, including 

improper sister chromatid segregation and abnormal spindle microtubule 

rearrangement (2). These embryos enter MII but are unable to exit MII properly. MEMI 

proteins are degraded before mitosis, and this degradation is dependent on CUL-2 E3 

ligase activity. The hypermorphic sb41 mutation interferes with the degradation of 

MEMI-1, and its persistence in mitosis is likely responsible for the gain-of-function 

mitotic phenotype. 

A loss or reduction of function in any gene required for MEMI activity could 

suppress the embryonic lethality characteristic of this mutation as the sb41 mutation 

results in persistent or inappropriate MEMI activity into mitosis. A whole genome RNAi 

screen was done to identify the suppressors of memi-1(sb41). Out of almost 16,000 

genes tested, only sperm-specific PP1 phosphatase gsp-3/4 was found as a 
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suppressor of memi-1(sb41). gsp-3 and gsp-4 are 98% identical and RNAi targets both 

the genes. Previously it was reported that gsp-3/4 are functionally redundant and they 

are required for sperm development and motility (Wu et al. 2012). The MEMI pathway 

is schematically described in the following figure: 

 

 

Figure 1.7: Schematic representation of The MEMI pathway. Schematic diagram shows 

that the MEMI proteins represent a maternal component of a post fertilization signal that 

specifies Meiosis II. MEMI proteins are degraded before mitosis by CUL-2 E3 ligase.  

MEMI-1 protein persists into mitosis in the hypermorphic, gain-of-function memi-1(sb41) 

mutant embryos. Sperm-specific PP1 phosphatase GSP-3/4 was identified as a suppressor 

of memi-1(sb41) through a whole genome RNAi screen.  

 

 

1.7.1 EMS screen to identify suppressors of memi-1(sb41)  

 

Through whole-genome RNAi screening, sperm-specific PP1 phosphatases GSP-

3 and GSP-4, were identified as suppressors of memi-1(sb41) (Ataeian et al. 2016). To 

identify additional suppressors of memi-1(sb41), an EMS screen was performed. Out 

of 20,226 haploid genomes screened, 30 suppressors were identified for a hit rate of 1 

in 675 genomes.  This mutation rate is approximately 3X higher than the expected rate 

of 1/2000 for a single genetic locus using standard EMS mutagenesis protocols  (Drake 

et al. 1998; Denver et al. 2004; Kutscher and Shaham 2014). As memi-1(RNAi) 

suppresses the memi-1(sb41) phenotype, it was expected that at least some 
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suppressors should be intragenic mutations. The high rate of suppressors could be 

because of the higher mutability of memi-1(sb41) or the creation of new suppressors 

capable of interfering with the function of memi-1. If we exclude the possibility of memi-

1(sb41) being a mutational hotspot, the observed 3X higher mutagenesis rate suggests 

that there could be many distinct suppressor loci, including memi-1(sb41). This 

hypothesis predicts that one out of three suppressors should be present within the 

memi-1(sb41) gene. Therefore, the EMS-generated suppressors were first sequenced 

to find intragenic suppressors and total 11 intragenic suppressors were found that 

suppressed the memi-1(sb41) (Caitlin Slomp, pers. comm.). The remaining suppressor 

strains were submitted for whole genome sequencing (WGS) to detect possible lesions 

responsible for extragenic suppression. Embryonic viability of each strain was used to 

calculate the percentage of suppression of memi-1(sb41) embryonic lethality by 

individual suppressor strains (Figure 1.8) (Herzog 2018).  

Five suppressor strains contained a mutation in the gsp-4 gene. gsp-4 encodes a 

sperm-specific PP1 phosphatase subunit that was originally identified as a suppressor 

of memi-1(sb41) in a genome-wide RNAi-feeding screen.  This validates the power of 

the EMS suppressor screen and further supports the placement of this PP1 

phosphatase in the MEMI pathway. Four mutations were found within the gene, 

R03D7.5. R03D7.5 encodes a glycogen synthase kinase 3 family member. Based on 

functional analysis R03D7.5 was renamed gskl-1 (GSK-3 kinase like-1). Candidate 

genes in the remaining seven suppressor strains were narrowed down based on 

mapping data and complementation analysis (Herzog, 2018). 
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Figure 1.8: Average percent embryonic viability from wild type, memi-1(sb41) and 

16 suppressor strains at 25ºC. Error bars represent SEM. P<0.0001 for abc36, abc39, 

abc40, abc42, abc44, abc47, anc48, abc50, and abc53. P<0.001 for abc41, abc51, abc56, 

and abc57. P<0.05 for abc52, abc54 and abc59. This data is adapted from Herzog 2018.  

 

 

1.8 The role of GSK-3 and PP1 phosphatases in fertilization  

 

GSK-3 was originally characterized for its role in glycogen metabolism, but it 

became the interest of developmental biologists after its role in canonical Wnt signalling 

was discovered in Drosophila. In addition to the Wnt pathway, the role of GSK-3 in 

various physiological functions such as cell cycle, development, and apoptosis, is well 

established.  GSK-3 is an evolutionarily conserved serine-threonine protein kinase. 

Mammalian GSK-3 enzymes have been split into two main groups,  and , based on 

structural features. GSK-3α and GSK-3β (483 and 433 aa in humans) are 98% identical 

within their ATP binding domain, but there are important differences within the N- and 
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C- terminal domains (Woodgett 1990; Doble and Woodgett 2003). Although both 

isoforms perform similar functions, they are not completely redundant, as GSK-3α 

alone cannot rescue the lethal phenotype of null GSK-3β in mice. In addition, a testis-

specific knock out mutation of GSK-3α causes male infertility (Bhattacharjee et al. 

2015; Bhattacharjee et al. 2018). Inhibition of catalytic activity of GSK-3 occurs due to 

phosphorylation on Ser21 (GSK-3α) or Ser9 (GSK-3β) (Cross et al. 1995).  

Different metabolic enzymes, cytoskeletal proteins, and transcription factors have 

been identified as substrates of GSK-3 (Patel and Woodgett 2017). Known substrates 

of GSK-3 typically contain a sequence of S/T-X-X-X-S/T, in which the first S/T is the 

target residue of GSK-3 and the last S/T residue is the site of priming phosphorylation 

(ter Haar et al. 2001). This priming phosphorylation is not absolutely required, but it 

increases the activity of GSK-3 by 10 to 100 times (Thomas et al. 1999). Glycogen 

synthase (GS), the prototypical substrate for GSK-3, requires prephosphorylation at a 

serine or threonine residue just C terminal to the GSK-3 target, however, some GSK-3 

substrates, such as β-catenin do not require prephosphorylation, Thus, different 

substrate level phosphorylation may be the key regulatory mechanism that allows 

GSK-3 to act on different pathways independently. 

Both GSK-3 and PP1 genes were identified in the previous screens for suppressors 

of memi-1(sb41). There are more than 400 genes that encode serine/threonine kinases 

in the human genome but only 40 genes encode serine/threonine phosphatase. 

Phospho Protein phosphatase (PPP) is the largest sub family of serine/threonine 

phosphatase consisting of seven enzymes. Out of these, Protein phosphatase 1 (PP1) 

is highly characterized. Four different catalytic subunits of PP1 are present in 
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mammals, they are PP1α, PP1β/δ, PP1γ1 and PP1γ2; out of these, PP1α, PP1β/δ, 

PP1γ1 are ubiquitously expressed in all cells while PP1γ2 is expressed only in testis 

(Shi 2009). PPP activities are often regulated by inhibitory proteins and regulatory 

proteins (Bollen et al. 2010). To regulate PP1 activity, many PP1 inhibitors, for 

example, inhibitor-2 and DARP bind to the Mn2+ ions in the active site of PP1 to block 

dephosphorylation (Kelker et al. 2009; Dancheck et al. 2011). Binding of these 

inhibitors or other regulatory proteins with PP1 occurs via a primary PP1 binding motif, 

some identified motifs are RVxF, SILK, MyPhoNE motifs (Wakula et al. 2003; 

Meiselbach et al. 2006; Hendrickx et al. 2009).  

In mammals, GSK-3s engage in complex regulatory networks that involve PP1 

and/or PP2A phosphatases, or their respective regulatory subunits to regulate sperm 

motility. For example, bovine PP2A and PP1 activity in immature sperm has been 

corelated with increased activity of GSK-3 (Vijayaraghavan et al. 1996). GSK-3 can 

also phosphorylate inhibitor 2, a PP1 regulatory subunit (Lin et al. 2003), and this 

phosphorylation enhances PP1 catalytic activity in the motile caudal sperm in mice 

(Goswami et al. 2018). In C. elegans, PP1 phosphatase is required for sperm meiosis 

and motility (Wu et al. 2012). The connection, if any, between these two different 

classes of enzymes in the context of embryonic development was unclear, and one of 

the main areas of investigation for this thesis. 

 

1.9 Goal of the thesis  

 

The goal of my research was to characterize suppressors of the maternal-effect 

lethal (MEL) phenotype of memi-1(sb41) and to decipher the molecular role they have 
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in the MEMI pathway by using a combination of genetics and molecular biology 

techniques.  

 

1.10 Summary of the thesis  

 

Previously, we found that RNAi knockdown of a sperm-specific PP1 phosphatase, 

GSP-3/4, suppressed memi-1(sb41). Through EMS screening, we recovered alleles of 

gsp-4 and identified additional genes in this pathway. One of the genes was gskl-1. 

gskl-1 deletion homozygotes appear wild type, however, double-deletion analysis 

revealed functional redundancy with one other GSK-3 member, gskl-2. The gskl-2(∆); 

gskl-1(∆) worms exhibited embryonic lethality and lower brood sizes. The embryonic 

lethality was completely rescued by mating hermaphrodites to wild-type males. 

Furthermore, gskl-2(∆); gskl-1(∆) males produced a significant number of inviable 

embryos when mated to fog-2 hermaphrodites. Together, this suggested that these 

genes might encode sperm-specific components that have roles in the early embryo. 

Approximately 38% of gskl-2(∆); gskl-1(∆) fertilized embryos exhibited normal MI, 

but MII spindle assembly was delayed, and the second polar body failed to extrude. 

This result suggested that these GSK-3s have a role in the early embryo. We also 

tested the relationship between gsp-3/4 and gskl-1 and discovered a synthetic genetic 

interaction whereby gsp-4(∆); gskl-1(∆) mutants produce 30% dead embryos. 

Interestingly, the triple-deletion, gskl-2(∆) gsp-4(∆); gskl-1(∆) produce 68% dead 

embryos, some of which skip MII, similar to memi-1/2/3(RNAi). Therefore, gskl-1 and 

gsp-4 could participate in the MEMI pathway to specify MII after fertilization. 
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Because of the genetic interaction between gskl-1 and gsp-4 in the early embryo, 

and the fact that GSP-3/4 is required for normal sperm motility and sperm meiosis, we 

also tested whether the gskl-1/gskl-2 have sperm functions. FLAG and Ollas tagged 

gskl-1 and gskl-2 were found only in male-specific fem-3 mutants but absent in female-

specific fem-1 mutants by western blot. Immunostaining revealed strong expression of 

those tagged proteins in sperm. It was also found that the gskl-2(∆); gskl-1(∆) mutants 

exhibited reduced sperm motility in vivo, as well as altered sperm morphology and slow 

pseudopod formation in vitro. Consistent with these defects, pseudopod treadmilling 

rates were also reduced in the gskl-2(∆); gskl-1(∆) mutant. Frequent chromosome 

segregation defects and spermatid budding defects during sperm meiosis were also 

observed in gskl-2(∆); gskl-1(∆). 

This work suggests that the GSK-3s and PP1 phosphatases perform some similar 

functions with respect to sperm motility and meiosis, and they participate in post-

fertilization functions involving MEMI.  
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2. Materials and methods  

 

 

2.1 Caenorhabditis elegans nomenclature  

  

The nomenclature for C. elegans was first described by Sydney Brenner (Brenner 

1974). Later, many other eminent scientists, namely, Bob Horvitz, Jonathan Hodgkin, 

Don Riddle, Mark Edgley, and Tim Schedl have played an instrumental role in 

standardizing the guidelines for nomenclature and helped to make it an essential part 

of WormBase, which provides necessary information about nematode genomes, 

transcriptome, genetic location and probable interactions among different genes 

(Horvitz et al. 1979; Thompson et al. 2013). In WormBase, each gene has a Gene ID, 

sequence name and gene name. Each Gene ID uniquely refers to a specific locus in 

the genome. Each sequence name is derived from the plasmid, cosmid or YAC on 

which they reside (1998). For example, ‘R03D7.5’ indicates that this is the fifth gene 

on the R03D7 cosmid. Gene names consist of an italicized three- or four-letter name 

that usually refers to either gene function or mutant phenotype, followed by a hyphen 

and an Arabic number. For example, memi-1 is involved in the meiosis-to-mitosis 

transition of oocyte, and dpy-10 refers to one of many genes that cause a Dumpy 

phenotype when mutated. Phenotypes can be described in a capitalized word (i.e., 

Dumpy) or by a three-letter abbreviation (i.e., Dpy).  A specific allele of the gene is 

named by using a unique laboratory code of one to three italicized letters followed by 

an Arabic number. For example, ‘abc’ refers to the allele discovered in the Srayko 

laboratory in Alberta, Canada. Each C. elegans laboratory is assigned a code for 

naming strains, i.e., the Srayko laboratory strain designation is MAS. Non-italicized 
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capitals letters are used to denote protein product of a specific gene, i.e., GSP-4 is the 

protein product of the gsp-4 gene. A gene condition caused by RNAi-mediated 

interference (RNAi) is indicated with parentheses after the gene name. For example, 

gska-3(RNAi) denotes double stranded RNAi-mediated interference of gska-3, thus, 

this notation is used similarly to mutant alleles of genes.  

 

2.2 Strains and Maintenance  

 

 

2.2.1 Maintenance  
 

All worms were maintained following standard protocol (Brenner 1974).  Worms 

were grown on NGM agar plates that consists of 3 gm NaCl, 2.5 gm Peptone, 17 gm 

Agar, 975 ml dH2O, autoclave and cooled to 55°C. Further, 1ml of 1M CaCl2, 1 ml 1M 

of MgSO4, 25 ml of 1 M Potassium Phosphate pH 6.0, 1ml of 5 mg/ml cholesterol in 

Ethanol were added. The plates were left overnight at room temperature to solidify and 

then seeded with an auxotrophic E. coli strain OP50. Unless otherwise state, all strains 

were maintained at 20ºC.  In general, temperature-sensitive strains were maintained 

at 15ºC, and shifted to the restrictive temperature of 25ºC for phenotypic 

characterization.  

 

2.2.2 Mating Strategies  

 

C. elegans has two sexual forms: male and hermaphrodite, which progress through 

four larval stages (L1 – L4) to become adult (Hodgkin 1987; Zarkower 2006). Both 
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males and hermaphrodites perform spermatogenesis during the L4 larval stage. After 

L4, hermaphrodite germ cells stop spermatogenesis and switch to oogenesis for the 

rest of their life, while males continue spermatogenesis. The oocytes progress through 

the spermathecae to be fertilized by sperm and then the fertilized eggs get released 

into the environment after spending a variable amount of time developing within the 

uterus. Once the hermaphrodite’s sperm is depleted, unfertilized oocytes are expelled 

to the environment. Hermaphrodites typically produce less than 0.2% male progeny 

spontaneously, which can be used for mating, however the frequency of males can be 

increased by incubating L4-stage hermaphrodites at 30ºC for four hours and then 

down-shifting the temperature back to physiological norms for egg-laying (Zevian and 

Yanowitz 2014). This heat shock increases the frequency of nondisjunction of X 

chromosomes during meiosis, which produces XO zygotes that develop as male. For 

mating, 20 L4 and young adult males were plated with 5 L4 hermaphrodites in mating 

plates for 20 hours. The hermaphrodites were then separated from the mating plates 

and were placed in individual plates. Successfully mated hermaphrodites produced 

almost 50% males as outcrossed progeny.  

In order to facilitate male production without the heat-shock method mentioned 

above, I used the him-8(e1489) mutant strain, which allows hermaphrodites to produce 

35% male by increasing non-disjunction of the X chromosome (Hodgkin et al. 1979; 

Phillips et al. 2005). The swm-1(me87) him-5(e1490) mutant strain was used to 

observe active sperm (Stanfield and Villeneuve 2006). This swm-1(me87) him-

5(e1490) males does not mate easily to hermaphrodites. So, I set up several mating 

plates with five L4 swm-1(me87) him-5(e1490) males with two L4 hermaphrodites.  
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2.2.3 Making of Strains  

All strains used in this thesis are listed in Table 2.1.  

 

Strain name Genotype Resource

N2 wild type CGC

MAS305 gskl-1(abc41) This study

MAS306 gskl-1(abc57) This study

MAS318 gskl-1(abc57); dpy-10 This study

MAS319 gskl-1(abc41); dpy-10 This study

MAS320 gskl-1(abc57); mCherry This study

MAS329 gskl-1(abc51) This study

MAS330 gfp::gsp-4; mCherry This study

MAS331 gskl-1(abc41); mCherry This study

MAS332 gskl-1(abc51); mCherry This study

MAS333 gskl-1(abc59) This study

MAS334 gskl-1(abc57); memi-1(sb41) This study

CB4108 fog-2(q71) CGC

FX04146 R03D7.5(tm4146) NBRP

FX01237 gsk-3(tm1237) NBRP

 RB1034 gska-3(ok970) CGC

FX02789 Y106G6E.1(tm2789) NBRP

FX05959 C44H4.6(tm5959) NBRP

FX04021 F21F3.2(tm4021) NBRP

FX04165 Y106G6D.4(tm4165) NBRP

FX05415 gsp-4(tm5415) NBRP

CA151 him-8(me4) CGC

MAS335 gska-3(ok970); R03D7.5(tm4146) This study

MAS336 gsp-4(tm5415); R03D7.5(tm4146) This study

MAS337 R03D7.5(tm4146); Y106G6D.4(tm4165) This study

MAS338 R03D7.5(tm4146); C44H4.6(tm5959) This study

MAS339 R03D7.5(tm4146); gsk-3(tm1237) This study

MAS340 R03D7.5(tm4146); F21F3.2(tm4021) This study

MAS352 R03D7.5(tm4146); Y106G6E.1(tm2789) This study

MAS343

him-8(me4) itIs37[pie-1::mCherry-HIS58]; ruIs57[pie-1::GFP-

tbb-2] This study

MAS344

gska-3(ok970); R03D7.5(tm4146); him-8(me4) itIs37[pie-

1::mCherry-HIS58]; ruIs57[pie-1::GFP-tbb-2] This study

AV285 swm-1(me87) him-5(e1490) CGC

MAS356 gska-3(ok970); R03D7.5(tm4146); swm-1(me87) him-5(e1490) This study

MAS367 3xFLAG::R03D7.5 This study

MAS372 Ollas::gska-3 This study

MAS373 Ollas::gska-3; him-8(me4) This study

MAS374 3xFLAG::R03D7.5; him-8(me4) This study

MAS375 Ollas::gska-3; swm-1(me87) him-5(e1490) This study

MAS376 3xFLAG::R03D7.5; swm-1(me87) him-5(e1490) This study

JK816 fem-3(q20) CGC

BA17 fem-1(hc17) CGC

MAS383 Ollas::gska-3; fem-1(hc17) This study

MAS384 3xFLAG::R03D7.5; fem-1(hc17) This study

MAS387 3xFLAG::R03D7.5; fem-3(q20) This study

MAS390 Ollas::gska-3; fem-3(q20) This study

Table2.1: List of Strains 
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To characterize the function of gskl-1, a deletion allele gskl-1(∆) was used to make 

pairwise double-deletion combinations with other members of the gsk-3 family. gskl-

1(∆) males were crossed to each deletion allele strain to get F1 trans heterozygotes. 

The probability of getting a double homozygote from F1 trans heterozygous was 1/16 

if the two genes concerned are located on different chromosomes. So, in the F2 

generation, 36 worms were screened by PCR to detect worms homozygous for gskl-

1(∆) and the other deletion allele.  

 

Figure 2.1: Schematic representation of making gskl-2(∆); gskl-1(∆) strain. All other 

double deletion strains were made in similar way.  

 

To visualize chromatin and tubulin during in vivo imaging, I made a him-8(me4) 

strain that expressed mCherry::histone and GFP::tubulin. The tubulin-GFP and 

histone-mCherry markers were made by particle bombardment and we had previously 

determined that mCherry is linked with LG IV (Ataeian et al. 2016). him-8(me4) males 

were mated to mCherry::histone and GFP::tubulin expressing hermaphrodites to get 

trans heterozygotes him-8(me4) +/ + mCherry; GFP::tubulin/ +. Because him-8 and 
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mCherry are on the same chromosome (IV), I screened 115 him-8(me4); GFP::tubulin 

hermaphrodites in the F2 generation to identify 1 mCherry heterozygous recombinant. 

I picked 16 progeny from that worm to identify the him-8(me4) mCherry::histone; 

GFP::tubulin homozygous strain. I used this strain to mate with gskl-2(∆); gskl-1(∆) to 

get the gskl-2(∆); gskl-1(∆); him-8(me4) mCherry::histone; GFP::tubulin strain.  

gskl-2(∆); gskl-1(∆); him-8(me4) mCherry::histone; GFP::tubulin males were mated 

to a gsp-4(∆); gskl-1(∆) strain to get a trans heterozygote gskl-2(∆) +/ + gsp-4(∆); gskl-

1(∆); him-8(me4) mCherry::histone/ +; GFP::tubulin / +. In next generation, I first picked 

up 60 homozygous worms that expressed both mCherry::histone and GFP::tubulin and 

then did PCR to confirm the genotype of gskl-2(∆) and gsp-4(∆). From the gskl-2(∆) +/ 

gskl-2(∆) gsp-4(∆) worm, I picked 32 GFP::tubulin and mCherry::histone positive 

progeny and then used PCR to identify gskl-2(∆) gsp-4(∆); gskl-1(∆) homozygous 

worms.  Subsequent screening for mCherry::histone and GFP::tubulin fluorescence in 

the progeny confirmed the strain gskl-2(∆) gsp-4(∆); gskl-1(∆); mcherry::histone; 

GFP::tubulin. For example, it would be unlikely to recover 16/16 mCherry progeny from 

an mCherry-positive hermaphrodite unless that parent was homozygous (99% 

confidence). 

Using the CRISPR-Cas9 technique (described below), I created 3xFLAG-tagged 

gskl-1 and Ollas-tagged gskl-2. I used males from those strains to mate with feminized 

fem-1(hc17) and masculinized fem-3(q20) mutants. Both of these mutations are 

temperature sensitive and self-fertilize at the permissive temperature of 15ºC. Fifty 

progeny of the F1 trans heterozygous worms were allowed to lay eggs at 15ºC for 36 

hours. After 36 hours, the worms were transferred to 25ºC on fresh plates. As fem-
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1(hc17) and fem-3(q20) become sterile at 25ºC, I identified fem-1(hc17) and fem-

3(q20) homozygotes on the basis of the respective phenotype and then 3xFLAG::gskl-

1 and Ollas::gskl-2 were identified by PCR. In this way, I made 3xFLAG::gskl-1; fem-

1(hc17), 3X-FLAG::gskl-1; fem-3(q20) and Ollas::gskl-2; fem-1(hc17) and Ollas::gskl-

2; fem-3(q20) strains. 

In order to make gskl-2(∆); gskl-1(∆); swm-1(me87) him-5(e1490) males from swm-

1(me87) him-5(e1490) were mated to gskl-2(∆); gskl-1(∆) hermaphrodites to get trans 

heterozygotes in F1 generation. Based on him-5(e1490) phenotype, 40 him-5(e1490) 

worms were picked up in F2 generation to find out gskl-2(∆); gskl-1(∆)/ + worms. In 

next generation, homozygous gskl-2(∆); gskl-1(∆); swm-1(me87) him-5(e1490) were 

confirmed by PCR and swm-1(me66) was confirmed by sequencing.   

 

2.2.4 Recovering gskl-1 suppressor alleles after outcrossing 

In an EMS-based screen for suppressors of memi-1(sb41), we identified four 

alleles of gskl-1: abc41, abc51, abc57 and abc59 (Herzog 2018).  As the EMS 

treatment causes several mutations, it was therefore necessary to backcross those 

suppressor strains to the wild-type in order to reduce background mutations. I used a 

strain with two markers that flank gskl-1, dpy-10 and unc-4 on chromosome II, to 

recover abc57 and abc41 suppressor alleles after backcrossing. At first, abc57; memi-

1(sb41) dpy-20 hermaphrodites were mated to heterozygous dpy-10 unc-4 males. In 

the F1 generation, 50% of the progeny were trans heterozygous + abc57 + / dpy-10 + 

unc-4; memi-1(sb41) dpy-20 / + +. In the F2 generation, 32 worms were picked from 



49 

 

the trans heterozygous mother to recover abc57; memi-1(sb41) dpy-20 (Figure 2.2). 

Using a similar approach, I recovered abc41; memi-1(sb41) dpy-20.   

 

Figure 2.2: Schematic representation of the genetic cross to recover the 
abc57 suppressor allele after outcrossing.  

 

 

2.2.5 Freezing Strains  

 

Five L4 stage hermaphrodites were placed on fresh agar plates seeded with OP50 

and allowed to lay eggs. Within two generations, the plates are depleted with OP50 

and crowded with L1 or L2 larvae. In the absence of food, L1 or L2 enters the “dauer” 

stage. Then, the worms were serially washed off from those plates to make a 

concentrated stock in 1 ml. The concentrated stock was then divided amongst five 1.5 

ml cryo tubes (Corning) and an equal volume of freezing solution was added. Those 

tubes were then placed in the -80ºC freezer within a well-insulated styrofoam box to 

facilitate slow cooling. One tube was thawed after two days to confirm survival after 

freezing. After the confirmation, two tubes were kept at -80ºC and two tubes were 
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placed in a liquid Nitrogen tank. The location of the strain was then recorded, i.e., the 

MAS344 strain is located at Box number 14, position 1 and 2, and this information was 

entered into the Srayko lab worm database. Frozen strains can be thawed at room 

temperature on warm plates for future experiments.  

 

2.3 PCR and Sequencing  

 

PCR and sequencing were frequently used to determine the genotype of worms. 

Sequencing of a candidate gene was made by following the steps as mentioned below:  

 

2.3.1 Worm Lysis  

 

To prepare the DNA, 2 to 4 gravid hermaphrodites were transferred into 6 μl of 

worm lysis buffer (50 mM KCl, 10 mM Tris pH 8.3, 2.5 mM MgCl2, 0.45% NP-40, 0.45% 

Tween 20, 0.01% Gelatin) with a final concentration of 1 mg/ml proteinase K.  The 

mixture was then heated at 65ºC for an hour followed by another 15 minutes at 95ºC. 

This sample was used as the template for PCR reaction.  

 

2.3.2 PCR reaction  

 

In general, a master mix was made for all control and experimental PCR samples. 

For each PCR sample, 0.25 μl Taq DNA polymerase (NEB), 5 μl 10X buffer, 0.25 μl of 

10 mM of each dNTPs, 1 μl Forward and 1 μl Reverse primer of 10 mM were added in 

the master mix. The final volume was adjusted to 25 μl by adding dH2O. For the 
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amplification of gskl-2, 0.5 μl Taq DNA polymerase was used for each sample because 

the product size for the wild type was 3300 bp.  

A Biorad thermocycler was used for performing PCR reactions. During the PCR 

reaction DNA samples were made to undergo denaturation phase, annealing phase, 

and extension phase and this cycle was repeated for 35 times. Denaturation of the 

sample was done for 30 seconds at 95ºC. For annealing of primers as observed in 

most cases, an annealing temperature of 56ºC was maintained and the duration of the 

annealing process was set for 30 seconds. In general, the extension time was set for 

1 minute per 1000 bp PCR product, and the temperature was 72ºC.  Primers annealing 

temperatures used in this thesis are provided in Table 2.  

For some experiments, a high fidelity PCR reaction was performed by using Roche 

high fidelity Taq polymerase (Roche, 11732641001). In this case, reaction mixture 1 

containing dNTPs, forward primer, reverse primer and 25 ng DNA and reaction mixture 

2 containing 5 μl 10X buffer, 0.75 μl Roche high fidelity Taq polymerase were prepared 

separately on ice at first. Then, both mixtures were mixed up together to make the final 

reaction volume 50 μl. The PCR reaction was set up in a thermocycler as mentioned 

above with an additional 10 minute extension phase at 72ºC after completion of the 

final PCR cycle.  

 

 

2.3.3 Preparation of sequencing sample  

 

The size of the PCR product was first confirmed by gel electrophoresis. A gel 

having 1% agarose with 2.5 μl of 0.5 μg/ml Ethidium Bromide per 100 ml of agarose 
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was commonly used to identify PCR products. For DNA sequencing, if the right size 

band was detected, the PCR product was purified by Qiagen PCR purification kit. The 

concentration of purified DNA was determined by a spectrophotometer. A total volume 

of 10 ul, containing 22.5 ng/μl of purified DNA and 1 μl of sequencing primer of 2.5 mM 

was submitted to Molecular Biology Service Unit (MBSU) at University of Alberta for 

sequencing.   

 

 

2.4 RNAi by feeding  

 

RNA-mediated gene interference (RNAi) was used to reduce the function of some 

genes. Usually, RNAi in C. elegans is achieved either by feeding worms bacteria that 

express the dsRNA, or by injecting dsRNA directly into the worm. For my experiments, 

I used RNAi by feeding according to a standard protocol (Kamath and Ahringer 2003). 

Freshly prepared NGM plates with 0.1 mM IPTG (isopropyl β-D-1-

thiogalactopyranoside) and 25 μg/ml Carbenicillin were used for bacterial seeding. The 

RNAi vector L4440 consists of a T7 promoter on each side of the MCS. These plasmids 

are used to transform an RNase III-deficient E. coli strain (HT115) that carries IPTG-

inducible T7 polymerase. The transformed HT115 strains were grown overnight at 37ºC 

in LB broth (1.0 mg/ml Bacto-tryptone, 0.5 mg/ml Bacto-yeast extract, 0.5 mg/ml NaCl) 

with 50 μg/ml ampicillin. The RNAi plates were seeded with this RNAi bacterial culture 

and left overnight at room temperature, to allow induction of the dsRNA. The next day, 

L4 larval stage worms were transferred into those plates. Those worms were 

transferred into fresh RNAi plates after 24 hours. For all RNAi experiments, the L4440 
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empty vector was used as a negative control and mel-26(RNAi) was used as positive 

control to make sure that RNAi plates were working. mel-26 encodes a CUL-3 

substrate-specific adaptor that is required to degrade katanin subunit MEI-1 and loss 

of mel-26 results in maternal-effect embryonic lethality (Dow and Mains 1998).  

 

2.5 Embryonic viability assays  

 

Scoring the viability of eggs on a plate is a common first step to determine if a gene 

has an essential function during any stage of embryogenesis. I used RNAi or deletion 

alleles of those genes. I calculated embryonic viability to see if that deletion or RNAi 

mediated knocking down caused any significant difference with the respective control 

group. Worms of respective control and experimental groups were maintained in 

freshly prepared NGM plates at permissive temperature before the experiment. Single 

L4 hermaphrodites were transferred to a fresh plate and allowed to lay eggs on 

individual NGM agar plates with fresh Escherichia coli OP50 at the indicated 

temperature. This was followed by the transfer to fresh plates every 24 hours until the 

worms stopped laying eggs. Eggs that were not hatched after 48 hours at 20°C or 36 

hours at 25ºC were scored as dead. Embryonic viability refers to the number of hatched 

larvae divided by the total progeny. Unfertilized oocytes are distinguishable from eggs 

and were not included in the total progeny when determining embryonic viability. 

Embryonic viability was also calculated to determine the suppression of memi-

1(sb41). For this purpose, L4 hermaphrodites from the suppressor strain were 

transferred from permissive temperature 15ºC to restrictive temperature 25ºC.  
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2.6 Testing paternal-effect embryonic lethality  

 

Paternal-effect embryonic lethality was determined by three different methods. For 

each experiment, twenty males of a given genotype were mated to five hermaphrodites 

of indicated genotype at 20ºC, as described below. Firstly, I used him-8(e1489) males 

to mate to gskl-2(∆); gskl-1(∆) hermaphrodites and scored embryonic viability of the 

outcrossed progeny. Successful mating was determined by the presence of 

approximately 50% male progeny amongst survivors. Secondly, I used fog-2(q71) 

females, which can only produce progeny after mating with males (Schedl and Kimble 

1988). Males of gskl-2(∆); gskl-1(∆) were mated to fog-2(q71) females, followed by 

scoring embryonic viability. Lastly, gskl-2(∆); gskl-1(∆) males were used to mate with 

gskl-2(∆); gskl-1(∆) hermaphrodites to observe whether both gskl-2(Δ)/+; gskl-1(Δ) and 

gskl-2(Δ); gskl-1(Δ) progeny were viable in a 1:1 ratio. The genotypes of 42 outcrossed 

worms were confirmed through PCR for both gskl-1 and gskl-2. 

 

2.7. Preparation of agarose pads for C. elegans microinjection  

 

Worms were mounted on an agarose pad before imaging and microinjection. An 

agarose solution (2.1% in 1X PBS) was melted in the microwave and then a small drop 

was placed on a 22X60 mm coverslip. Perpendicular with the first slide, another 22X60 

mm coverslip was placed on top of that melted agar very quickly. After the agarose 

solidified, one cover slip was gently slid away from the other, leaving the agarose stuck 

to one slide. Agarose pads were allowed to dry completely and stored at room 

temperature.   
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Figure 2.3: Schematic diagram of making agarose pad.  

(A) Put a drop of melted agar on cover slip. 

(B) Diagonally place another coverslip on top of the agar drop and press gently.  

(C) Remove the coverslip from the top and allow the agarose to dry.  

 

 

2.8. Sperm migration assay  

 

In order to assess the efficiency of male sperm migration towards the 

hermaphrodite spermatheca after copulation, gskl-2(∆); gskl-1(∆) and wild-type male 

worms expressing mCherry histone were used as experimental and controls, 

respectively. In this assay, 35-40 males of each group were mated to five L4 larval 

stages wild-type hermaphrodites at 20°C for 24 hr. After that, hermaphrodites were 

picked off from the mating plates and kept on fresh plates for an hour in the absence 

of any male. Then, hermaphrodites were anesthetized with 200 μm levamisole in M9 

buffer (3.0 g KH2PO4, 6.0 g Na2HPO4, 0.5 g NaCl, 1.0 g NH4Cl in H2O to make final 

volume 1 litre) and mounted onto a freshly made 2% agarose gel pad. Fluorescent 

images were taken for each worm (a Z-stack of 14 planes, spaced 1.5 µm apart). The 
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fluorescent image stacks were projected as a maximum before merging with DIC in 

Adobe photoshop.  

 

2.9 Pseudopod treadmilling rate analysis  

 

swm-1(me66) him-5(e1490) and gskl-2(∆); gskl-1(∆); swm-1(me66) him-5(e1490) 

male worms were used as control and experimental respectively to measure 

pseudopod treadmilling rates. L4 larval stage males of respective genotypes were 

separated from hermaphrodites and kept in a fresh plate at 20°C overnight. On the next 

day, males were cut, approximately 2/3 distance from the head, in 50 µL SM buffer 

(defined) on a polylysine-coated 22X60 coverslip to release the activated sperm. 

Pseudopod treadmilling was captured by time-lapse recordings with a 1 sec interval 

using a 60X oil (NA 1.42) objective on an Olympus DIC IX-81 microscope with a 

Hamamatsu Orca R2 camera controlled by MetaMorph software. Vesicles within the 

pseudopod were tracked for 6 seconds to determine treadmilling rates.  
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Figure 2.4: Schematic diagram showing how pseudopod treadmilling rates were 
calculated. 

 

2.10 In vitro sperm activation  

 

L4 virgin him-8 and gskl-2(∆); gskl-1(∆) males were transferred to fresh NGM plates 

for 18 hours at 20°C to prevent spermatid activation. Two males were dissected in an 

activation solution that contained 200 µg/mL Pronase in SM buffer with 1 mg/mL BSA. 

Vaseline was used to surround the buffer and then an 18X18 mm coverslip was placed 

on top to make a hollow chamber to prevent evaporation. Times lapse DIC images 

were captured at 20 second intervals using a 60X oil (NA 1.42) objective on an 

Olympus IX-81 microscope.  
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2.11 Live imaging of male meiosis  

 

Male worms expressing mCherry-histone and GFP-tubulin were dissected in 3.5 

µL sperm media (SM) buffer that contained 50 mM HEPES (pH 7), 50 mM NaCl, 25 

mM KCl, 1 mM MgSO4, 5 mM CaCl2, and 1 mg/ml BSA. An 18X18 mm coverslip was 

placed on top and gentle pressure was applied to release spermatocytes from the 

gonad. The coverslip was sealed with a thin ring of Dow Corning high vacuum grease 

to prevent evaporation. Time-lapse images were captured with a Hamamatsu Orca R2 

camera on an inverted Olympus IX81 microscope with a Yokogawa CSU-10 spinning 

disc confocal head modified with a condenser lens in the optical path (Quorum 

Technologies). Z stacks of 3 planes with 1.2 µm apart, were captured at 15 second-

interval using a 60X oil (NA 1.42) objective lens controlled by MetaMorph software. 

Image files were analyzed using MetaMorph software. A maximum projection of these 

three planes was used to make the figures. TIFF Raw images were converted to 8 bit 

RGB planes for each colour and these were merged in adobe photoshop to make the 

figures.   

 

2.12 CRISPR-Cas9 mediated gene editing  

 

The Type II CRISPR/Cas9 bacterial immune system has been exploited to 

precisely edit genomic DNA (Doudna and Charpentier 2014). The function of the Cas9 

nuclease depends on two sequences on the target DNA: a protospacer adjacent motif 

(PAM) and a 20 bp region which is complementary to CRISPR RNA (crRNA) sequence. 

This crRNA guides Cas9 to identify the PAM site and a trans activating RNA binds to 
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both crRNA and Cas9 to form the ribonucleoprotein (RNP) complex. At the initial step, 

this RNP complex introduces a double-stranded break (DSB) in the target DNA (Jiang 

and Marraffini 2015). Following this, the DSB is repaired by the endogenous homology 

directed repair system by using an already provided DNA template which contains the 

desired edit (Jasin and Haber 2016). In C. elegans, a dpy-10 co-CRISPR strategy is 

adopted to identify successfully injected hermaphrodites. A point mutation in dpy-10 

causes a dominant Roller phenotype, such that heterozygous F1 progeny of 

successfully injected hermaphrodites can be identified (Arribere et al. 2014; Paix et al. 

2014). This co-CRISPR strategy increases the chances of getting desired edits in the 

target gene (Paix et al. 2015).  

There are mainly eight steps to successfully edit a target gene by CRISPR-Cas9: 

i. Identify PAM sites 

ii. Design crRNA 

iii. Design tracrRNA 

iv. Perform in vitro Cas9 digestion assay 

v. Prepare repair templates 

vi. Make injection cocktails  

vii. Inject worms 

viii. Screen for jackpot broods using Co-transfomration marker (Rol/Dpy) 

ix. Screen using PCR to isolate a homozygous strain  
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2.12.1 Identifying PAM sites  

 

The first step in CRISPR-Cas9 mediated gene editing technique is to identify a 

PAM site in the target gene which is recognised by the Cas9 enzyme. NGG is the 

canonical PAM site for Streptococcus pyogenes cas9, which was used for all of my 

experiments (Cas9 enzyme; IDT 1081059, derived from S. pyogenes). The distance of 

the PAM site from the point of editing was kept between 10-30 nucleotides, as the 

efficiency of editing is inversely proportional to this distance (Paix et al. 2015). I used 

http://crispr.mit.edu/ to check the off target sites of the selected PAM site.  

 

2.12.2 Designing crRNA  

 

The crRNA refers to a region of homology 20 nt immediately upstream of the PAM 

site, excluding the PAM site.  This guide RNA segment is followed by a universal 

sequence that is necessary for cutting the double-stranded DNA target. Therefore, the 

sequence of the crRNA will be 20 nt, specific to the target gene, followed by a universal 

sequence, GUUUUAGAGCUAUGCUGUUUUG. crRNAs (10 nmol) were ordered from 

IDT and 16.7 μl TE buffer (pH 7.6) was added to make a 0.6 mM crRNA stock. From 

the stock solution, 1 μl aliquots were made and stored at -80°C. For the dpy-10 crRNA, 

0.2 μl aliquots were frozen.  

 

 

http://crispr.mit.edu/
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2.12.3 CRISPR tracrRNA  

 

tracrRNA is a 74 nt universal sequence required for Cas9 function. I ordered 20 

nmol tracrRNA from IDT and added 117.6 μl TE buffer (pH7.6) to make a 0.17 mM 

stock solution. Aliquots (5 μl) were made from the stock solution and stored at -80°C. 

In addition, I also made another 0.01 mM stock solution of tracrRNA to use in in vitro 

cas9 digestion assays.  

 

2.12.4 In vitro Cas9 digestion assay  

 

I conducted an in vitro Cas9 digestion assay to make sure that crRNA was able to 

guide Cas9 enzyme to the PAM site to precisely cut the DNA. I designed primers to 

amplify the target gene, with the expected cut site at 2/3 total PCR fragment length. If 

cas9 cuts the DNA, I expect to observe two separate bands on an agarose gel. At first, 

2 μl 10x buffer, 0.5 μl Cas9 (IDT), 1 μl tracrRNA (10 μM) and 1μl crRNA (10 μM) was 

mixed on ice and then incubated at 25ºC for 10 minutes. Next, 1 pmol DNA was added 

and the final volume was adjusted to 20 μl by adding nuclease free water. The reaction 

mixture was kept at 37°C for 1 hour. After incubation, the sample was run on an 

agarose gel with ethidium bromide to see if the target DNA was cut or not (Figure 2.5).  
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Figure 2.5: In vitro Cas9 digestion assay.  Cas9 cuts the PCR 
product at the desired PAM site in presence of both tracrRNA and 
crRNA (second lane). Cas9 is unable to cut at the PAM site in the 
absence of crRNA (third lane). crRNA alone is unable to cut the 
desired PAM site.  

 

2.12.5 Preparing Repair Templates  

 

There are three different approaches I have taken to tag my target genes. They 

are 

       i) Tagged with GFP  

ii) Tagged with small tags i.e., 3xFLAG, Ollas  

iii) Creation of point mutation.  

In each case, different strategies to design the repair template were used as 

described bellow:   
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2.12.5.1 Preparing GFP repair template  

 

I tagged gskl-1 with GFP in its 5’ end. I used pcM1.53 plasmid DNA as my PCR 

template to generate a PCR fragment with the GFP gene flanked by gskl-1. Plasmid 

DNA was isolated with a CTAB precipitation following standard protocol. Briefly, 50 ml 

DH5 culture with the plasmid was grown overnight. The culture was centrifuged to 

collect the pellet, which was resuspended in 1.25 ml of GTE (50 mM Glucose, 25 mM 

Tris pH 8.0, 10 mM EDTA). Then, 2 ml of 0.2 M NaOH with 1% SDS was added, gently 

mixed, and incubated at room temperature for 5 minutes. Further, 1.85 ml of KAc (3 M 

potassium acetate, 2M acetic acid) was added. After keeping that tube in an ice bath 

for 5 minutes, it was centrifuged at 12,000 g at 4ºC for 10 minutes. The supernatant 

was discarded and 4 ml NH4Ac/EDTA (1 M ammonium acetate, 10 mM EDTA) was 

added to the pellet. Cold 95% ethanol (10 ml) was added and the solution was 

centrifuged at 12,000 g at 4°C for 5 minutes. The pellet was collected and washed with 

5 ml of 70% ethanol and was allowed to air dry at room temperature. The pellet was 

then resuspended in 500 μl of TE pH 7.5 and the DNA concentration was measured 

using a spectrophotometer. This purified DNA was then used as a PCR template to 

amplify GFP.  I designed two primers to amplify GFP that included 35 bp homology 

arms from gskl-1 and I used high-fidelity Taq polymerase (Roche) to avoid replication 

errors during PCR. The PCR product was separated on a 1% agarose gel to extract 

the appropriate size band by using a gel extraction kit (Qiagen). This purified product 

was then used as a template for the second round of high-fidelity nested PCR. This 

time, the flanking region of gskl-1 on the first primer set was used as a nested primer. 

I aimed to set up eight reactions in the second round of high-fidelity PCR and combined 
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all PCR products together in the end. I analyzed the sample (1 ul) in 1% agarose gel 

to confirm the product size. In the final step, I used the Qiagen minelute kit to isolate 

the PCR product. I used 20 μl HPLC grade water to elute the DNA. The concentration 

of that purified DNA was 475 ng/μl which was used as a repair template. The detail of 

this process is schematically represented in the following diagram.   

 

 

Figure 2.6: Schematic representation of designing repair template to tag gskl-1 

with gfp at 5′ end.  

(A) Showing PAM site, Cas9 cut side and GFP insertion site on gskl-1 

(B) Schematic diagram of repair template that was used in this experiment. 

 

 

2.12.5.2 Preparing repair templates for small tags  

 

I used 3xFLAG to tag gskl-1 at its 5’ end. In this case, the small tag sequence was 

flanked by a 50 bp homology arm on each side. The repair template sequence was 
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initiated with Homology Arm 1 followed by the small tag sequence and then the internal 

homology region and Homology arm 2. As the 3xFlag sequence disrupted the crRNA 

sequence in the repair template no silent mutation was introduced in the repair template 

to protect it from Cas9 nuclease activity. This repair template was ordered from IDT (4 

nmol Oligomer).  

 

 

Figure 2.7: Schematic representation of designing repair template to tag gskl-1 

with 3xFLAG at 5′ end.  

(A) Showing PAM site, Cas9 cut side and 3xFLAG insertion site on gskl-1 

(B) Schematic diagram of repair template that was used in this experiment. 

 

I used Ollas to tag gskl-2 at its 5’ end. The Ollas (E.coli OmpF Linker and mouse 

Langerin fusion Sequence) tag is approximately 100 times more sensitive to detect by 

monoclonal antibodies than other available tags (Park et al. 2008). The repair template 

sequence was initiated with Homology Arm 1 followed by the Ollas sequence, internal 
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homology regions with silent mutation and then Homology arm 2. In this case, the Ollas 

sequence was flanked by a 50 bp homology arm on each side. As crRNA sequence 

was not disrupted by Ollas insertion in the repair template, to prevent cutting by Cas9 

nuclease, some silent mutations were introduced. This repair template was directly 

ordered from IDT (4 nmol Oligomer). This detailed process is schematically presented 

in the following figure:  

 

 

Figure 2.8: Schematic representation of designing repair template to tag gskl-2 

with Ollas at 5′ end.  

(A) Showing PAM site, Cas9 cut side and Ollas insertion site on gskl-2 

(B) Schematic diagram of repair template that was used in this experiment. Silent 

mutations were introduced in internal homology region in the repair template (marked 

in green).  
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2.12.5.3 Preparing repair templates for creating point mutations  

 

We found abc56 as a suppressor of memi-1(sb41) in a previous EMS screen. One 

candidate gene, mbk-2, was revealed by genome sequencing. I recreated the putative 

suppressor point mutation in mbk-2 to verify that the mutation is responsible for 

suppressing memi-1(sb41). In this case, 50 bp upstream and 50 bp downstream from 

the cas9 cutting side was used for homology arms. Some silent mutations were 

introduced in the repair template to prevent it from being cut by Cas9 nuclease. A SphI 

restriction endonuclease recognition site was also introduced in the repair template to 

identify the insertion. Details of this design are explained in the following Figure:  

 

Figure 2.9: Schematic representation of designing repair template to create C821T 
point mutation on mbk-2.  
(A) Showing PAM site, Cas9 cut site and Ollas insertion site on mbk-2 
(B) Schematic diagram of repair template that was used in this experiment. C821T mutation 
is highlighted in blue. Silent mutations were introduced in internal homology region in the 
repair template (marked in green). The SphI restriction site is indicated. 
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2.12.6 Making injecting cocktails  

 

The injection mixture was prepared on ice. A 20 µL injection mixture contained 5 

μL of 10 µg/µL Cas9 (Alt-R® S.p. Cas9 Nuclease V3 from Integrated DNA technologies 

), freshly prepared 1 μL 1M KCl (Invitrogen), freshly prepared 0.75 μL 200mM HEPES 

(pH 7.4 from Invitrogen), 5 µL 0.17 mM tracrRNA (Alt-R® CRISPR-Cas9 tracrRNA, 5 

nmol from IDT), 0.4 µL 0.6 mM dpy-10 crRNA (Alt-R® CRISPR-Cas9 crRNA, 2 nmol 

from IDT), 1 µL 0.6 mM targeted gene crRNA (Alt-R® CRISPR-Cas9 crRNA, 2 nmol 

from IDT), 0.55 µL 16 µM dpy-10 ssODN (IDT), 10 pmolar ssODN repair (IDT), and 

nuclease free water (Invitrogen) to a final volume of 20 µL. This cocktail was then 

centrifuged at 12000 g for 2 minutes and after that distributed in six small aliquots and 

stored in -20ºC. Before injection, one small aliquot was incubated at 37°C for 20 

minutes and immediately loaded into the injection needle.  

 

2.12.7 Injecting worms  

 

Worms were grown up at the 15ºC incubator before injection. Around 1000 L4 

larvae were picked up and kept in several plates at 15ºC for 16 to 18 hrs before 

injection. The injection mixture was loaded in an injection needle at least 15 minutes 

before the start of injection. The tip of the needle was opened carefully to allow the 

injection mixture to flow smoothly. A small drop of halocarbon oil was placed on a dry 

1.2% agarose pad and L4 larval or young adult worms were placed in the oil. Once the 

worms stopped moving, the slide was transferred to the microscope stage. I used a 

20X objective lens to visualize worms during injection and usually injected both gonad 
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arms. After successful injection, worms were recovered from the injection pad and 

placed in a fresh NGM plate. In every 5 to 10 minutes 5 μl of M9 buffer was added to 

the plate until the rescued worms started to crawl around freely. Within approximately 

45 minutes, injected survivors were transferred to a fresh plate. In every subsequent 

15 minutes M9 buffer was added to that new plate. After an hour, all injected worms 

were carefully transferred to another new plate to completely remove adhered oil from 

the body of worms. Finally, all successfully recovered worms (P0) were transferred to 

individual plates and were kept at 25°C to allow them to lay eggs over the next 48 hrs.  

 

2.12.8 Screening injected worms 

 

The percentage of Dumpy and Roller worms among the progeny of P0 worms were 

scored. Typically, three plates with the highest percentage of Roller and/or Dpy worms 

(“jackpot” broods) were considered for further screening.  

 

2.12.9 Screening for edits  

 

From the jackpot broods, all F1 Roller worms were picked in cohorts of 2 worms 

per plate to allow them to lay eggs. The F1 Roller progeny were screened either by 

PCR or by fluorescence to detect the desired edits. The PCR product was analysed by 

either size shift on 2% agarose gel to detect insertions of small tags, or by restriction 

digestion to detect insertions of restriction endonuclease site-modifying point 

mutations. GFP insertions were detected by fluorescence signals under the 

microscope. From the F1 pools which gave positive results, 40 F2 Dpy/Rol 
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hermaphrodites were separated and kept on individual plates. After the F2 laid eggs, 

genotyping was done using standard lysis and PCR protocols. Primers were designed 

at least 250 bp upstream and downstream of the insertion site to detect the 

homozygous edit.  

 

2.12.10 Isolating homozygous worm strains  

 

Based on the screening results, I selected 4 worms from each predicted 

homozygous worm-containing plate, and isolated the worms on individual plates for 48 

hours. After egg laying, single-worm PCR was done on the mother, and the DNA 

sample was sent for sequencing. Following this, based on the sequencing result, 

homozygous worms were given a strain name and an allele name, following standard 

protocols.  

 

Figure 2.10: Schematic representation of the overview of CRISPR-Cas9 technique. 

Wild type worms were injected at first step. Jackpot broods were identified, and 

homozygous edits were screened to establish CRISPR engineered worm strain. 
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2.13. Immunostaining  

 

Immunostaining was performed based on the “Freeze-Crack” method (Duerr 

2013). L4 males of respective genotypes were harvested overnight at 20ºC in the 

absence of hermaphrodites to observe inactive spermatids or active spermatozoa. The 

next day, 20-25 males were dissected in 5 µL SM media on a polylysine-coated slide 

with an 18X18 mm coverslip placed on top. Gentle pressure was applied to release the 

spermatids from gonads. To observe embryos, approximately 35 young adult 

hermaphrodites were picked into 5 µL of egg buffer (25 ml 25mM HEPES pH 7.3, 59 

ml 118 mM NaCl, 24 ml 48mM KCl, 2 ml 2mM CaCl2, 2 ml 2mM MgCl2, volume adjust 

to 1 litre with ddH2O) on a polylysine-coated slide and gentle pressure was applied to 

squeeze the embryos out of the worms. Slides were immediately frozen in liquid 

nitrogen. After freeze-cracking by removal of the coverslip, slides were fixed in 

methanol for 15 minutes at -20ºC. After washing in phosphate-buffered-saline (PBS) 

for 20 minutes, slides were incubated with 25% goat serum for one hour followed by 

washing in PBS for 10 minutes. The slides were then incubated in primary antibody 

solution (5% goat serum, 0.01% Triton-X100 and 1 µg/µL primary antibodies) for one 

hour at room temperature. 3x-FLAG was detected by mouse anti-FLAG antibody 

(F1804, Sigma Aldrich) at 1/500 dilution, Ollas was detected by rat anti-Ollas antibody 

(NBP1-06713, Novus Biologicals) at 1/250 dilution, membranous organelles (MO) were 

observed by AlexaFluor 488-conjugated wheat-germ agglutinin at 1/1000 dilution, MSP 

was visualised by mouse anti-MSP 4A5 antibody at 1/500 dilution (Developmental 

Studies Hybridoma Bank) and rabbit anti-GSP-3/4 antibodies were used at 1/1000 

dilution. Slides were washed in PBS for 3X10 minutes before they were incubated in a 
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secondary antibody solution (5% goat serum, 0.01% Triton-X100 and 1ug/ µL 

secondary antibodies) for an hour at room temperature. Alexa488 goat anti-mouse, 

Alexa546 goat anti-mouse, or Alexa488 goat anti-rat secondary antibodies were used. 

Slides were washed in PBS for 3X10 minutes and mounted in media that contained 

DAPI (F6057- Fluoroshield with DAPI). Images were captured using a 60X oil (NA 1.42) 

objective with an Olympus IX81 spinning disc confocal inverted microscope.  

  

2.13.1 Troubleshooting Secondary antibody for false positive staining  

 

Initially, I used Thermo Fisher goat anti-rat Alexa Fluor 546 secondary antibodies 

to detect Ollas, but the secondary antibody itself gave a fluorescence signal (Figure 

2.11).  

 

 

 

 

In an attempt to clean up this antibody, wild-type worms were serially washed off 

with an M9 buffer from plates to collect worms and a concentrated stock of 1 ml was 

prepared. Those worms were completely disrupted by using a sonicator. The sample 

Figure 2.11: False Positive signal from goat anti-rat antibody.  

Male worms were stained only with Alexa546 Thermo Fisher goat anti-rat 

antibody and DAPI after dissection. This secondary antibody gave a fluorescence 

signal in the absence of primary antibody.  



73 

 

was then centrifuged to collect the 100 μl pellet. Next, 400 μl chilled acetone (placed 

in -20ºC for an hour before use) was added to incubate it for one hour at -20ºC. After 

the incubation, the sample was centrifuged at 13000 x g for 10 minutes.  Supernatant 

was decanted carefully to collect the pellet for future use. 1 μg of pellet was added into 

100 μl of that secondary antibody and incubated for an hour at room temperature. After 

10 minutes it was centrifuged at 13000 x g to collect the supernatant. Unfortunately, it 

did not clean up and gave a bright fluorescence signal on its own. Therefore, I obtained 

a goat anti-rat 488 secondary antibody from Dr. Shelagh Campbell (University of 

Alberta) which did not give any signal on its own (Figure 2.12). I used this secondary 

for all immunostaining experiments involving the Ollas tag. 

 

 

 

 

 

2.14 Western Blotting  

 

Western blotting was performed on whole worm lysates using the following 

procedure (Gusnowski and Srayko 2011): 

Figure 2.12: Testing Alexa 488 goat anti-rat antibody.  

Male worms were stained only with Alexa 488 goat anti-rat antibody (gift from 

Dr. S. Campbell lab) and DAPI after dissection. No fluorescence signal from this 

Alexa 488 Goat anti Rat was detected.  
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2.14.1 Preparation of sample  

 

Worms containing fem-1(hc17) and fem-3(q20) mutants were grown at 15°C. 

When they reached the L4 stages, 8 L4 hermaphrodites were placed in one plate 

together. Five such plates were transferred to 25°C to allow the worms to lay eggs over 

the next 48 hrs, after which, the mothers were removed from the plates. Approximately 

36 hrs after removal of mothers, the progeny worms were serially washed off from the 

plates with M9 buffer and pelted at 1000 g for 2 min. The pellet was then washed one 

more time with fresh M9 buffer, spun, and resuspended in a final volume of 50 μl M9. 

An equal volume of 2X Laemmli buffer (Sigma-Aldrich) was added, and the sample 

was boiled for 5 minutes at 95°C. This sample was either loaded onto a 10% SDS-

PAGE stacking gel or stored at -20ºC. Frozen samples were heated at 95°C for five 

minutes just before loading the stacking gel.  

 

2.14.2 Western Blot   

 

Proteins were separated by SDS-PAGE using a stacking gel (3.75 Acrylamide/Bis, 

130 mM Tris pH 6.8, 1% SDS, 1% ammonium persulfate and 0.1% TEMED) and a 10% 

resolving gel (10% Acrylamide-Bis, 390 mM Tris pH 8.8, 1% SDS, 1.5% Ammonium 

persulfate and 0.04% TEMED). Gels were placed in a running buffer (25 mM Tris, 192 

mM glycine, 0.1% SDS, pH 8.3) at 90 V for one hour at room temperature. A prestained 

protein marker (26616, Thermo Fisher) was used to estimate the relative mass of the 

proteins. After the run was completed, proteins were transferred from the gel to a 

nitrocellulose membrane (Hybond-N, GE Healthcare) at 100 V for 2 hr. The membrane 
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was blocked in 5% skim milk in TBST for 1 hr (20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 

and 0.05% Tween 20).  

  

2.14.3 Standardization of antibodies  

 

The Ollas tag was detected by rat anti-Ollas antibody (NBP1-06713, Novus 

Biologicals) at 1/250 dilution, mouse anti-tubulin (DM1A, Sigma) at 1:500 dilution and 

mouse anti-MSP 4A5 antibody (Developmental Studies Hybridoma Bank) at 1/1000 

dilution. All antibodies were diluted in TBST + 4% skim milk and incubated for 1 hr at 

RT. HRP-bound Goat anti-rat and goat anti-mouse secondary antibodies (Bio-Rad) 

were used at 1:5000 in TBST + 4% skim milk and incubated with the membrane for 1 

hr at RT. The secondary antibodies were detected via SuperSignal West Pico ECL 

(Thermo Fisher Scientific) and imaged on the ChemiDoc MP Imaging system (BioRad).  

To detect FLAG, I used anti-Flag HRP conjugate antibodies at a 1/1000 dilution 

(2044-S, Cell Signaling Technology) as previously reported (Paix et al. 2017). I was 

unable to detect the expected 41 kd band for my target protein 3xFLAG::GSKL-1 at 

1/1000, 1/500 dilution or 1/125 dilution. Similar problems with this antibody were 

reported by other researchers in the worm community, therefore, I tried mouse anti-

FLAG antibodies (F1804, Sigma Aldrich). First, I tested the specificity of this antibody 

using a FLAG::GSP-4 positive control worm (gift from Dr. Diana Chu, San Franscisco 

State University) in 1:50 and 1:500 dilution. The samples were separated via SDS-

PAGE and blotted, as described above, and then each lane of protein sample was 

stripped off to probe with different concentrations of mouse anti-FLAG antibody (F1804, 
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Sigma Aldrich). The right size band was detected in both 1:50 and 1:500 concentrations 

(Figure 2.13). So, I decided to use mouse anti-FLAG antibodies (F1804, Sigma Aldrich) 

at 1:500 dilution for my further experiments.  

  

 

After determining the appropriate antibody concentration to detect GSKLFLAG, I 

encountered a problem detecting the FLAG signal when used in combination with other 

probes to detect different proteins. In this case, I probed for loading controls α-tubulin 

and MSP, in addition to 3xFLAG::GSKL-1. I used three different anti mouse primary 

antibodies to detect these three different proteins. All of them were verified individually 

previously, but only α-tubulin and MSP signals were detected in the blot that was 

probed for all three antigens. I used a mild stripping buffer (15 gm glycine, 1 gm SDS, 

10 ml Tween 20, volume adjusted to 1 ml by dH2O, pH 2) to remove primary and 

secondary antibodies from the membrane by following standard protocols. Briefly, I 

kept the membrane in a stripping buffer at room temperature for a total of 15 minutes 

and in every 5 minutes I kept changing the buffer. Then the membrane was washed in 

Figure 2.13: Testing F1804 FLAG antibody.  

FLAG was detected by F1804 (Sigma Aldrich) 

antibody in both 1:50 and 1:500 dilution. 

3xFLAG::GSP-4 worm lysates were used as 

positive controls.  
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1X PBS for 10 minutes followed by washing in TBST buffer for 5 minutes, which was 

repeated for one more time. The membrane was then blocked in a blocking solution 

and re-probed with only the FLAG antibody. Then, I was able to detect the FLAG signal. 

To avoid this problem, I probed the membrane with anti-FLAG antibody first, and then 

used the same membrane to re-probe for anti-α-tubulin and anti-MSP antibodies.  

 

2.14.4 Visualizing proteins after Western blotting  

 

The HRP conjugate secondary antibodies were detected via SuperSignal West 

Pico Chemiluminescent substrate (Thermo Fisher Scientific). This product comes with 

two different solutions, namely, stable peroxide solution and Luminol solution. Just 

before imaging, both solutions were mixed in equal volumes to make the working 

solution.  The membrane was incubated with this working solution for 2 minutes. After 

removing the working solution from the membrane, images were acquired on the 

ChemiDoc MP Imaging system (BioRad). 

 

2.15 In utero confocal imaging   

 

For in utero imaging, worms were picked into 7 μl of egg buffer containing 5 mM 

tetramisole hydrochloride. This was done to immobilize the worms prior to imaging. 

Once the worms stopped moving (typically 10 minutes), the cover slip was inverted 

onto a 2% agarose pad. Fluorescent images of 3 planes, spaced 1.5 µm apart, were 

taken in 30 second intervals using a 60X oil (NA 1.42) objective lens with an Olympus 

IX81 spinning disc confocal inverted microscope. A maximum projection of these three 
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planes was used to make the figures. TIFF Raw images were converted to 8 bit RGB 

planes for each colour and these were merged in adobe photoshop to make the figures.  

 

2.16 Statistical analysis  

 

Student’s T-tests were performed assuming that the two populations exhibited 

unequal variance (Welch’s correction). Graphs were plotted using GraphPad software 

(USA).  
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3. Identification of suppressors of embryonic lethality of memi-1(sb41)  

 

 

3.1 Identification of suppressor loci   

 

The memi-1(sb41) mutation has proven to be useful for genetic screens that 

identify components of the post-fertilization signal for regulating female meiosis II.  An 

EMS screening was done to identify suppressors of mem-1(sb41). The details of this 

EMS screening are described in chapter 1.7.1 (page 35). Briefly, through this genetic 

screening, 31 suppressors of memi-1(sb41) were found. 11 of the 31 suppressors were 

second-site alterations within the memi-1 gene (intragenic suppressors) (Catilin Slomp, 

pers. comm.).  Any extragenic suppressors strains that contained alleles of the same 

gene and belonged to a common complementation group were noted as suppressor 

candidates (Herzog 2018). Only two genes, gsp-4 and gskl-1, were identified as 

candidate suppressors of memi-1(sb41) based on these criteria.   

 

3.2 gsp-3 and gsp-4 suppress memi-1(sb41) embryonic lethality  

 

The EMS screen recovered 5 alleles of gsp-4:  abc39, abc40, abc44, abc47 and 

abc48. Out of these suppressors, abc39, resulted in a G89E substitution, abc40 

resulted in G221R, abc44 resulted in H64Y, abc47 resulted in L50H and C107Y, and 

abc48 resulted in a G61E substitution. All of these missense mutations occurred in 

conserved regions that were identical among PP1 phosphatases of different 

organisms. To further validate that loss of gsp-4 is responsible for suppression, a 

deletion allele of gsp-4(tm5415) was used.  The gsp-4(tm5415); memi-1(sb41) 
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suppressed the embryonic lethality memi-1(sb41) to 9% survival compared to 0% of 

memi-1(sb41) at 25ºC (Figure 3.3, P<0.0001). gsp-4 is functionally redundant with gsp-

3, however, gsp-3 was not recovered as a suppressor in this EMS screen. This raised 

the possibility that, although gsp-3 and gsp-4 are functionally redundant for sperm 

functions, they may not be redundant with respect to the MEMI pathway. Therefore, in 

order to directly test whether gsp-3 alone can suppress memi-1(sb41), I obtained a 

deletion allele and made a double mutant. gsp-3(tm1647); memi-1(sb41) produced 9% 

viable progeny compared to 0% of memi-1(sb41) at 25ºC (Figure 3.1, P<0.0001). This 

data confirmed that loss of gsp-3 or gsp-4 is sufficient to suppress memi-1(sb41). 

Original experiments were conducted using RNAi, hence, gsp-3/4(RNAi) likely 

suppresses by lowering the activity of both of these highly similar genes (Ataeian et al. 

2016). 

 

Figure 3.1: gsp-4(∆) and gsp-3(∆) suppress memi-1(sb41) embryonic 
lethality at 25ºC. n= 10 for each group, P<0.0001 (Student’s T-test), Error bars 
represent SEM. 
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3.3 gskl-1 suppresses memi-1(sb41) embryonic lethality  

 

Four suppressor mutations were found in the gskl-1 gene.  abc57 represents a 5-

bp deletion that is expected to produce a truncated protein (60 aa); abc41 and abc59 

are missense mutations resulting in T210I and G240R substitutions, respectively; and, 

abc51 contains a G to A mutation in the splice site acceptor region of intron six (details 

of these mutants are discussed in next chapter). gskl-1 belongs to the glycogen 

synthase kinases-3 (GSK-3) family (Manning 2005). Transcripts of gskl-1 are most 

abundant in L4 male larvae, suggesting that the primary function for gskl-1 might be 

related to the male germline, which initiates spermatogenesis at this stage (Marcello et 

al. 2013). Although four mutations were identified in gskl-1 within four different 

suppressor strains, independent verification that loss of gskl-1 function alone can 

suppress memi-1(sb41) was necessary.  In order to test this, I obtained a deletion 

mutation of this gene gskl-1(tm4146) and made a double-mutant strain with memi-

1(sb41). In this double mutant, embryonic viability increased from 0% in control memi-

1(sb41) to 34.9% in the gskl-1(∆); memi-1(sb41) double-mutant hermaphrodites at 

25ºC (Figure 3.2, P<0.0001). This indicated two important results, that the suppressor 

gene involved was indeed gskl-1, and that the suppression was due to a loss of function 

for this gene. 

The gskl-1 gene was not previously characterized and was not attributed to any 

specific function in C. elegans.  I decided to further characterize this gene and this work 

is presented in Chapter 4 of this thesis.  
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Figure 3.2: gskl-1(∆) suppresses memi-1(sb41) embryonic lethality at 
25ºC. n= 10 for each group, P<0.0001 (Student’s T-test), error bars represent 
SEM. 

 

 

3.4 Towards the identification of extragenic suppressors of memi-1(sb41)  

 

At the start of this project, some candidate memi-1(sb41) suppressor genes were 

identified based on genetic mapping, complementation analyses and RNAi (Herzog 

2018). Considering the mapping data of the suppressor strains, the mutations on 

chromosomes that were unlinked to suppression were eliminated, and those that 

showed linkage were identified and isolated. Three genes on two different suppressor 

strains, smz-1, frm-8, mbk-2 were selected as candidates based on these criteria. Out 

of the remaining suppressors, abc36, abc52 and abc54 were linked to LGX, LGIII and 

LGII respectively. There were only 4 possible mutations present in abc36 on LGX. 
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abc50 has 12 mutations on LGIII and abc54 has 25 mutations on LGII, many of these 

genes’ functions were already known. Based on the functional data and transcriptome 

analysis available (reference), I narrowed down the number of candidate genes. 

Finally, 4 genes were pursued as part of this thesis, smz-1, frm-8, mbk-2 and ceh-18.  

 

3.4.1 smz-1 suppresses memi-1(sb41) embryonic lethality  

 

In the abc53 suppressor strain, seven genes were found on LGIV, consistent with 

genetic mapping data (Table 3.2). Out of these, only smz-1 (sperm meiosis PDZ 

domain-containing proteins) was previously characterized. Within the abc53 strain, 

smz-1 contains a missense mutation to produce I133N amino acid alteration. smz-1 

has a highly similar paralogue smz-2, and knockdown of either smz-1(RNAi) or smz-

2(RNAi) individually caused chromosome segregation defects during spermatogenesis 

(Chu et al. 2006). Preliminary characterization of smz-1(∆) indicated that it was 

superficially wild-type, with respect to embryonic viability. As smz-1 is involved in sperm 

function like another suppressor, gsp-4, it was hypothesized that smz-1 could be the 

suppressor in this suppressor strain (Herzog, 2018). If this hypothesis is correct, it is 

expected that smz-1(RNAi) should suppress the embryonic lethality of memi-1(sb41). 

Indeed, smz-1(RNAi) suppressed memi-1(sb41) embryonic lethality, albeit weakly (J. 

Chum, pers. comm.). To further test the molecular basis of suppression, a deletion 

allele of smz-1(∆) was used. I crossed smz-1(∆) males to memi-1(sb41) 

hermaphrodites at 25ºC and found that smz-1(∆) males suppressed memi-1(sb41) 

(Figure 3.4, P=0.002).  
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The observed suppression rate by smz-1(∆) males was much lower in comparison 

to the original suppressor strain (7% vs. 73%). However, this experiment relied on male 

mating, thus, to test the suppression by smz-1(∆) in a hermaphrodite self-cross, an 

smz-1(∆); memi-1(sb41) double mutant strain would need to be constructed in the 

future. Both genes are on chromosome IV, thus recombinants need to be identified to 

make the double mutant. Alternatively, CRISPR-Cas9 method can be used to recreate 

the abc53 point mutation to further validate smz-1 as a suppressor of memi-1(sb41).  

 

Figure 3.3: smz-1(∆) male suppresses MEL of memi-1(sb41) at 25ºC. After 
mating, the embryonic viability was scored from the mated memi-1(sb41) 
hermaphrodites. n= 6 hermaphrodites for each group, P=0.002 (Student’s T-
test), error bars represent SEM. 

 

 

3.4.2 frm-8 is identified as a suppressor of memi-1(sb41) embryonic lethality  

 

In the abc50 suppressor strain, seven candidate genes were identified on LGIII 

consistent with genetic mapping data (Herzog 2018). Out of which, frm-8 was selected 
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as a candidate gene. frm-8 is an ortholog of human FERM and PDZ domain-containing 

protein 1 (FRMPD1) and FRMPD4 genes and the abc50 strain contains a missense 

mutation within the frm-8 gene that resulted in I643N substitution. In humans, FRMPD1 

helps to stabilize membrane-bound G protein signalling modulator 1, and FRMPD4 

binds with phosphatidylinositol 4,5-bisphosphate to maintain excitatory synaptic 

transmission (An et al. 2008). Also, SNP analyses indicated that FRMPD4 in humans 

is associated with several X-linked diseases (Urio et al. 2020; Wang et al. 2020). The 

role of frm-8 in C. elegans has not been characterized yet. In order to test whether loss 

of frm-8 can suppress memi-1(sb41), I obtained a deletion allele of frm-8(ok1769).  I 

crossed frm-8(∆) males to memi-1(sb41) hermaphrodites at 25ºC and found that frm-

8(∆) males suppressed memi-1(sb41) (Figure 3.4, P=0.002).  

The observed suppression rate by frm-8(∆) male is much lower in comparison to 

the original suppressor strain (6% vs 76%). However, this experiment relied on male 

mating, thus, to test the suppression by frm-8(∆) in a hermaphrodite self-cross, frm-

8(∆); memi-1(sb41) double mutant strain would need to be constructed in the future. 

Alternatively, CRISPR-Cas9 method can be used to recreate the abc50 point mutation 

to further validate frm-8 as a suppressor of memi-1(sb41).  
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Figure 3.4: frm-8(∆) male suppresses MEL of memi-1(sb41) at 25ºC. The 

embryonic viability was scored from the mated memi-1(sb41) hermaphrodites. 

n= 6 hermaphrodites for each group, P=0.002 (Student’s T-test), error bars 

represent SEM. 

 

 

 

3.4.3 mbk-2 is identified as a suppressor of memi-1(sb41) embryonic lethality  

 

In the abc56 suppressor strain, seven candidate genes were identified on LGIV, 

consistent with genetic mapping data (Herzog 2018). Among these, the gene mbk-2 

(Mini Brain Kinase), encodes a DYRK (dual-specificity tyrosine-regulated kinase), 

stands out as a potential suppressor because it has been implicated in a variety of 

processes important to the oocyte-to-embryo transition. This abc56 mutation changed 

an evolutionarily-conserved alanine residue at 274th position to valine in the MBK-2 

(Figure 3.5). In unfertilized oocytes, MBK-2 is distributed throughout the cortex, but 

after completion of anaphase I and before the formation of the meiotic II spindle, the 
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distribution of MBK-2 is changed to a punctate pattern in the fertilized embryo (McNally 

and McNally 2005). The CCCH-type zinc finger protein OMA-1 prevents premature 

activation of oocytes, and during MI, this OMA-1 protein is normally degraded by CUL-

2 based E3 ubiquitin ligase. This timely degradation of OMA-1 is required for proper 

oocyte to embryo transition. MBK-2 phosphorylates OMA-1 to facilitate its degradation 

(Shirayama et al. 2006; Guven-Ozkan et al. 2010). Two other proteins, MEI-1 and MEI-

2, also play a crucial role during the oocyte-to-embryo transition. As a part of the 

katanin microtubule-severing complex, they are required to form the female meiosis 

spindle and must be degraded quickly to form a mitotic spindle successfully.  Together 

with CUL-3-based E3 ubiquitin ligase, MBK-2 is also involved in the degradation of 

MEI-1 (Johnson et al. 2009; Beard et al. 2016). Interestingly, a substrate-specific 

adaptor of the CUL-2 E3 ligase pathway, ZYG-11, is required to timely degrade MEMI 

during MII to mitosis transition (Ataeian et al. 2016). As MBK-2 is involved in the 

degradation of proteins during oocyte to embryo transition, we hypothesized that the 

suppression of memi-1(sb41) is due to the mutation in mbk-2. As mbk-2 deletion 

caused embryonic lethality, it could not be used to verify the suppression. Hence, the 

CRISPR-Cas9 method was used to recreate mbk-2::abc56 point mutation. It was found 

that mbk2::(abc56) memi-1(sb41) produced 26.33% viable embryos at 25ºC (Figure 

3.6). This data confirms mbk-2(abc56) as a suppressor of memi-1(sb41) embryonic 

lethality.  
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Figure 3.5: abc56 causes a missense mutation (A274V) in an evolutionary conserved 

Alanine residue in MBK-2. 

 

 

 

Figure 3.6: mbk-2::abc56 suppresses MEL of memi-1(sb41) at 25ºC.  n= 

8 for each group, P<0.0001 (Student’s T-test), Error bars represent SEM. 
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3.4.5 Testing candidate genes to identify the suppressor mutation abc36  

 

Previous work established that abc36 suppression was linked to the X 

chromosome. In the abc36 suppressor strain, four mutations were revealed by WGS 

predicted to disrupt four different genes on the X chromosome. Those genes are 

F39C12.1, D1025.1, C15H9.3 and K09C4.5. F39C12.1 is a very large gene with a 

transcript length of 15444 nucleotides, and it is an ortholog of the human gene mios, a 

meiosis regulator for oocyte development. In Drosophila, oocytes lacking mios, enter 

the meiotic cycle but mostly result in polyploids (Wei et al. 2014). The functions of the 

remaining three candidate genes, D1025.1, C15H9.3 and K09C4.5, are not known in 

C. elegans.  

In addition to the four genes mentioned above, a mutation in the intron region of 

ceh-18 was also present in the abc36 suppressor. The mutation in the intron region of 

ceh-18 did not affect the splice acceptor or donor sequence raising the question of 

whether or not this mutation is to be responsible for any change in ceh-18 function. 

However, information available on ceh-18 function makes this gene a good candidate 

for involvement in the memi pathway. ceh-18 is expressed in gonadal sheath cells and 

a loss of function ceh-18(mg57) mutant oocytes exhibit failure in arrest in diakinesis of 

female meiosis and undergo multiple rounds of DNA replication without cytokinesis 

(Rose et al. 1997). This suggests that ceh-18 may be involved in sheath cell signalling 

that causes oocytes to maintain diakinesis arrest. It is well established that sperm 

sends an MSP-based signal to activate the oocyte from the arrest (Miller et al. 2001).  

After the fertilization, the sperm sends another signal that activates the MEMI pathway 
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to allow the oocyte to complete MII (Ataeian et al. 2016). As ceh-18 is involved in the 

signalling pathway to control oocyte arrest, I sought to determine if ceh-18(∆) 

suppressed the MEL of memi-1(sb41). I found ceh-18(∆)/+; +/memi-1(sb41) worms 

exhibit around 30% embryonic viability at 25ºC, which is significantly higher than memi-

1(sb41)/+ (Figure 3.7, P=0.002). Two other suppressors, gsp-4 and gskl-1 also showed 

a similar trend that in the trans-heterozygous condition they produced significantly 

higher number of viable progenies. However, ceh18(∆); memi-1(sb41) worms were 

extremely sick, and it was not possible to maintain that strain at the permissive 

temperature of 15ºC. To confirm if the loss of ceh-18 suppresses the embryonic 

lethality of memi-1(sb41), the CRISPR-Cas9 method can be used to recreate the point 

mutation.  

 

Figure 3.7: Average percent embryonic viability of ceh-18(∆)/+; +/memi-1(sb41) 
trans heterozygous worms.  ceh-18(∆)/+; +/memi-1(sb41) produced significantly 
higher number of viable progenies in comparison to memi-1(sb41)/+ at 25ºC 
(P=0.001, Student’s T-test). n= 5 for each group. Error bars represent SEM. 
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3.5 Uncharacterized suppressors  

 

Three suppressor mutations abc42, abc52 and abc54, remain unknown. However, 

the total number of possible mutations can be restricted by incorporating the mapping 

data. abc42 has 17 candidate suppressor genes; 14 are on LG II, and 3 are on LG IV. 

abc52 and abc54 have 5 and 6 candidate suppressors on LGIII and LGII respectively. 

abc36 has 4 candidates on LG X and, based on the data presented above (Figure 3.9), 

ceh-18 could be the most promising candidate in this suppressor strain.  

 

3.6 Evidence for a paternal basis for suppression of memi-1(sb41)  

 

It was previously shown that gsp-3/4(RNAi) treated males suppressed memi-

1(sb41) when mated to memi-1(sb41) hermaphrodites that were cultured in normal 

media; however, gsp-3/4(RNAi) treated hermaphrodites showed no suppression when 

mated to wild type males (Ataeian et al. 2016). This was probably because the larger 

wild type male sperms outcompeted smaller hermaphrodites sperm to fertilize the 

oocyte (LaMunyon and Ward 1998). Regardless of the mechanism, this result indicated 

that a similar approached could be used to help reveal whether or not any of the 

unknown suppressor mutations might be acting via the sperm after fertilization. 

Therefore, I isolated males for various deletion-mutants, representing the following 

genes: gsp-4(∆), gsp-3(∆), gskl-1(∆), smz-1(∆), frm-8(∆). In this way, males were mated 

to memi-1(sb41) hermaphrodites to see if they could suppress memi-(sb41) lethality. 

All the tested deletion males showed significant suppression (Figure 3.8).  
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Figure 3.8: Evidence for a paternal basis for suppression of memi-1(sb41). 

Average percent embryonic viability from memi-1(sb41) hermaphrodites when 

mated to males of indicated genotype at 25ºC. Error bars represent SEM. P<0.0001 

gsp-4 and gsp-3, P=0.001 for gskl-1, P=0.002 for smz-1 and P=0.006 for frm-8 

(Student’s T-test).  

 

 

3.7 Summary  

 

In summary, we identified five genetic suppressors of maternal-effect lethality of 

memi-1(sb41). Molecular lesions responsible for suppressing five suppressor 

candidates were identified via WGS and single nucleotide polymorphism and verified 

either through deletion allele or recreating suppressor mutation by CRISPR-Cas9. We 

also identified thirteen intragenic suppressors of memi-1(sb41) which might be useful 

to understand the MEMI-1 functional motif in the future. We were unable to confirm 

which genes are responsible for suppression in four suppressor strains but, based on 

WGS and mapping data, most of the potential candidate genes are uncharacterized. 
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Characterization of these genes will significantly contribute to our understanding of how 

these genes are involved in the MEMI pathway.  
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4. Functional characterization of gskl-1  

 

4.1 Genetic analysis of gskl-1 suppressor alleles  

 

As part of the EMS screen to identify suppressors of memi-1(sb41), four 

independent suppressor strains contained mutations within the gskl-1 gene were found 

(Figure 4.1).  abc57 resulted in a small deletion of GTCACCTA nucleotides in exon two 

which created a premature stop codon that is expected to produce a truncated protein 

of 60 aa (Figure 4.1). abc41 contains a C673T missense mutation resulting in T210I 

change (Figure 4.1 and 4.2). abc59 contains G762A missense mutations resulting in a 

G240R change (Figure 4.1 and 4.2). This Glycine in 240th position is conserved in all 

GSK-3 present in other organisms (Figure 4.3). abc51 contains a G-A mutation in the 

splice site acceptor region of intron six, which is expected to reduce or eliminate 

splicing, based on the consensus site (Figure 4.1).  For example, the consensus splice 

acceptor is UCCAG (Blumenthal T 1997) and abc51 alters a nucleotide G-A to change 

the splice acceptor site to UCCAA.  The position of these mutations and their effects 

on protein are summarized below: 
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aacattaaaaaatttcgattagaaatctctctgaaatcaattgattaaacgATGATGAAC 60 

 

GGATTCGGTATCAAGAATAATGGCGAATTTTATTCGGTTAGCTTACAATTTGGAGgtttg 120 

                                                                             

gaagcttatagaggttcataaaaccacaaaaaaagcaatttcagCGCACAAGCTATGTGG 180 

 

AAGTGGGAGATTTTCAAACGTTTATTGTGGTCAAATGATATCTCCAATTGAAAAAGAGGT 240 

                                    abc57                                       

CGCCGTGAAAAATGTGTGGTCTGATACGGAAACACGTCACCTAGCAACTAGTGAATATCC 300 

 

GGAAATTCAAATTTTATCGAAACTTTTTCATCCGGCCATTTCGAATCTTTTGTATTTTTA 360 

 

CTCGAGAAATGCGAATGACAAGgtttggaaattagagagaaaaattagaaatctcaaaaa 420                                                                            

 

ttggatattgtttagGTAATAAACTGCCTTGTTCTGGACTATTTACCACAGGACCTGGCA 480 

  

AGATTAAGAGATCAAGGTGTGAAATTCGATGTCCTCGACGCAAAGCTCTACACTTTTCAA 540 

                                                                             

TTATTCTGTGCAATCAGTCACTTAACTTCAAAAAACATTGTTCATATGGATATAAAGCCT 600 

                                                                             

CAAAATGTTGTCATGGATCGCATGgttcgacgagatttaatttagaattaggaaaaaaaa 660 

                                                                             

ttaggaattttcagGCGGGACGTTTGAAACTGGCAGATTTCGGAAATGCGAGACGACTTG 720 

                                               

AGACAAATGAGAAGACAGGAAGTGCCTATCAGgtgacaaactactcaattaatcactatt 780 

 

ttcctgataaatcacacatataattaatcttaatctatttaaagGTCACAAGATTCTATC 840 

 

GACCGCCCGAACTTCTTTTTGGATGCGAAAAATTCACCGCGTCTATCGgtaaaattaaaa 900 

                                                    abc41 

attgtgtttcaaaaattatttaaatgtatatttctcagATATTTGGTCAGCAACTTGTGT 960 

 

GGCGTTTGAACTTTTCGCTAATCGAGTTCTTTTTAAAGGAAAGGACACTAAAGATCAGgt 1020 

                                            abc51 

agttacagtcaaaaactggaaaacatggtaatttagctaatttccagATTGTGTTGATAA 1080 

          abc59 

CTGGAGTTTTCGGATATCCTACAGACGATGATATTAAAAGCATTGGAGTAAAAAGGCCTA 1140 

 

GAGTTGCAAGAAAAGATGCGAGAGGAATAGAAACGgtaaaaattaaagaaaaaaccaata 1200 

  

aaactaaaaaagaagcgaaacaaagcacacttgtccacgagaagtacacacgcgcgcgcg 1260 

 

caatgtcgcgctccactgaaaacaaattggcgccagtttcaaattattttaaattcaaat 1320 

 

aaaatttaatttcagTTCACCAGCAAGATGCTCGACTCGGAAATCTACGATTTCATGAAA 1380 

 

GCAACACTGAAAATCGATCCGAAAAAGAGAAAATCCGCGATTGACGTGCTGAAAATGCCC 1440 

 

CTTTTCGATATTCTACGATCGAGTCCACCGAAGAAGCGATCAAACGGAGTTGAGATGCCA 1500                                                      

 

AATCTCGCGAGTTATACGGAAATGCATCACAAAAGGGAGCCGGAAACGGAAGTGGTGGCA 1560 

 

GATATTCAGACAACTGAAAAGGCTGAAAAGGAGTCGGATTCGACGAATGAAGAATTGGAG 1620 

  

GATTAGagaacttttcgagaagtctaccgttgtagttttcgaaatagtaatttatttagt 1680 

 

gacgtttataaaggtttacatgatt                               1705 
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Figure 4.1: gskl-1 sequence with the suppressor mutations.   

A schematic representation of the exon and intron of gskl-1 with suppressor mutations site. 

gskl-1 has two isoforms as represented in the picture and blue boxes represent the exon. 

The sequence of gskl-1 in which exons are in capital letters. Suppressor mutations are 

highlighted in yellow colour. abc57 resulted in GTCACCTA deletion, abc41 resulted in a C-

T missense mutation, abc51 resulted a G to A mutation in splice acceptor region and abc59 

resulted in a G to A missense mutation. 

 

 

Figure 4.2: Amino acid sequence of GSKL-1. gskl-1 produces a 363 amino acid 

protein. The kinase domain (20-304 amino acid) is highlighted in yellow. abc41 is a 

T210I missense mutation and abc59 is a G240R missense mutation. These two amino 

acids are highlighted in blue.  

 

 

Figure 4.3: abc59 resulted to a change in evolutionary conserved region of 

GSK-3.  Glycine in the 240th position in GSK-3 is evolutionary conserved and abc59 

resulted in a G240R change.  

 

Due to treatment of EMS, it is important to remember that the four suppressor 

strains have several mutations at different loci (Anderson 1995). It was therefore 

necessary to backcross those suppressor strains to wild-type to reduce background 
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mutations. I used a strain with two markers that flank gskl-1, dpy-10 and unc-4 on 

chromosome II, to recover abc57 and abc41 suppressor alleles after backcrossing. At 

first, abc57; memi-1(sb41) dpy-20 hermaphrodites were mated to heterozygous dpy-

10 unc-4 males. In the F1 generation, 50% of the progeny were trans heterozygous + 

abc57 + / dpy-10 + unc-4; memi-1(sb41) dpy-20 / + +. In the F2 generation, 32 worms 

were picked from the trans heterozygous mother to recover abc57; memi-1(sb41) dpy-

20. Using a similar approach, I recovered abc41; memi-1(sb41) dpy-20. Then, I scored 

embryonic viability of the new abc57; memi-1(sb41) dpy-20 and abc41; memi-1(sb41) 

dpy-20 worms at 25ºC. I found that the outcrossed abc57 and abc41 worms exhibited 

no significant differences in embryonic viability, in comparison to the original abc57 and 

abc41 worms respectively (Figure 4.4).  

 

Figure 4.4: Average percent embryonic viability of gskl-1(abc57) and gskl-

1(abc41) with memi-1(sb41). No significant difference was observed in the 

embryonic viability between the original abc57 and abc41 suppressor strains and 

the outcrossed ones.   
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4.2 gskl-1 mutants are superficially wild-type   

 

Until now, there was no report available for the function of gskl-1 in C. elegans. To 

determine whether any of the mutations in gskl-1 result in any obvious phenotypes, 

they were each separated from the original memi-1(sb41) mutation.  Briefly, the original 

strain was crossed to the WT male and F2 generation progeny from the F1 trans 

heterozygous were screened for memi-1(sb41) and the suppressor allele.  After memi-

1(sb41) was removed, the presence of each mutation in the four strains was confirmed 

by DNA sequencing. To test whether these mutants have any effect on fertility, 

individual N2 (wild type), abc41, abc51, abc57 and abc59 hermaphrodites were 

transferred daily to nematode growth medium (NGM) agar plates containing 

Escherichia coli strain OP50, for approximately 48 hours after the larvae reached the 

4th larval stage at 20ºC. The number of viable progeny and dead embryos were counted 

daily. All four mutants displayed a small but significant decrease in brood sizes and 

embryonic viability (Figure 4.5 and Figure 4.6).  
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Figure 4.5: Average brood size from wild type, gskl-1(abc41), gskl-1(abc51), 

gskl-1(abc57) and gskl-1(abc59) at 20ºC. P=0.01 for gskl-1(abc41) and gskl-

1(abc57), P=0.02 for gskl-1(abc51), P=0.04 for gskl-1(abc59) (Student’s T-test). 

n=10 for each group, error bars represent SEM.  

 

 

Figure 4.6: Embryonic viability from wild type, gskl-1(abc41), gskl-1(abc51), 

gskl-1(abc57) and gskl-1(abc59) at 20ºC. P=0.02 for gskl-1(abc41) and gskl-

1(abc51), P=0.03 for gskl-1(abc57) and gskl-1(abc59) (Student’s T-test). n=10 for 

each group, error bars represent SEM. 
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4.3 gskl-1 mutant males are fertile  

 

In C. elegans hermaphrodites, the sperm are the limiting factor for producing 

progeny, with each spermatheca carrying a maximum of about 150 sperm. Wild-type 

worms normally continue to produce unfertilized oocytes once they run out of sperm, 

and the oocytes are distinguishable from fertilized eggs on the agar surface. When 

scoring embryonic lethality, the hermaphrodite is transferred each day to a fresh plate, 

and the total progeny deposited on each plate is referred to as a separate “brood”. 

Thus, unfertilized oocytes are normally not observed in the first brood. While scoring 

the gskl-1 mutants for embryonic lethality, I observed a few unfertilized oocytes in the 

first brood, suggesting that sperm was already being depleted. However, in the second 

brood, the hermaphrodites also laid eggs along with some unfertilized oocytes. The 

presence of eggs in the second brood indicated that they were not running out of 

sperm, rather, that some mutant sperm were unable to fertilize the oocyte, which was 

eventually deposited.  Alternatively, the unfertilized oocytes on the plate could have 

represented fertilized eggs that were unable to synthesize an egg shell. 

When males copulate with hermaphrodites, the male sperm efficiently out-

competes the hermaphrodite sperm for fertilization, such that a large group of progeny 

are usually exclusively outcross, until the male sperm is depleted. In order to test 

whether the gskl-1 male mutants have the capability of producing progeny and whether 

or not they can compete with the hermaphrodite, I used abc57 and abc41 males to 

mate with wild-type hermaphrodites. I found no significant difference in the number of 

outcross males produced by abc57 males, in comparison to wild-type controls (Figure 
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4.7). The abc41 males appeared to not mate, as outcross progeny were not detected. 

There could be many possibilities for why abc41 males did not lead to outcross 

progeny. Firstly, the point mutation may affect male sperm motility or spermatogenesis, 

which ultimately results in infertile sperm upon mating. The mutation could also affect 

some other aspect important for mating, such as the ability of males to detect 

hermaphrodites. Secondly, this mutation was identified through EMS mutagenesis, so, 

the strain could have another mutation that affects the mating process. Thirdly, this 

may be a spurious result, as sometimes wild-type worms treated similarly do not mate.  

 

 

Figure 4.7: Number of outcross males produced by suppressor abc57. abc57 and 

wild type males mated to wild type hermaphrodites. n = 7 for each group, scoring was 

done at 20ºC to calculate the percentage of outcross males produced by 

hermaphrodites. n represents only those hermaphrodites which produced outcrossed 

males. Values are expressed as mean ± SEM. 
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4.4 An RNAi-based approach to assess the function of gskl-1  

 

Although four mutations were identified in gskl-1 within four different suppressor 

strains, an independent verification that gskl-1 is a suppressor of memi-1(sb41) was 

still necessary.  One way to verify this was to use RNAi to determine if loss of function 

of gskl-1 also suppressed memi-1(sb41).  gskl-1(RNAi) was performed by feeding 

memi-1(sb41) worms E. coli expressing dsRNA for gskl-1. I did not observe any 

evidence for suppression of memi-1(sb41) (Figure 4.8). There are at least two 

explanations for why gskl-1(RNAi) did not suppress memi-1(sb41). First, the 

suppressors may not be simple loss-of-function mutations; however, this possibility is 

unlikely as the gskl-1(∆) suppressed memi-1(sb41) (Data is shown in Chapter 3, Figure 

3.2). Secondly, RNAi may not be effective for this gene. One disadvantage of RNAi-

based techniques is that the efficacy varies between different genes and different target 

tissues, and it is difficult to verify that protein function has been reduced or eliminated.   
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Figure 4.8: Suppression of embryonic lethality memi-1(sb41) by gskl-1(RNAi). n 

= 8 for each experimental group and repeated for three times at 25°C. gskl-1(RNAi) 

did not suppress mem-1(sb41) embryonic lethality. Values are expressed as mean ± 

SEM. gsp3/4(RNAi) used as a positive control in this experiment. 

 

When using gskl-1(RNAi) to test for suppression of memi-1(sb41) it was 

challenging to determine whether the gskl-1(RNAi) worked successfully or not, since 

gskl-1(RNAi) on its own displayed no phenotype, and the gskl-1 mutants are 

superficially wild-type. It is possible that gskl-1 is functionally redundant with one or 

more of the other putative GSK-3 genes, which may be why gskl-1(RNAi) or mutants 

do not result in any obvious phenotype. Previously, it was reported that, apart from 

gskl-1, there are likely six more genes that encode GSK-3 enzymes in C. elegans, 

Y18D10A.5 (gsk-3), R03D7.5 (gskl-1), C36B1.10 (gskl-2), Y106G6D.4, C44H4.6, 

Y10G6GE.1, and F21F3.2 (Manning 2005). Of these, only Y18D10A.5 (gsk-3) is an 
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essential gene, as it is required for proper endoderm specification and mitotic spindle 

orientation in the embryonic precursor cell, EMS (Schlesinger et al. 1999). To test if 

gskl-1 is functionally redundant with any one of the remaining five uncharacterized 

genes, I performed RNAi on those genes using two different gskl-1 strains containing 

either abc57 or abc41 mutations. Significantly lower brood sizes were observed in 

abc57 and abc41 worms with gskl-2(RNAi) in comparison to the control, which 

indicated that gskl-1 could share some redundant functions with gskl-2, related to 

fecundity (Figure 4.9 and 4.10).  

 

 

Figure 4.9: Quantification of brood size of gskl-1(abc57) worms on RNAi feeding of 

uncharacterized members of the gsk-3 family. n = 6 for each experimental group, 

scoring was done at 25°C. Significantly lower brood sizes were observed in gskl-2(RNAi) 

in comparison to respective empty vector control L4440 (P<0.0001). Values are 

expressed as mean ± SEM. 
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Figure 4.10: Quantification of brood size of gskl-1(abc41) worms on RNAi of 

uncharacterized members of gsk-3 family. n = 6 for each experimental group, scoring 

was done at 25°C. Significantly lower brood size was observed in gskl-2(RNAi) in 

comparison to respective control (P=0.0002). Values are expressed as mean ± SEM. 

 

4.5 Using rrf-1 mutant background to test gskl-1(RNAi)  

 

It has been previously shown that some genes in C. elegans are refractive to RNAi-

based approaches (Sijen et al. 2001), thus it was possible that gskl-1(RNAi) was 

inefficient or ineffective. During RNAi, an RNase III family endoribonuclease Dicer 

cleaved the dsRNA into short-interfering RNAs (siRNAs) which are then loaded into 

the RNA-induced silencing complex (RISC). The RISC then guides the dsRNA to bind 

with the target mRNA and facilitates its degradation (Maine 2008; Fischer 2010). Only 

a few molecules of dsRNA are required to degrade a large pool of mRNA because 

RNA-dependent RNA polymerases (RdRPs) synthesize more dsRNA by using siRNAs 

as primers (Grishok 2005; Fischer et al. 2008). In C. elegans, RRF-1 is identified as 

one of the four RdRP homologs that is required for RNAi responses in somatic cells 
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but is dispensable for germline RNAi which use EGO-1 RdRP (Smardon et al. 2000; 

Sijen et al. 2001). Thus, rrf-1 deletion mutants are used to mediate RNAi of germline 

specific genes (Kumsta and Hansen 2012). As an initial approach, I used a deletion 

allele rrf-1(pk1417). I fed gskl-1 dsRNA-expressing bacteria to rrf-1(pk1417) mutant 

worms. I found no significant difference in the embryonic viability or number of 

unfertilized oocytes in comparison to the control. However, I observed that rrf-

1(pk1417) worms on their own produced highly variable dead eggs. So, I used a 

different strain that had the same rrf-1(pk1417) deletion allele, but was outcrossed four 

times to clean the background. gskl-1(RNAi) neither reduced the brood size nor caused 

any visible phenotypes on rrf-1(pk1417) mutants (Figure 4.11). These experiments 

demonstrated that gskl-1(RNAi) was likely ineffective, and not improved by using the 

rrf-1 mutation. 

 

Figure 4.11: Quantification of brood size of rrf-1 mutant worms on gskl-1(RNAi). 

n = 5 for each experimental group, scoring was done at 25ºC. gskl-1(RNAi) did not 

cause any decrease in brood size in rrf-1(pk1417) mutants in comparison to respective 

control.  
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4.6. gskl-1 is functionally redundant with gskl-2   

 

To further test the hypothesis that gskl-1 is functionally redundant, deletion mutant 

strains were obtained for the five uncharacterized non-essential GSK-3 members. As 

with gskl-1, all of the single-deletion strains appeared healthy, with worms producing 

viable progeny at levels comparable to wild type; however, brood sizes of all deletion 

strains were significantly lower in comparison to wild type (Figure 4.12). Next, I made 

double-deletion strains to test for synthetic phenotypes. From the five double-deletion 

strains, only gskl-2(ok970); gskl-1(tm4146), hereafter referred to as gskl-2(∆); gskl-

1(∆), resulted in observable phenotypes (56% embryonic viability; P<0.0001 and 

reduced brood size; P<0.0001); suggesting that these two genes have at least some 

overlapping essential function(s) affecting embryogenesis (Figure 4.13 and Table 4.1). 

 

Figure 4.12: Quantification of brood size from wild type, gskl-1(Δ), gskl-2(Δ), 

C44H4.6(Δ), Y106G6D.4(Δ), Y106G6E.1(Δ), F21F3.2(Δ). All deletion strains 

produced significantly lower brood sizes in comparison to wild type (P<0.0001 for 

gskl-2 and for others P<0.05).  
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Figure 4.13: gskl-2(∆); gskl-1(∆) displayed embryonic lethality. Average 

percent embryonic viability from wild type, gskl-1(Δ), gskl-2(Δ), Y106G6D.4(Δ), 

C44H4.6(Δ), Y106G6E.1(Δ), F21F3.2(Δ) and double-deletion (Double(Δ)) combinations 

of each with gskl-1(Δ) at 20ºC. Embryonic viability of gskl-2(Δ); gskl-1(Δ) was 

significantly reduced compared to control (P<0.0001). n=10 for each group, error bars 

represent SEM. 
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Genotype  Larvae  Dead Eggs  Brood Size   

Wild type 181 3 184 

 
gskl-1(∆) 133 5 138 

 
gskl-2(∆) 86 6 92 

gskl-2(∆); gskl-1(∆) 23 19 42 

 
Y106G6D.4(∆) 129 6 135 

gskl-1(∆); Y106G6D.4(∆) 120 7 127 

 
C44H4.6(∆) 137 4 141 

gskl-1(∆); C44H4.6(∆)  128 5 133 

 
Y106G6E.1(∆) 132 2 134 

gskl-1(∆); Y106G6E.1(∆) 124 2 126 

 
F21F3.2(∆) 129 8 137 

gskl-1(∆); F21F3.2(∆)  121 6 129 
 

 

 

 

 

The above results indicated that gskl-1 and gskl-2 were redundant for at least 

some essential functions. It is possible that the overlapping functions between these 

genes could also involve the memi pathway, therefore, loss of gskl-2 might also 

suppress memi-1(sb41). However, gskl-2 was not recovered as a suppressor of memi-

1(sb41) in the EMS screen. So, I tested if gskl-2(∆) suppressed memi-1(sb41). I found 

that gskl-2(∆); memi-1(sb41) double mutants showed weak, albeit significant, 

suppression (9% viability at 25ºC; P<0.05; Figure 4.14).  

 

Table 4.1: Average brood size of different double-deletion combinations. Average 

brood size from wild type, gskl-1(Δ), gskl-2(Δ), Y106G6D.4(Δ), C44H4.6(Δ), 

Y106G6E.1(Δ), F21F3.2(Δ) and double-deletion (Double(Δ)) combinations of each with 

gskl-1(Δ) at 20ºC. 
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Figure 4.14: gskl-2 suppresses embryonic lethality of memi-1(sb41) at 25ºC. 

n=10 for each group, P<0.05 (Student’s T-test), error bars represent SEM. 

 

As mentioned above, one of the GSK-3 homologues, gsk-3, has been reported as 

essential and required for early embryonic development. In the course identifying 

reagents to test for redundancy with gskl-1, I discovered three deletion strains available 

for gsk-3. Two alleles, gsk-3(tm2223) and gsk-3(nr2047) are strong loss-of-function 

alleles that result in complete embryonic lethality, so it was not possible to test for 

functional redundancy in gskl-1 gsk-3 double homozygotes. Surprisingly, homozygous 

worms for another allele, gsk-3(tm1237), exhibited no obvious phenotypes. gsk-

3(tm1237) 350 bp deletion removes part of the 2nd intron that might affect the splicing. 

This suggests that, either the “strong” gsk-3 alleles contain other mutations responsible 

for the phenotype, or that gsk-3(tm1237) displays molecular evidence of a deletion, but 

that the gene function is somehow still intact. In the event that gsk-3(tm1237) 

represents the true loss-of-function phenotype for the gene, I used it to test for 

functional redundancy with gskl-1. Although the gsk-3(tm1237) produced no synthetic 
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lethality in the gsk-3(tm1237); gskl-1(∆) double-deletion strain, I tested this mutation in 

combination with the other two interacting genes by making a triple mutant gsk-

3(tm1237) gskl-2(∆); gskl-1(∆). The gsk-3(tm1237) deletion did not enhance the 

phenotype of gskl-2(∆); gskl-1(∆), indicating that, even if gsk-3(tm1237) did represent 

the true loss-of-function phenotype for gsk-3, this mutation did not reveal any functional 

redundancy with gskl-1 (Figure 4.15).  

 

 

Figure 4.15: gsk-3(∆) did not enhance the embryonic lethality of gskl-2(∆); 

gskl-1(∆) at 20ºC. n=8 for each group, error bars represent SEM. gsk-3(∆) 

represents tm1237 deletion allele. 
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4.7 gskl-1 gskl-2 mutants exhibit paternal-effect embryonic lethality  

 

Some phenotypes associated with loss of gskl-1 and gskl-2, for example, lower 

brood sizes or increased production of unfertilized oocytes, suggested that these genes 

could be involved in sperm functions.  In addition, genome-wide transcriptional profiling 

indicates that transcripts for both genes are enriched in L4 males, which coincides with 

spermatogenesis (Reinke et al. 2000; Reinke et al. 2004). Therefore, to characterize 

the genetic basis for the phenotypes, gskl-2(∆); gskl-1(∆) hermaphrodites were mated 

to wild-type males and embryonic viability was determined. Embryonic lethality was 

completely rescued by wild-type males (P<0.0001), consistent with either zygotic or 

paternal rescue (Figure 4.16).  
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Figure 4.16: Embryonic lethality of gskl-2(Δ); gskl-1(Δ) 

was rescued by mating with wild-type males. gskl-2(Δ); 

gskl-1(Δ) hermaphrodites were mated with wild-type males at 

20ºC, and embryonic viability was calculated by scoring 

outcross progeny. n=10 for each group; P<0.0001 (Student’s 

T-test), error bars represent SEM. 

 

If the GSK-3 double mutant were paternally rescued, then one would also expect 

all sperm from a heterozygous male to rescue a homozygous mutant hermaphrodite; 

in other words, the phenotype would be dependent on the genotype of the male parent 

and not the zygote or individual sperm haplotype. Therefore, I genotyped individual 

progeny after mating gskl-2(∆)/+; gskl-1(∆) males to gskl-2(∆); gskl-1(∆) 

hermaphrodites. Upon outcrossing, I observed a 1:1 ratio of the gskl-2(+) and (∆) 

alleles in surviving progeny, indicating that homozygous mutant progeny were rescued 

by the presence of a “+” allele in the male parent. 
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To further test the idea that the embryonic lethality was due to defective sperm, 

gskl-2(∆); gskl-1(∆) males were mated to fog-2(q71) feminized hermaphrodites, which 

can only produce progeny if fertilized by males. Surprisingly, I observed 91% embryonic 

viability, compared to the 56% viability in gskl-2(∆); gskl-1(∆) hermaphrodite progeny 

(Figure 4.17; P=0.002 and Table 4.2).  

 

Figure 4.17: Significant embryonic lethality is observed by 

mating gskl-2(Δ); gskl-1(Δ) males to fog-2(q71) 

hermaphrodites at 20ºC. n=10 for each group; P=0.002, 

(Student’s T-test), error bars represent SEM. 

 

  

 

 

mated to ♂ Totale laid % Dead Eggs Totale laid % Dead Eggs Totale laid % Dead Eggs 

Wild type 134 0 185 0.68 112 0.98

gskl-2; gskl-1 120 4 106 7 11 41

Average brood Size 1 Average brood size 2 Average brood Size 3

Table 4.2: Average brood size and percentage of dead eggs of fog-2 hermaphrodites 

during en masse mating at 20ºC.  
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4.8 gskl-1 and gskl-2 are not part of the spe-8 pathway  

 

The fact that gskl-2(∆); gskl-1(∆) males did not confer embryonic lethality to fog-2 

mothers was unexpected. However, this could be explained if hermaphrodite sperm 

were more sensitive to the loss of gskl-1 and gskl-2 function than male sperm. For 

example, mutations in genes in the spe-8 pathway (spe-8, spe-12, spe-27, or spe-29) 

result in hermaphrodite-specific spermiogenesis defects (Shakes and Ward 1989a; 

Minniti et al. 1996; Nance et al. 1999; Nance et al. 2000). In these cases, mutant 

hermaphrodites are self-sterile because their spermatids fail to activate. It has been 

suggested that the SPE-8 pathway negatively regulates the casein kinase SPE-6, 

because a loss-of-function allele spe-6(hc163) which suppresses all known mutations 

within the spe-8 pathway (Muhlrad and Ward 2002). Therefore, in order to test whether 

gskl-1 and gskl-2 might be a part of the spe-8 pathway, I constructed a gskl-2(∆); spe-

6(hc163); gskl-1(∆) triple mutant. However, spe-6(hc163) did not suppress gskl-2(∆); 

gskl-1(∆) embryonic lethality in unmated hermaphrodites (Figure 4.18), indicating that 

these two GSK-3 genes are likely not part of the spe-8 pathway.  



116 

 

 

Figure 4.18: spe-6 does not suppress the embryonic lethality 

of gskl-2(∆); gskl-1(∆) at 20ºC. n=8 for each group, P=0.556 

(Student’s T-test), error bars represent SEM. 

 

An alternative idea to explain the incomplete penetrance (91% vs., 56% embryonic 

viability) is that individual sperm could exhibit a range of phenotypic severity, such that 

some sperm could be approximately wild type and others could be severely affected. 

In this way, sperm selection might be more intense for male-derived sperm because 

they must first crawl from vulva to spermatheca to reach an oocyte, whereas 

hermaphrodite sperm are pre-stored within the spermatheca. If the fittest outcross 

sperm are selected for fertilization, then gskl-2(∆); gskl-1(∆) male mating should also 

partially rescue gskl-2(∆); gskl-1(∆) hermaphrodites. In this case, we observed that 

mated gskl-2(∆); gskl-1(∆) exhibited 88% viability, as compared to 56% in non-mated 

controls (Figure 4.19, P=0.0002). Therefore, the increase in viability we observed upon 

mating males to fog-2 hermaphrodites was not due to a maternal wild-type allele, but 

likely due to selection for healthier mutant male sperm.  
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Figure 4.19: Embryonic lethality of gskl-2(Δ); gskl-1(Δ) 

hermaphrodite is rescued by mating gskl-2(Δ); gskl-1(Δ) 

males at 20ºC. Embryonic viability was calculated by scoring 

outcrossed progeny at 20ºC. n=10; P=0.0002 (Student’s T-

test), error bars are SEM. 

 

To further test the hypothesis that the incomplete penetrance (91% vs. 56% 

embryonic viability) was due to pre-fertilization competition among male sperm, single 

young adult males were mated to fog-2 hermaphrodites and then males were 

transferred in every 8 hours to mate with new hermaphrodites. In this way, smaller 

number of male sperm should decrease pre-fertilization competition and thus should 

increase the number of inviable embryos. In this case, fog-2 hermaphrodites mated to 

single gskl-2(∆); gskl-1(∆) male displayed 59% embryonic viability, as compared to 

100% in wild-type male mated control (Figure 4.20, P=0.0002; Table 4.3).  
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Figure 4.20: Significant embryonic lethality is 
observed by mating gskl-2(Δ); gskl-1(Δ) males to 
fog-2(q71) hermaphrodites at 20ºC. n=10 for each 
group; P=0.002 (Student’s T-test), error bars represent 
SEM. 

 

 

 

 

Together, these data suggest that gskl-1 and gskl-2 are functionally redundant and 

exhibit incompletely-penetrant paternal-effect embryonic lethality. My data also 

suggest that male-mating imposes a strict selection that can contribute to variable 

penetrance of embryonic phenotypes. 

mated to ♂ Total laid % Dead eggs Total laid % Dead eggs

Wild type 127 0 122 0

gskl-2; gskl-1 119 42 109 39

Average brood size 1 Average brood size 2

Table 4.3: Average brood size and percentage of dead eggs of fog-2 

hermaphrodites during single male mating at 20ºC.  
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4.9 gskl-1 and gskl-2 are required for efficient sperm migration  

 

Considering the results above, we hypothesized that the selection for healthier 

sperm after copulation was likely based on differences in sperm motility or guidance. 

Therefore, we tracked the location of male sperm in mated hermaphrodites, using male 

worms that express mCherry-histone to label chromatin. After mating to unlabelled 

wild-type hermaphrodites for 24 hr, fluorescent punctae representing wild-type male 

sperm were detected only in the spermathecae, adjacent to the uterus (Figure 4.21). 

In contrast, in all hermaphrodites mated to gskl-2(∆); gskl-1(∆) males, fluorescent 

punctae were scattered between the vulva and the spermatheca (Figure 4.21). This 

suggested that gskl-2(∆); gskl-1(∆) sperm can be transferred from male to 

hermaphrodite during mating, but many sperm are inefficient in migrating to the 

spermatheca.  

 

Figure 4.21: DIC and fluorescence images of wild type hermaphrodites after mating 

to mCherry labelled wild type or gskl-2; gskl-1 males at 20ºC. Hermaphrodites were 

imaged 1 hr after separation from males. After mating, labelled wild type male sperm were 

observed within or near the spermatheca. In contrast, gskl-2; gskl-1 male sperm were 

scattered between the vulva and spermatheca (n = 7 for each). Scale bar 20 μm. 
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4.10 gskl-1 and gskl-2 are required for pseudopod formation and treadmilling  

 

We next sought to determine whether gskl-1 and gskl-2 play a direct role in sperm 

motility. In C. elegans, activated sperm move by treadmilling of the cytoskeletal polymer 

MSP from the pseudopod tip toward the cell body (Nelson et al. 1982). Treadmilling 

rates, which directly correlate with sperm movement rates, can be observed indirectly 

by tracking vesicles within the cytoplasm (Figure 4.22) (Nelson et al. 1982; Wu et al. 

2012).  

 

 

Figure 4.22: Time-lapse images of pseudopod treadmilling. Time-lapse images (1 

second interval) of pseudopod treadmilling in control swm-1 him-5 and gskl-2; gskl-1; 

swm-1 him-5. Vesicles (white dotted circle) were tracked over time to measure the 

treadmilling rates. Bar is 2 μm. 

 

In order to observe the pseudopod treadmilling rates, we used the mutant swm-

1(me66). swm-1 is a negative regulator of spermiogenesis that normally inhibits male 

sperm activation until after transfer to the hermaphrodite; swm-1 mutant spermatids 

are constitutively activated to crawl (Stanfield and Villeneuve 2006). Our analysis 
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showed that swm-1(me66) him-5(e1490) male sperm pseudopod treadmilling rates 

were 19.60 ± 2.4 µm/min which is similar to previously reported data (Nelson et al. 

1982; Shakes et al. 2009). In gskl-2(∆); gskl-1(∆); swm-1(me66) him-5(e1490), male 

sperm pseudopod treadmilling rates were 8.8 ± 2.5 µm/min, which is significantly 

slower than the control (P=0.002; Figure 4.23).  

 

 

Figure 4.23: gskl-2(Δ); gskl-1(Δ) caused a decrease in pseudopod treadmilling 

rates. Average pseudopod treadmilling rates in control swm-1 him-5 (n = 12 sperm from 

7 worms) and gskl-2; gskl-1; swm-1 him-5 (n = 12 sperm from 7 worms) are shown. Error 

bars are SEM (P=0.002; Student’s T-test). 

 

To visualize the process of pseudopod development upon activation, sperm were 

treated with Pronase, which allows synchronous activation of male sperm in vitro. 

Quantification of the data showed that 100% of him-8 (WT) male sperm activated within 

12 minutes, as shown by the appearance of proper pseudopods (Figure 4.24). During 

activation, the control male sperm formed spikes or spicule-like structures, which 
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eventually developed into a pseudopod (Figure 4.25). In contrast, only three percent of 

gskl-2(∆); gskl-1(∆); him-8 sperm activated within 10 minutes, and only 20% activated 

within 30 minutes (Figure 4.24). The inactivated sperm did not form any obvious spikes 

or protrusions (Figure 4.25). This data indicated that gskl-1 and gskl-2 are involved in 

sperm pseudopod formation and function.    

 

Figure 4.24: gskl-2(Δ); gskl-1(Δ) caused a delay in sperm activation. In vitro sperm 

activation with Pronase revealed that 100% wild type male sperm were fully activated 

within 12 minutes of treatment with Pronase (n=97) but only 2% of gskl-2; gskl-1 male 

sperm were activated within 12 minutes and within 30 minutes only 20% sperm were 

activated (n=103). 
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Figure 4.25: Time-lapse images of different stages of male sperm activation with 

Pronase. Time-lapse images of wild type and gskl-2(Δ); gskl-1(Δ) are shown. Bar is 5 μm. 

 

 

4.11 Tagging gskl-1 and gskl-2 by CRISPR-cas9  

 

In order to determine the location of the GSKL-1 protein, I used CRISPR-Cas9 

methods to tag gskl-1 with GFP.  The predicted gene structure for gskl-1 suggested 

that two isoforms are possible via alternative splicing.  The short form does not contain 

the kinase domain, and likely does not encode a functional GSK-3 kinase.  Although 

this short form could represent a regulatory component for the enzyme, I decided to 

tag the N-terminal portion of the long isoform, as this would allow tracking of this 

isoform specifically as the suppressors of memi-1(sb41) were located on the long 

isoform. To help identify successful CRISPR editing, the co-transformation mutant 

marker dpy-10(cn64) is co-injected.  The presence of many F1 Dumpys or Rollers (this 

mutation exhibits variably dominant Rol and recessive Dpy phenotypes) indicates 

successful transformation. In total, 90 worms were injected, of which 70% segregated 
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Rollers or Dumpys in next generation (Table 4.4). As the target gene gskl-1 and the 

co-crispr marker dpy-10, are both located on chromosome II, I performed fluorescence 

screening of all Rol and Dpy worms for the GFP edit. I found that out of the total 495 

Rol/Dpy worms that were screened, 24 Rol/Dpy worms expressed GFP in the 

spermatheca region. However, all of those worms were sterile.  

 

Experimental 
Set 

Number of total 
injected worms  

Number of worms 
yielding F1 Rol/Dpy  

Percentage of 
Rol/Dpy in Jackpot 

broods 

I 12 4 10 and 2 % 

II 10 4 12 and 5 % 

III 20 14 35 and 19 % 

IV 20 18 31 and 63 % 

V 28 23 37 and 40 % 
 

 

Table 4.4: Summary of CRISPR injections to tag gskl-1 with gfp at the 5′ end. 

 

 

I next tried to tag gskl-1 with 3xFLAG at 5′ end. I injected a total of 57 worms, out of 

which 67 % worms segregated Rol/Dpy in the F1 generation. I screened all Rol/Dpy 

worms from jackpot broods using PCR to identify plates that had the 3xFLAG insertion. 

The frequency of edits were found to be highest amongst three broods that segregated 

the highest percentage of rollers (Table 4.5). Worms homozygous for the FLAG tag in 

the subsequent generation were identified by PCR, and the FLAG sequence, reading 
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frame, and flanking DNA was verified by DNA sequencing (MBSU, University of 

Alberta). 

Experimental 
Set 

Number of total 
injected worms  

Number of worms 
yielding F1 Rol/Dpy 

Percentage of 
Rol/Dpy in Jackpot 

broods 

I 12 4 4 and 9 % 

II 10 4 5 and 12 % 

III 20 16 35 and 40 % 

IV 15 14 50 and 61 % 
 

 

Table 4.5: Summary of CRISPR injections to tag gskl-1 with 3xFLAG at the 5′ end. 

 

Homozygous 3xFLAG-tagged gskl-1 worms appeared healthy and did not show any 

embryonic lethality (Figure 4.26). However, because the suppressor mutations also did 

not exhibit obvious phenotypes on their own, it was important to assess whether this 

3xFLAG tag disrupted the function of the GSKL-1 gene. If the disruption indeed 

happened, then 3xFLAG tagged GSKL-1 males should be able to suppress the lethality 

of memi-1(sb41) similarly to the extent that the gskl-1 deletion male suppressed the 

lethality of memi-1(sb41). I found that 3xFLAG::gskl-1 did not suppress memi-1(sb41) 

embryonic lethality. This data indicated that the 3xFLAG tag did not disrupt the function 

of gskl-1 (Figure 4.27).   
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Figure 4.26: 3xFLAG::gskl-1 displayed no decrease in brood size. No 

significant difference was observed in the brood size between the wild type 

and 3xFLAG::gskl-1 worms. n = 8 for each group, scoring was done at 20ºC, 

values are expressed as mean ± SEM. 

 

 

Figure 4.27: 3xFLAG::gskl-1 males did not suppress embryonic lethality 

of memi-1(sb41) at 25ºC. gskl-1(∆) males were used as positive control in 

this experiment.  
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In order to determine the location of the GSKL-2 protein, I also used CRISPR-Cas9 

methods to tag this gene with Ollas.  The predicted gene structure for gskl-2 suggested 

a single transcript is produced by this gene. Based on the results above, indicating that 

the N-terminal FLAG tag did not likely disrupt GSKL-1 function, the Ollas tag was also 

targeted to the 5′ end of gskl-2. 13 out of a total of 15 worms that were injected 

segregated Rol/Dpy in F1 generation (Table 4.6). I focussed on two jackpot broods 

which gave the highest numbers of Roller progeny. Using PCR, I identified the Ollas 

insertion in the parent of the F1 Rols and, in the next generation, a homozygous strain 

was identified through PCR and confirmed by sequencing.  

 

Experimental 
Set 

Number of total 
injected worms  

Number of worms 
yielding F1 Rol/Dpy  

Percentage of 
Rol/Dpy in Jackpot 

broods 

I 15 13 23 and 42 % 
 

 

Table 4.6: Summary of CRISPR injections to tag gskl-2 with Ollas at the 5′ end. 

 

Homozygous Ollas::gskl-2 worms appeared healthy and no embryonic lethality was 

observed (Figure 4.28). To test whether the Ollas insertion abrogated the function of 

gskl-2, males from Ollas::gskl-2 were mated to memi-1(sb41) worms at 25ºC. The 

Ollas::gskl-2 males did not suppress the embryonic lethality of memi-1(sb41) (Figure 

4.29). This indicates that insertion of Ollas did not interfere with the normal function of 

gskl-2.  
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Figure 4.28: Ollas::gskl-2 displayed no decrease in brood size. No significant 

difference was observed in the brood size between the wild type and Ollas::gskl-2 

worms. n = 8 for each group, scoring was done at 20ºC, values are expressed as 

mean ± SEM. 

 

 

Figure 4.29: Ollas::gskl-2 males did not suppress embryonic lethality of 

memi-1(sb41) at 25ºC. gskl-2(∆) males were used as positive control in this 

experiment. n=6 for each group. 
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4.12 gskl-1 and gskl-2 are expressed only in masculinized, but not feminized, 

worms  

 

The genetics experiments suggested that gskl-1 and gskl-2 likely have sperm 

functions. The tagged strains allowed a direct test of the hypothesis that these genes 

are expressed in the male germline of C. elegans. To test for sex-specific expression 

of GSKL-1and GSKL-2, we used temperature-sensitive mutants that produce only 

sperm (fem-3(q20gf)) or only oocytes (fem-1(hc17lf)).  In addition, I probed the western 

blot for tubulin, which is widely expressed in hermaphrodites and males, although not 

present in sperm. As another control, I probed for Major Sperm Protein (MSP), which 

is sperm-specific. Western blotting revealed that GSKL-1FLAG and GSKL-2Ollas were 

detected in sperm-only fem-3(q20gf) worms but not in oocyte-only fem-1(hc17lf) 

females (Figure 4.30). Both tagged proteins were not detected in wild-type 

hermaphrodites, although, the amount of sperm present in these worms is much lower, 

as shown with the decreased levels of MSP. 
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Figure 4.30: GSKL-1 and GSKL-2 were detected only in sperm-enriched worms. 

Western blots of wild type feminized (oocyte enriched) flag::gskl-1; fem-1(hc17), 

Ollas::gskl-2; fem-1(hc17) and masculinized (sperm enriched) flag::gskl-1; fem-3(q20), 

Ollas::gskl-2; fem-1(hc17) whole worm lysates, probed with anti-tubulin, anti-MSP, and 

anti-FLAG (left) or anti-Ollas (right) antibodies are shown in this figure. 

 

 

4.13 gskl-1 and gskl-2 are expressed in the male germline  

 

Consistent with the western blot experiments, immunostaining of endogenous 

GSKL-1FLAG and GSKL-2Ollas worms revealed strong fluorescence at multiple stages of 

spermatogenesis. In males, immunofluorescence was brightest in the proximal gonad, 

which is where spermatogenesis occurs (Figure 4.31). Immunofluorescence was also 

observed in the cytoplasm of primary and secondary spermatocytes, as well as 

spermatids (Figure 4.31). Within spermatocytes and inactive spermatids, the 

fluorescence appeared punctate, similar to that previously reported for GSP-3/4 (Wu 

et al. 2012).  
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Figure 4.31: Immunostaining of endogenously tagged FLAG::GSKL-1 and Ollas::GSKL-

2 in gonads of dissected males. Indirect immunofluorescence for both strains was detected 

within the proximal gonad (upper panels) and visible throughout the cytoplasm of primary and 

secondary spermatocytes, as shown. anti-FLAG and anti-Ollas are in Green, DAPI is in Blue. 

Scale bars are 10 μm and 2 μm. 

 

 

4.14 GSKL-1 and GSKL-2 localize to the pseudopod in spermatozoa  

 

As sperm become activated to crawl, GSP-3/4 location changes from a distributed 

punctate pattern associated with fibrous bodies, to a restricted band at the base of the 

pseudopod. During this transition, MSP becomes concentrated throughout the 

pseudopod, overlapping with GSP-3/4 at the base (Wu et al. 2012). 
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In inactive sperm from males, GSKL-13XFLAG was distributed throughout the 

cytoplasm, displaying a punctate pattern similar to GSP-4. However, GSP-4 only 

partially colocalized with GSKL-13XFLAG and, in many cases, fluorescent foci were 

located adjacent to GSP-4 foci (Figure 4.32). Similarly, in inactive sperm, GSKL-2Ollas 

was distributed throughout the cytoplasm and partially colocalized with MSP (Figure 

4.33).  In contrast to the isotropic distribution of the tagged proteins in inactive sperm, 

the immunostaining revealed an asymmetric distribution for both proteins in activated 

sperm.  In activated sperm, GSKL-2Ollas and GSKL-13XFLAG immunofluorescence levels 

were strongest throughout the pseudopod, similar to MSP (Figure 4.32 and 4.33). 

Furthermore, coimmunostaining for GSP-4 revealed colocalization with GSKL-13XFLAG 

at the base of the pseudopod. GSKL-13XFLAG was also detected in the cell body of active 

sperm, whereas GSKL-2Ollas was more restricted to the pseudopod. The asymmetric 

distribution of GSKL-13XFLAG  and GSKL-2Ollas in the active pseudopod is consistent with 

a possible role for this kinase in MSP treadmilling and sperm motility.  
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Figure 4.32: Immunostaining of endogenously Flag tagged FLAG::GSKL-1 in 

inactive and active sperm. In inactivated sperm, GSKL-1 is partially co localized with 

GSP-3/4. GSKL-1 is distributed throughout the active sperm, but concentrated in the 

pseudopod. Co-immunostaining with GSP-3/4 reveals a region of overlap at the base 

of the pseudopod. Scale bar is 2 μm. 
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Figure 4.33: Immunostaining of endogenously Ollas tagged OLLAS::GSKL-2 in 

inactive and active sperm. In inactivated sperm, GSKL-2 is partially co localized with 

MSP. GSKL-2 is enriched in the pseudopod region of the activated sperm, similar to 

the distribution of MSP. Scale bar is 2 μm. 

 

 

4.15 gskl-1 and gskl-2 are not required for MO-MSP distribution during sperm 

activation   

 

Because sperm activation also involves fusion of MOs with the membrane and 

a redistribution of MSP prior to pseudopod formation (Singaravelu et al. 2012), we 

examined these structures in inactive and active sperm (see Material and Methods). 

We observed a similar distribution pattern of MOs and MSP in swm-1(me66) him-

5(e1490) male sperm and in gskl-2(∆); gskl-1(∆); swm-1(me66) him-5(e1490) male 

sperm (Figure 4.34). This suggested that, during sperm activation, GSKL-2 and GSKL-

1 were not required for proper distribution of MOs and MSP.  
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Figure 4.34: Immunostaining to show MO-MSP distribution in wild type 

and gskl-2(Δ); gskl-1(Δ) worms. Immunostaining shows the distribution of 

MOs near the plasma membrane and MSP in the pseudopod region of 

activated swm-1 him5 male sperm. A similar distribution pattern for MOs and 

MSP was observed in gskl-2; gskl-1; swm-1 him-5 male sperm. Scale bar is 2 

μm. 

 

 

4.16 gskl-1 and gskl-2 are required for sister chromatid segregation and 

spermatid budding during male meiosis  

 

From the above experiments, I noticed a variation in sperm size and that many 

sperm seemed to lack nuclei, as determined by DIC imaging (Figure 4.35). Therefore, 

I decided to determine the requirements of gskl-2 and gskl-1 in male meiosis by 

performing live imaging of wild-type and gskl-2(∆); gskl-1(∆) male spermatocytes 
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expressing GFP-tubulin (microtubules) and mCherry-histone (chromatin). In wild-type 

males (n=16), homologous chromosomes separated in meiosis I, and sister chromatids 

separated in meiosis II to generate a four-bud structure (Figure 4.36). Each bud 

eventually separated from the residual body to become an individual spermatid. In gskl-

2(∆); gskl-1(∆) males (n=15), homologous chromosomes separated successfully to 

form secondary spermatocytes; however, one pair of sister chromatids did not separate 

in 3 out of 15 spermatocytes (Figure 4.36). Instead, these cells displayed an aberrant 

3-bud structure that would be expected to produce one aneuploid sperm. In 12 out of 

15 gskl-2(∆); gskl-1(∆) male spermatocytes, both homologous chromosomes and sister 

chromatids separated successfully to form a four-bud structure, similar to controls. 

However, at the time of budding, one or more sets of segregated chromosomes moved 

back into the residual body, resulting in the formation of an anucleate sperm (5/12; 

Figure 4.36). The remaining 7 out of 15 appeared as the wild-type controls.  

 

Figure 4.35: DIC and DAPI images of wild-type and gskl-2(∆); gskl-1(∆) male 

spermatids. gskl-2(∆); gskl-1(∆) displayed anucleate sperm (arrow pointed) as 

indicated by the DAPI staining in the right panel. Scale bar is 2 μm. 

 



137 

 

 

 

Figure 4.36: Time-lapse images of Wild type and gskl-2; gskl-1 male spermatocytes 

expressing mCherry-histone and GFP-tubulin. Panels start at anaphase I (t=0). Wild 

type spermatocytes (top series) progressed through meiosis I and meiosis II to produce 

four haploid spermatids (n=16). All gskl-2; gskl-1 spermatocytes completed meiosis I 

successfully (n=15). However, 3/15 spermatocytes were unable to complete anaphase II 

(arrowhead), producing a 3-bud structure (middle series) and 5/15 spermatocytes 

successfully completed anaphase II, but during spermatid budding, the chromatin moved 

into the residual body (bottom series). Scale bar is 2 μm. 

 

 

4.17 gskl-1 and gskl-2 are required for female meiosis II  

 

Because gskl-2(∆); gskl-1(∆) double mutants exhibited some paternal-effect 

embryonic lethality, we reasoned that these sperm components should also function in 
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the fertilized embryo. To address this, I used gskl-2(∆); gskl-1(∆) hermaphrodites that 

express GFP-tubulin (microtubules) and mCherry-histone (chromatin). Time-lapse in 

utero imaging of gskl-2(∆); gskl-1(∆) embryos showed that female MI spindle formation, 

homologous chromosome segregation, and extrusion of the first polar body were 

similar to wild-type fertilized embryos. However, I observed significant delays and 

defects in subsequent stages in a subset of mutant embryos. For example, in gskl-2(∆); 

gskl-1(∆) embryos fertilized with a nucleated sperm, 7/13 cells exhibited defects during 

meiosis II. Five of these samples could be timed accurately, which displayed a severe 

delay in the appearance of the MII spindle (17 min 52 s +/- 3.28 after anaphase I onset, 

as compared with 4 min 14 s +/- 0.93 in controls; P<0.0001, Figure 4.37). In these 

cases, polar body extrusion did not occur. In all seven meiosis-defective embryos, 

sperm-derived centrosomal microtubules were visible even though the female meiosis 

II spindle persisted; normally, theses microtubules do not appear prior to dissolution of 

the female meiotic spindle. Eventually, the MII spindle disappeared and pronuclei 

formed and migrated towards each other (Figure 4.38). I also observed a separate 

defect that occurred as the oocyte traversed the spermatheca, whereby a portion of 

the cell formed an oblong extension containing maternal DNA, which eventually 

cleaved off from the rest of the oocyte to become trapped inside the spermatheca (7/20) 

(Figure 4.39).  
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Figure 4.37: gskl-2(Δ); gskl-1(Δ) embryos exhibit a delay from the 

beginning of anaphase I to metaphase II. This delay is significant compared 

to wild type controls (P<0.0001; Student’s T-test), n = 5 for each group, error 

bars represent SEM.  
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Figure 4.38: gskl-2(Δ); gskl-1(Δ) embryos displayed defects in meiosis II. Time-

lapse images of Wild type and gskl-2; gskl-1embryos expressing mCherry-histone 

and GFP-tubulin. Time is relative to anaphase I (t = 0). In gskl-2; gskl-1 embryos, 

meiosis II spindle formation was delayed and centrosomal microtubules appeared 

(arrow) while the MII spindle was still present. Meiotic chromatin did not segregate in 

anaphase II but eventually the embryo entered a prolonged mitotic prophase. Scale 

bar is 10 μm. 
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Figure 4.39: gskl-2(Δ); gskl-1(Δ) embryos displayed broken oocyte phenotypes. 

Time-lapse images of Wild type and gskl-2; gskl-1 embryos expressing mCherry-histone 

and GFP-tubulin. Time is relative to entry of oocyte into the spermatheca (t = 0). In gskl-

2; gskl-1 oocyte is squeezed, and maternal chromatin gets separated from the rest of 

the oocyte when it tries to exit from the spermatheca. Scale bar is 10 μm. 
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4.18 gskl-1 and gskl-2 genetically interact with gsp-3/4 to regulate female 

meiosis II through the MEMI pathway  

 

Previous work showed that reduction of both gsp-3 and gsp-4 (gsp-3/4(RNAi)) 

could effectively suppress memi-1(sb41) (Ataeian et al. 2016). The EMS genetic 

screen also identified gsp-4 as one of the suppressors of memi-1(sb41). I also tested 

gsp-3(∆) and found that mutations in this gene can also suppress memi-1(sb41). Data 

presented in this thesis showed that loss-of-function mutations in gskl-1 or gskl-2 can 

suppress memi-1(sb41).  In addition to all of these genes behaving in a similar way 

with respect to suppression of memi-1(sb41), my data indicated that gskl-1 also plays 

a role similar to gsp-3/4, with respect to sperm functions. Thus, I tested whether these 

two mutations enhance each other genetically. Indeed, the double-deletion strain gsp-

4(∆); gskl-1(∆) exhibited 32% embryonic lethality, compared to 3% in the individual 

mutant strains (Figure 4.40). 

 

Figure 4.40: gskl-1 and gsp-4 genetically interact as the double-

deletion combinations results in embryonic lethality. Scoring was done 

at 25ºC, P<0.0001 (Student’s T-test), n=8 for each group, error bars 

represent SEM. 
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Next, I wanted to test the effect of removing gskl-1 and gsp-4 activity with respect 

to their ability to suppress memi-1(sb41). For example, if the kinase and phosphatases 

activity oppose each other, I would predict the combination might not suppress memi-

1(sb41). In contrast, the combination of mutations might act synergistically and provide 

more suppression than expected contribution from each one individual mutation. 

Alternatively, the combination of these two mutations might suppress in an additive 

manner.  gskl-1(∆) and gsp-4(∆) independently suppressed the maternal-effect lethality 

of memi-1(sb41) up to 34.9% and 8.5% survival, respectively, compared to 0% for 

memi-1(sb41) controls at 25ºC (Figure 4.41). The gsp-4(∆); gskl-1(∆); memi-1(sb41) 

triple mutant exhibited 28.8% survival (Figure 4.40). However, after correcting for an 

expected maximum survival of only 68.9 % due to gskl-1(∆) gsp-4(∆) alone, the 

combination of mutations was slightly more effective at suppressing memi-1(sb41) than 

either one individually. This data is consistent with the idea that each of the GSK-3 

kinases and the PP1 phosphatases contribute towards some common function, and 

the attenuation of this function suppresses memi-1(sb41).  
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Figure 4.41: gsp-4 and gskl-1 suppress memi-1(sb41) individually 

and in combination.  Scoring was done at 25ºC, P<0.0001 (Student’s 

T-test), n=12 for each group, error bars represent SEM. 

 

If gskl-1 gskl-2 and gsp-4 act within the same pathway after fertilization, it is 

expected that loss of these genes should cause a phenotype similar to the memi-

1/2/3(RNAi) phenotype. We found that gsp-4(∆) gskl-2(∆); gskl-1(∆) displayed 

increased embryonic lethality compared to gskl-2(∆); gskl-1(∆) (68% vs. 32% 

embryonic lethality; Figure 4.42). We made a strain that expressed GFP tubulin 

(microtubules) and mCherry-histone (chromatin) to characterize the phenotype of 

defective embryos in utero. In gsp-4(∆) gskl-2(∆); GSKL-1(∆) embryos, 11 out of 22 

embryos displayed defects during the completion of female meiosis. Four of these 

embryos exhibited a skipped-MII phenotype, characteristic of memi loss-of-function 

(Figure 4.43). Seven out of 11 defective embryos progressed through metaphase I but 
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did not complete anaphase I or release the first polar body, and they exhibited delays 

in forming the meiosis II spindle. These embryos were unable to progress through 

anaphase II and the maternal DNA formed multiple maternal nuclei. Centrosomal 

microtubules appeared before dissolution of the MII spindle and pronuclear migration 

initiated soon after the MII spindle disappeared (Figure 4.43). In addition, in 3/25 cases, 

the oocyte fragmented as it moved through the spermatheca, resulting in a small 

chromatin-containing cell that blebbed off from the oocyte, a phenotype that was also 

observed in the double mutant mentioned previously.  

 

Figure 4.42: gskl-1, gskl-2 and gsp-4 genetically interact. Loss of 

all three genes results in enhanced embryonic lethality. Scoring 

was done at 20ºC, P<0.0001 (Student’s t-test), n= 10 for each group, 

error bars represent SEM.  
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Figure 4.43: gsp-4 gskl-2; gskl-1 embryos displayed meiotic defects. Time-lapse images of wild 

type (top panels) and gsp-4 gskl-2; gskl-1 embryos expressing mCherry-histone and GFP-tubulin. 

The middle panel shows an example of a gsp-4 gskl-2; gskl-1 embryo with a skipped-Meiosis II 

phenotype (4/22). Centrosomal microtubules are visible (arrow), the nuclear envelope does not form 

around meiotic chromatin, and an abnormal mitotic spindle forms. The bottom panel shows an 

example of a gsp-4 gskl-2; gskl-1 embryo that did not extrude the first polar body, was delayed in 

meiosis II spindle formation, and did not complete anaphase II (7/22). Scale bar 10 μm. 
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4.19 Summary  

 

The identification of two paternally contributed GSK-3 family members required for 

early embryonic events is a major step to understand the molecular mechanism of the 

sperm-oocyte interactions required for development. This work has shown that sperm-

specific GSKL-1/GSKL-2 play roles in sperm meiotic chromosome segregation, sperm 

motility, and after fertilization they involve in regulating female meiosis II through the 

memi pathway. This work has also shown that GSKL-1/GSKL-2 and GSP-3/4 work 

together in the same pathway and do not work counter to one another, as one could 

posit from that fact that these are kinases and phosphatases.  
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5. Discussion  

 

5.1 Sperm-specific suppressors of memi-1(sb41)  

 

The MEMI-1,2,3 proteins are exclusively maternal and functionally redundant. 

The MEMIs are required for the proper completion of female meiosis II and the 

transition to subsequent mitosis. For example, the loss of all memi paralogs via memi-

1/2/3(RNAi) results in a skipped-meiosis II phenotype and abnormal mitotic cell 

division.  Fertilization of the oocyte during female meiosis I is also required for these 

events, and loss of either MEMI function or an absence of fertilization result in similar 

phenotypes, indicating the involvement of the MEMI proteins in this post-fertilization 

signal. Although the MEMIs are essential for female meiosis II, the proteins must be 

degraded prior to mitosis, and this degradation is dependent on CUL-2 E3 ubiquitin 

ligase activity. The hypermorphic, gain-of-function memi-1(sb41) mutation interferes 

with the degradation of MEMI-1, and its persistence in mitosis is likely responsible for 

the gain-of-function mitotic phenotype (Ataeian et al. 2016). 

The memi-1(sb41) mutation has proven to be useful for genetic screens that 

identify components of the post-fertilization signal for regulating female meiosis II.  The 

rationale behind these approaches is based on the idea that the sb41 mutation results 

in persistent or inappropriate MEMI activity into mitosis. Therefore, a loss or reduction 

of function in any gene required for MEMI activity could suppress the embryonic 

lethality characteristic of this mutation. These types of suppressors would behave as 

genetic activators of the MEMI pathway, and, thus, such suppressors would be good 

candidates for a sperm-specific component of the fertilization signal. Alternatively, 
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bypass suppressors that open an alternative degradation pathway could also suppress 

by removing the otherwise persistent MEMI-1(sb41) protein. Interestingly, these 

screens and subsequent analyses have so far identified five genes that encode sperm-

specific components. These genes are gsp-3 and gsp-4 (PP1 phosphatases), gskl-1 

and gskl-2 (GSK-3 kinases) and smz-1 (a relatively uncharacterized PDZ domain-

containing protein that has been shown to have a role in sperm meiosis Chu et al. 

2006). Another putative suppressor, frm-8, also encodes a PDZ domain-containing 

protein. Although this gene has not been characterized, my experiments showed that 

frm-8(∆) males suppressed memi-1(sb41) hermaphrodites after mating, suggesting 

that it could also encode a sperm-specific component. In addition to these sperm 

factors, one suppressor identified by genetic screening, and confirmed with CRISPR 

mutagenesis, is a maternal-specific component, mbk-2, which encodes mini-brain 

kinase. 

The memi-1(sb41) mutation results in a P74S substitution that is within a target 

region of proline-directed kinases, such as cyclin-dependent kinase, MAPK, and GSK-

3.  The functionally redundant genes memi-2 and memi-3 also have the same putative 

phosphorylation site. This disruption in the proline-directed phosphorylation site might 

protect MEMI-1(sb41) from the E3 ubiquitin ligase. Persistent MEMI-1(sb41) protein 

would be expected to represent an unphosphorylated protein with respect to this site, 

however, there is no evidence that the P74S change in sb41 causes any alteration in 

phosphorylation or protein structure. In the future, mass spectrometry could be used to 

show whether MEMIs are phosphorylated during the meiosis-to-mitosis transition or 

not. This, in turn, would help reveal the molecular mechanism of the memi pathway. 
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Suppression by the gsp-3(∆), gsp-4(∆), gskl-1(∆), gskl-2(∆), smz-1(∆) and frm-

8(∆) males is consistent with the idea that sperm entry is required for the suppression 

(Ataeian et al. 2016). In the case of sperm-specific components acting as suppressors 

of memi-1(sb41), one possible mechanism is that they could normally be required to 

activate memis after fertilization.  If this activation were reduced, then the effect of 

MEMI-1(sb41) protein persistence might be reduced, allowing some embryos to 

survive without changing the protein levels per se (Figure 5.1). Future experiments 

could involve examining MEMI protein levels in each of the suppressor strains, to rule 

out other mechanisms, for example, increased degradation rates. In addition, the 

interaction of identified sperm components with MEMI after fertilization needs to be 

done in future. Previously it was shown that anti-MEMI antibodies co-

immunoprecipitated GSP-3/4, but anti-GSP-3/4 antibodies were unable to co-

immunoprecipitate MEMI proteins (Ataeian et al. 2016).  

In addition to the sperm-specific suppressors identified, at least one 

suppressor, mbk-2(abc56) could be acting as a bypass suppressor, within the fertilized 

one-cell cytoplasm. The maternal component MBK-2 is required to degrade different 

proteins during oocyte-to-embryo transition. A loss-of-function allele of mbk-2 was 

previously reported to enhance maternal-effect lethality of mei-1, which is required for 

female meiotic spindle assembly during oocyte-to-embryo transition (Quintin et al. 

2003). But initial data found that mbk-2(abc56) did not enhance mei-1 embryonic 

lethality (Ish Jain pers. comm.). This data suggests that mbk-2(abc56) might not be a 

loss-of-function allele. In that case, mbk-2(abc56) somehow increases the activity of 
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mbk-2 and that increased activity of mbk-2 may be involved in degrading memi-

1(sb41).  

 

 

Figure 5.1: A proposed model explaining how sperm-specific suppressors could 

rescue the embryonic lethality of mem-1(sb41). Sperm specific suppressors are 

proposed as genetic activators of the memi pathway after fertilization. The hypermorphic 

sb41 mutation in MEMI-1 disrupts a putative target region (TPK) for proline-directed 

kinases, and it results in persistent MEMI-1 protein. X is a putative sperm-specific 

component in this model that is predicted to turn on the memi pathway, and could 

represent an individual suppressor product, or another, unidentified, component in this 

pathway. In wild-type worms, X activates the memi pathway and phosphorylated MEMIs 

could be degraded by the CUL-2-mediated proteolysis. In memi-1(sb41) embryos, 

memi-1(sb41) is predicted to be unphosphorylatable at this location. In this model, 

MEMI-1(sb41) protein still persists in the mitotic embryo, however, the reduced function 

of the suppressor genes that are components of the sperm activation pathway reduces 

the activity of MEMIs overall, and this helps the embryos to survive. 
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5.2 Summary of sperm phenotypes associated with loss of gskl-1 and gskl-2  

 

The screen for genetic suppressors of memi-1(sb41) revealed a number of genes 

that could participate in the post-fertilization pathway that specifies the female meiosis 

II cell division program. In this study, I focused on the characterization of gskl-1.  gskl-

1 is one of seven C. elegans genes that encode members of the GSK-3 family of 

kinases. Complete loss of gskl-1 did not cause observable phenotypes, however, by 

testing pairwise double-deletion combinations, I found that gskl-1 was functionally 

redundant with another member of the GSK-3 family, gskl-2. Thus, the double deletion 

strain allowed a characterization of phenotypes that occur as a result of loss of GSK-3 

function. Importantly, my work revealed functions for these GSK-3 genes that was 

previously masked by previous single-gene knock-out approaches. Specifically, I 

observed a number of phenotypes related to spermatogenesis and sperm motility 

(Table 5.1) as well as variably penetrant embryonic lethality (Table 5.2).  
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Table 5.1: summary of phenotypes displayed by gskl-2(∆); gskl-1(∆) male sperm. 
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Table 5.2: Summary of the phenotypes displayed by gskl-2(∆); gskl-1(∆) 

embryos. 
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5.3 gskl-1 and gskl-2 expression are specific to the male germline  

 

Immunostaining of FLAG-GSKL-1 and Ollas-GSKl-2 revealed strong fluorescence 

signals in the spermatogenesis zone of the male germline. I also found strong 

expression of these tagged GSKL-1/GSKl-2 proteins in primary spermatocytes, 

secondary spermatocytes and in male spermatids. In the activated male sperm, GSKL-

1 was distributed in the cytoplasm of the cell body and more concentrated in the 

pseudopod region while GSKL-2 was located within the pseudopod only. I also 

observed fluorescence in the sperm of adult hermaphrodites, but no fluorescence 

signal was detected in the maternal germline of adult hermaphrodites. Hermaphrodites 

produce sperm during the L4 stage and then they switch to produce oocytes only. 

Therefore, in order to conclusively determine whether GSKL-1/GSKL-2 expression was 

restricted to the male germline, I used a feminized mutant, fem-1(hc17), which results 

in worms that produce only oocytes, and a masculinized mutant, fem-3(q20), which 

results in worms that produce only sperm. Western blot analysis showed that Flag 

tagged GSKL-1 and Ollas tagged GSKL-2 are expressed in sperm-only worms and 

absent in oocyte-only worms. Together, immunostaining and western blot results 

confirmed that GSKL-1/GSKL-2 are sperm-specific components. This is also aligned 

with the genetic observation that gskl-2(∆); gskl-1(∆) displayed paternal-effect 

embryonic lethal phenotype.  
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5.4 The role of gskl-1 and gskl-2 in sperm meiosis  

 

In the wild-type worms, primary spermatocytes undergo the first meiotic cell 

division (MI) to separate homologous chromosomes, followed by a second meiotic cell 

division (MII) to separate sister chromatids and form four haploid spermatids (Chu and 

Shakes 2013). At the end of MII, the four spermatids detach from the residual body, a 

specialized compartment that stores the cytoplasmic contents that are not needed for 

fertilization or sperm function. Work presented in this thesis revealed that gskl-1(∆) 

gskl-2(∆) mutants exhibited defects during the MII phase of spermatogenesis.  

Specifically, 3 out of 15 spermatocytes displayed defects in sister chromatid 

segregation during anaphase II, in one half of the secondary spermatocyte sister 

chromatid were separated but in the other half it was not. Although 5/15 spermatocytes 

completed anaphase II successfully, the segregated chromatin came back to the 

residual body during spermatid budding.  

Morphogenesis of the fibrous body -membranous organelle (FB-MO) complexes 

and proper assembly of MSP into the FBs during C. elegans spermatogenesis is key 

to making functional sperm. Assembly of MSP into FBs has been proposed to be a 

necessary conformational change to prevent MSP from interfering with chromosome 

segregation during the meiotic divisions (Price et al. 2021) and to facilitate proper 

segregation of MSP into mature spermatids (Nishimura and L'Hernault 2010). For 

example, tubulin is required for chromosome segregation during spermatogenesis, but 

this cytoskeletal protein is removed from the sperm during the final stages of MII. 
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The regulation of MSP during spermatogenesis involves two key SPE proteins. 

One intrinsically disordered protein, SPE-18, is required to form FBs on the membrane 

of MOs during the late pachytene stage of MI, and the casein-kinase, SPE-6, is 

required at later stages for the proper assembly of MSP into the FBs (Price et al. 2021). 

Many spe genes are also involved in regulating FB-MO morphogenesis and MSP 

distribution. Spermatocytes from spe-39 mutants also arrest without forming proper 

residual bodies. In these spe-39 mutants, clear MO structures were absent in 

spermatocytes; instead, several small vesicles were present (Zhu and L'Hernault 

2003). A role for SPE-4 in residual body function was also revealed by examining 

various spe-4 mutants, which exhibited arrested spermatocytes that did not form a 

proper residual body.  Furthermore, in all these spe-4 mutants, tubulin was abnormally 

distributed on the plasma membrane (Arduengo et al. 1998). Tubulin missegregation 

during MII was also observed in spe-5 mutants, which arrest during spermatogenesis 

with four haploid nuclei (Machaca and L'Hernault 1997). Due to the mislocalization of 

actin filaments and the ER, loss of spe-26 resulted in spermatogenesis arrest at MII, 

producing almost no functional spermatids (Varkey et al. 1995). Loss of functional spe-

15 resulted in improper segregation of mitochondria, FB-MOs and cytoskeletal proteins 

in budding spermatids; however, sister chromatids segregated successfully (L'Hernault 

et al. 1988; Kelleher et al. 2000). In wild type, ribosomes are always deposited into 

residual bodies (RBs) but in spe-17 mutants, ribosomes were detected in the MOs and 

these mutants produced no functional spermatids (Shakes and Ward 1989b).   

Paternal-effect lethal mutations may be defined as male-specific mutations that 

affect the development of offspring. top-2, emb-27 and emb-30 are the three genes 
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reported till date that show paternal-effect lethal phenotype and also show defects in 

chromosome segregation during spermatogenesis. top-2 encodes the topoisomerase 

II that has 52% amino acid sequence identity with human topoisomerase IIα. The role 

of top-2 in chromosome segregation during embryonic mitosis was previously reported 

(Bembenek et al. 2013). Also, top-2 induces DNA damage that occurs during the onset 

of zygotic genome activation in the primordial germ cells of embryos (Butuči et al. 

2015). Recent studies revealed that a loss-of-function allele, top-2(it7) displayed 

paternal-effect embryonic lethality due to a failure to segregate DNA properly during 

sperm meiosis (Jaramillo-Lambert et al. 2016). In top-2(it7), spermatocytes failed to 

separate homologous chromosome in anaphase I and, without forming any secondary 

spermatid structure, these cells enter the spermatid budding stage. The anaphase-

promoting complex encoding emb-27 and emb-30 were originally isolated as maternal-

effect lethal mutants (Cassada et al. 1981; Denich et al. 1984). Later, it was confirmed 

that both are responsible for paternal-effect embryonic lethality (Sadler and Shakes 

2000). In emb-27(g48) mutants spermatocytes arrest at metaphase I (Jaramillo-

Lambert et al. 2016).  

The gskl-2(∆); gskl-1(∆) mutants also exhibited defects during spermatogenesis, 

however, these defects were distinct from the phenotypes observed in the above 

mentioned paternal-effect lethal genes (Figure 5.2). First, there was no misregulation 

in of tubulin during spermatogenesis observed. Surprisingly, chromatin comes back to 

the residual body during the budding process. Also, some of the spermatocytes failed 

to segregate sister chromatids in only one of the two secondary spermatocyte pairs, 

indicating that this defect did not induce a general cell-cycle arrest. The sister chromatid 
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segregation defects associated with the gskl-2(∆); gskl-1(∆) are also distinct from the 

phenotypes associated with the loss of sperm-specific PP1 phosphatases gsp-3/4 

(Figure 5.2). In gsp-3/4 mutants, spermatocytes successfully completed anaphase I 

and progressed to metaphase II; but, the sister chromatids failed to segregate properly 

at the end of anaphase II, leading to the formation of anucleate or aneuploid sperm 

(Wu et al. 2012).  

The observed phenotypes associated with loss of GSKL-1/GSKl-2 could be due to 

changes in MSP. It has been suggested that MSP must be sequestered or inactivated 

during male meiotic cell divisions in order to prevent this sperm cytoskeletal polymer 

from interfering with microtubule- and actin–related functions that are, in turn, required 

for meiosis and spermatid budding (Varkey et al. 1993; Price et al. 2021). Therefore, 

the chromosome segregation and spermatocyte budding phenotypes might be related 

to dysregulation of MSP at these stages.  

In mouse and rat, GSK-3B is expressed in type B spermatogonia and preleptotene 

spermatocytes, suggesting that vertebrate counterparts also play a significant role in 

spermatogenesis (Guo et al. 2003; Bhattacharjee et al. 2015). The precise role of 

vertebrate GSK-3 in spermatogenesis is still unclear. In C. elegans, LAB-1 preserves 

meiotic sister chromatid cohesion by restricting the localization of the C. elegans Aurora 

B kinase, AIR-2, during MI and MII (Tzur et al. 2012). LAB-1 locates between sister 

chromatids in MI, but disappears in MII, to allow sister chromatid release. Future 

experiments could assess the localization pattern of LAB-1 and AIR-2 in the gskl-2(∆); 

gskl-1(∆) spermatocytes. If loss of GSK-3 activity prevents LAB-1 degradation, this 
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would provide a molecular explanation for the lack of sister chromatid release in the 

spermatocytes.   

 

Figure 5.2: Schematic representation of sperm meiosis chromosome 

segregation defects caused by gskl-1/gskl-2, gsp-3/4, top-2 and emb-27. The 

phenotypes associated with gskl-1/gskl-2 are distinct from gsp-3/4, top-2, emb-27. 



161 

 

5.5 The role of gskl-1 and gskl-2 in MSP treadmilling in activated sperm  

  

The data presented in this thesis showed that loss of gskl-1 and gskl-2 affects male 

sperm migration. After mating, all wild-type male sperm normally reach the 

spermatheca within a few hours, however, mating the gskl-2(∆); gskl-1(∆) males 

indicated that many sperm do not reach the spermatheca after 12 hours. This result 

indicated that the mutant male sperm could have defects in guidance or motility. Further 

in vitro analysis revealed that pseudopod treadmilling rates within active sperm were 

significantly lower in gskl-2(∆); gskl-1(∆) male sperm. In a separate assay that uses a 

non-specific protease, Pronase to remove an inhibitory signal, 100% of wild-type 

spermatids became activated to crawl within 12 minutes of application. However, only 

20% gskl-2(∆); gskl-1(∆) male sperm were activated within 30 minutes after in vitro 

Pronase treatment. All of these results indicated that the mutant spermatids were 

inefficient at transitioning into active crawling sperm, and that those sperm that did 

become active, exhibited slower pseudopod treadmilling dynamics, which is directly 

correlated with crawling velocity (Wu et al. 2012).  Therefore, these cellular phenotypes 

provide an explanation for why mated male sperm are inefficient in making their way to 

the hermaphrodite spermatheca. 

Current models for sperm activation and motility in the Ascaris nematode involve 

assembly of MSP fibres at the leading edge of the pseudopod and disassembly at the 

base. Because MSP filaments lack polarity (Bullock et al. 1998; Baker et al. 2002), 

accessory proteins are required to facilitate unidirectional growth. At the leading edge, 

membrane-bound MPOP (MSP polymerization organizing protein), recruits a 

serine/threonine kinase MPAK (MSP polymerization-activating kinase) to 
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phosphorylate MFP-2 (MSP fibre protein) at a threonine residue (LeClaire et al. 2003; 

Yi et al. 2007). Upon its phosphorylation, MFP2 associates with the MSP fibre (Yi et al. 

2007). Although the mechanism is not clear, MFP2 could promote fibre polymerization 

by facilitating the addition of MSP subunits to the ends of filaments (Roberts and 

Stewart 2012). Another accessory protein, MFP-3, is important for stabilizing MSP 

fibres, with PP2A-induced dephosphorylation at the base of the pseudopod resulting in 

MFP3 release and fibre disassembly (Yi et al. 2009).  Finally, MFP1 seems to be a 

negative regulator of assembly, whereby excess MFP1 reduces the rate of fiber 

elongation and inhibition of MFP1 increases polymerization rate (Buttery et al. 2003). 

MFP1 contains sequences similar to the MSP-fold and, thus, could co-polymerize with 

fibres to interfere with their elongation (Roberts and Stewart 2012). 

The data from Ascaris indicate that phosphorylation and dephosphorylation of 

accessory proteins is likely key to involve in vivo regulation of MSP fibre dynamics. The 

Ascaris proteins seem to have homologs in C. elegans, and it was shown recently that 

C. elegans MFP1 and MFP2 co-localize with MSP in the pseudopod (Morrison et al. 

2021).  However, it is still unclear whether any of the accessory proteins play a direct 

role in C. elegans sperm motility. 

The phenotypes associated with gskl-2(∆); gskl-1(∆) double mutants, and the 

subcellular location of GSKL-1/GSKL-2 in the sperm pseudopod raises the possibility 

that these kinases could regulate MSP dynamics. Although the targets of GSK-3 are 

unknown, a few MSP fibre components contain putative GSK-3 target sites. For 

example, the MSP monomer itself contains a consensus sequence Ser/Thr-X-X-X-

Ser/Thr, where the first Ser/Thr is a target and the last Ser/Thr is a site for priming 
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phosphorylation (ter Haar et al. 2001). In other examples, priming is not absolutely 

required for GSK-3-dependent phosphorylation but it can greatly increase the efficiency 

of GSK-3 action (Thomas et al. 1999). Interestingly, X-ray crystallography of MSP-142 

revealed that the GSK-3 consensus is within a conserved region required for MSP 

assembly in vitro (Baker et al. 2002; del Castillo-Olivares and Smith 2008). Therefore, 

GSKL-1/GSKL-2 could directly regulate MSP during pseudopod treadmilling. 

Alternatively, GSKL-1/GSKL-2 could act on accessory proteins to regulate MSP 

dynamics. For example, the accessory protein MFP-2 (encoded by nsph-2 and nsph-

3.2) also contains putative GSK-3 target sites. In this case, GSKL-1/GSKL-2 could act 

similarly to the serine/threonine kinase MPAK in Ascaris, to promote MSP assembly at 

the leading edge of the pseudopod. 

To date, the PP1 phosphatases GSP-3/4 represent good candidate enzymes to 

regulate MSP dynamics and treadmilling in the C. elegans sperm pseudopod (Wu et 

al. 2012). It is tempting to speculate that the GSK-3 kinases and PP1 phosphatases 

could have opposite effects with respect to the assembly and disassembly of MSP 

fibres, similar to the Ascaris situation involving MPAK and PP2A, respectively. 

However, data presented here indicated that reduction of function of either enzyme 

type resulted in similar phenotypes. One simple explanation for this observation is that 

MSP dynamics requires a precise balance of assembly and disassembly, and any shift 

in this equilibrium disrupts the entire process. Another idea is that, in addition to acting 

on MSP and/or accessory proteins, the kinases and phosphatases could also depend 

on each other for their activity. In other systems, GSK-3s engage in complex regulatory 

networks that involve PP1 and/or PP2A phosphatases, or their respective regulatory 
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subunits. For example, bovine PP2A and PP1 activity in immature sperm has been 

corelated with increased activity of GSK-3 (Vijayaraghavan et al. 1996). GSK-3 can 

also phosphorylate inhibitor 2, a PP1 regulatory subunit (Lin et al. 2003), and this 

phosphorylation enhances PP1 catalytic activity in the motile caudal sperm in mice 

(Goswami et al. 2018). Although we have not identified a regulatory subunit for GSP-

3/4, it is possible that a similar form of regulation occurs in C. elegans sperm. 

Alternatively, GSP-3/4 phosphatases could be a direct target of GSKL-1/GSKL-2 

kinases, or vice versa. Having this type of interdependent regulation could allow more 

precise spatial regulation of MSP dynamics within the relatively small pseudopod 

region. 

 

5.6 Testing gskl-1 and gskl-2 for their role in the spe-8 pathway  

 

There are five genes in the spe-8 pathway, namely, spe-8, spe-12, spe-19, spe-27 

and spe-29 which are involved in hermaphrodite specific sperm functions (Shakes and 

Ward 1989a; Minniti et al. 1996; Nance et al. 1999; Nance et al. 2000; Geldziler et al. 

2005). Hermaphrodite sperm with a mutation in any of these mentioned genes are 

unable to activate, and are immotile. As a result, hermaphrodites are self-sterile. 

However, the hermaphrodite spermatids become active after being mated to either 

wild-type males or even mutated males from the spe-8 class. Interestingly, the spe-8 

class of mutant spermatids from both males and hermaphrodites were unable to form 

proper pseudopods when treated with Pronase in vitro. This data indicated that there 

are two different pathways for sperm activation. Hermaphrodites sperm activation 

depends on the spe-8 pathway, while male sperm activation does not. In order to 
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identify suppressors of spe-27 hermaphrodite-specific sterility defects, a suppressor 

screen was conducted; interestingly, spe-6(hc163) was found as a suppressor out of 

that screen.  The loss-of-function allele spe-6(hc163) not only suppressed spe-27 but 

also suppressed all other genes in the spe-8 pathway. Thus, these results indicated 

that the spe-8 pathway likely functions to inhibit SPE-6 activity, and prevent sperm 

activation in hermaphrodites, but not males.  In my experiments, I observed that the 

gskl-2(∆); gskl-1(∆) males produced 91% viable progeny when mated to fog-2 females, 

which was higher than the viability of gskl-2(∆); gskl-1(∆) hermaphrodites (91% vs., 

56% embryonic viability, and Figure 4.17). This raised the possibility that GSK-3 could 

be part of the spe-8 pathway, therefore, I tested the possibility that spe-6(hc163) would 

also suppress the gskl-2(∆); gskl-1(∆) mutant embryonic viability.  As spe-6(hc163) did 

not suppress the embryonic lethality of gskl-2(∆); gskl-1(∆), I concluded that the gskl-

1/gskl-2 genes were likely not part of the spe-8 pathway, although this experiment does 

not rule out the possibility that these genes act downstream of the pathway. 

 

5.7 A possible role for gskl-1/gskl-2 during oocyte progression through the 

spermatheca 

 

In every sexually reproducing organism, the oocyte arrests at late prophase I and, 

before fertilization, it needs to exit this dormant state. The transition from this dormant 

phase to metaphase I of the oocyte is known as oocyte meiotic maturation. In C. 

elegans, the sperm sends an MSP-based diffusible signal to activate the oocyte (Miller 

et al. 2001). The mature oocyte is then pushed through the distal valve, into the 

spermatheca where it is fertilized by the sperm. Typically within two minutes, the 
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fertilized oocyte is pushed through the spermathecal-uterine valve, into the uterus 

(Kimble and Hirsh 1979; McCarter et al. 1999). During the normal progression of 

unfertilized oocytes through the spermatheca to the uterus, the spermatheca 

undergoes a series of repetitive contraction-relaxation cycles. An actin binding protein, 

FLN-1 activates IP3-dependent calcium signaling as soon as the oocyte enters the 

spermatheca (Kovacevic and Cram 2013). This in turn activates the NMY-1 (non 

muscle myosin I) that triggers the constriction of spermatheca to propel the embryo 

through the spermathecal-uterine valve. So, the maintenance of cytoplasmic Ca2+ 

might be the key for the Ca2+-mediated response to the mechanical stimuli during the 

progression of oocyte through the spermatheca. 

Upon imaging gskl-2(∆); gskl-1(∆)  I noticed that some oocyte fragmented revealed 

that small cellular fragments blebbed off from the oocyte as it transitioned through the 

spermatheca. This defect could result from some dysregulation of contractility within 

the spermathecal sheath. 

Calcium signalling throughout the body is dependent on calcium-selective cation 

channels, namely, store-operated calcium channels (SOCs).  Depletion of ER Ca2+ 

leads to the activation of SOCs to refill the stores. This pathway is widely known as 

Store-operated Ca2+ entry (SOCE) (Venkatachalam et al. 2002). One of the most 

characterized calcium channels in the SOCE pathways is the Ca2+ release-activated 

Ca2+ channel (CRAC)  (Parekh and Penner 1997; Parekh and Putney 2005).  In 

Drosophila, stim1 and orai1 were identified as essential components of the CRAC 

channel through two separate genome-wide RNAi screen (Roos et al. 2005; Feske et 

al. 2006). It is well established from many works that human homologues of stim1 and 
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orai1 also work as essential components of CRAC channels (Liou et al. 2005; Zhang 

et al. 2005; Prakriya et al. 2006; Yeromin et al. 2006). Interestingly, homologues of 

stim1 and orai1 in C. elegans, stim-1 and orai-1 are involved in regulating spermatheca 

contractility during the fertilization process; RNAi mediated knockdown of stem-1 and 

orai-1 in C. elegans is predicted to disrupt the IP3 mediated disruption of spermatheca 

contractility that reduced the brood size significantly (Lorin-Nebel et al. 2007).   

The identification of PIEZO1 and PIEZO2 as mechano-sensitive ion channels that 

respond to Ca2+-mediated mechanical stimuli has drawn the attention of biologists to 

study the role of PIEZO channels in different biological processes (Coste et al. 2010; 

Coste et al. 2012; Alper 2017; Murthy et al. 2017; Wu et al. 2017). PIEZO1 forms a 

mono trimeric complex at the plasma membrane, which acts as an ion channel, which, 

in turn, responds to Ca2+-mediated mechanical stimuli, including shearing stress, static 

pressure and membrane stretch (Poole et al. 2014; Ranade et al. 2014; Del Mármol et 

al. 2018) and the function of PIEZO2 is to act as a mechano-transducer for light, touch, 

proprioception and breathing (Woo et al. 2014; Woo et al. 2015; Nonomura et al. 2017).  

pezo-1 is the only PIEZO orthologue present in C. elegans. This receptor acts in a 

pathway that is parallel to orai-1 to replenish the cell with extracellular Ca2+ when the 

cytosolic Ca2+ levels become low (Bai et al. 2020). As the loss of pezo-1 displayed 

broken oocyte phenotype, similar to loss of effect with gskl-1/gskl-2, it could be possible 

that all these genes work in a complex network to regulate Ca2+ signalling. The data 

presented here suggests that gskl-1/gskl-2 regulate sperm motility, possibly by 

regulating MSP. MSP is the key cytoskeletal protein that is not only required for 

locomotion but also sends the signal for oocyte maturation and gonadal sheath cell 
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contraction. MSP is released from the sperm by a specialised vesicle budding 

mechanism to provide the maturation signal (Kosinski et al. 2005). Thus, the defects in 

oocyte blebbing could be due to a sperm-derived defect involving gskl-1/gskl-2 and 

MSP regulation. Individual knockdown of orai-1(RNAi) and pezo-1(RNAi) reduced 

brood size significantly and knockdown of both enhances the phenotype. To test the 

idea if they work together with gskl-1/gskl-2 in the same pathway to regulate 

extracellular Ca2+ level, in future orai-1(RNAi) or pezo-1(RNAi) could be done on gskl-

2; gskl-1 worms to see if that enhances the phenotype.   

 

The phenotype that I observed in the oocytes is reminiscent of a previously 

reported mutant phenotype that results from deletion of the famk-1 gene (Gerson-

Gurwitz et al. 2019). famk-1 encodes an orthologue of vertebrate FAM20C, which is 

Golgi casein kinase (Salvi et al. 2010).  Young adult famk-1 deletion worms do not 

exhibit any obvious phenotypes, however, in aged hermaphrodites, the spermatheca 

becomes extended and part of the oocyte gets trapped inside (Gerson-Gurwitz et al. 

2019). famk-1 is predicted to involve in phosphorylating different substrates including 

lectins. So, it is less likely that gskl-1/gskl-2 are involved in famk-1 pathway.  

 

5.8 gskl-1 and gskl-2 are required to complete female meiosis II after fertilization  

 

Studies from fertilization-defective sperm in C. elegans, such as those involving 

the mutant fer-1, revealed that sperm entry is required to complete female meiosis II 

(McNally and McNally 2005). These mutant sperm can secrete the MSP-based signal 

for oocyte maturation, but are unable to fertilize the oocyte. In the absence of 
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fertilization, such MSP-stimulated meiosis-stage oocytes enter anaphase I, but they fail 

to extrude the first polar body. Then, they skip meiosis II and proceed directly to mitosis. 

These results indicate that some signal from the sperm enters the oocyte cytoplasm to 

promote entry into MII, rather than mitosis.  At the level of sister chromatid segregation, 

MII and mitosis are superficially similar, however, many other differences between 

female meiosis and mitosis are important to consider.  For example, the centrosomal 

microtubules appear after the completion of female meiosis II, katanin dependent 

meiotic spindle assembly is very different from that of mitotic spindle assembly and 

nuclear envelops do not form around meiotic chromatin.  

Prior to the work presented in this thesis, the only genes known to be directly 

involved in the fertilization-dependent signal that specifies female MI were the memi 

genes (Ataeian et al. 2016). Loss of all three paralogs of the memi genes results in a 

skipped-meiosis II phenotype. The gskl-2(∆); gskl-1(∆) double-deletion mutant 

revealed incompletely penetrant paternal-effect embryonic lethality. The reason for the 

variability in phenotypic severity amongst individual sperm is still unclear, but there 

could be some further redundancy for GSK-3 activity within the sperm and/or fertilized 

embryo. Though not significant, but little lower brood size was observed on 

F20F4.1(RNAi) treated gskl-1(abc57) and gskl-1(abc41) mutant worms. In future, 

F20F4.1(∆) can be combined with the gskl-2(∆); gskl-1(∆) to see if that enhances the 

embryonic lethality of the later.   

In utero time-lapse analysis revealed that 7 out of 20 oocytes that were fertilized 

by gskl-2(∆); gskl-1(∆) sperm completed anaphase I successfully as indicated by the 

release of first polar body. Meiosis II spindle formation was delayed in those embryos, 
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and they could not complete anaphase II, did not release second polar body. Prior to 

this study, spe-11 was the only known sperm component that displayed a role in 

controlling female meiosis II in C. elegans, fertilization of wild-type oocytes by sperm 

from homozygous spe-11 mutant males leads to abnormal zygotic development (Hill et 

al. 1989). However, ectopically expressing spe-11 oocytes produce viable progeny 

when mated to spe-11 mutant sperm. This suggests that SPE-11 is a sperm supplied 

factor which is directly involved in early embryogenesis (Browning and Strome 1996). 

Anaphase I chromosome collapsed together and no polar body 1 was extruded in the 

defective spe-11 embryos; however, those embryos progressed through anaphase II 

but were unable to extrude the second polar body (McNally and McNally 2005).  In 

addition, the spe-11 embryos show defects in egg shell formation, such that the 

embryos are permeable to DAPI, whereas gskl-2(∆); gskl-1(∆) embryos did not have a 

permeable egg shell.  Overall, the loss of gskl-1 and gskl-2 resulted in embryonic 

phenotypes that resembled the spe-11 mutant embryos, though the phenotypes were 

not similar enough to conclude identical embryonic functions for these genes.  In 

addition, I found that the embryonic lethality of memi-1(sb41) was not suppressed by a 

loss-of-function allele of spe-11 (Appendix, Figure 4). Therefore, although spe-11 might 

be involved in some overlapping functions that involve the GSK-3 genes, it is not likely 

a genetic activator of the memi pathway.  

An intriguing correlation between the motility of individual sperm and a post-

fertilization function that is essential for development has shown in this study. I have 

shown that the percentage of viable progeny from fog-2 mated to gskl-2(∆); gskl-1(∆) 

males was significantly higher than the viability of double deletion hermaphrodites gskl-
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2(∆); gskl-1(∆) due to competition amongst ejaculated male sperm to reach to the 

spermatheca. It was also shown that the absence of sperm before fertilization in fog-2 

did not affect the fertilization process as the gskl-2(∆); gskl-1(∆) males mated to older 

wild type hermaphrodites that have used up their cache of self sperm also produced 

similar percentage of viable progenies. To date, this is the first example of a paternal-

effect embryonic lethal phenotype that is influenced by the outcome of pre-fertilization 

competition amongst sperm.  

 

5.9 gsp-4 and gskl-1/gskl-2 work together to activate the memi pathway  

 

The data presented here suggest that GSKL-1/GSKL-2 kinases and GSP-3/4 

phosphatases, despite having presumably opposite biochemical activities in these 

cells, are likely to perform at least some similar functions. For example, reduction of 

either GSP-3/4 phosphatase or GSKL-1/GSKL-2 kinase activity results in similar 

meiotic defects during male meiosis II, delayed activation of spermatids, as well as 

reduced sperm motility and slow pseudopod treadmilling. In addition, loss of all 

individual components act as suppressors of memi-1(sb41). Furthermore, the gsp-4(∆); 

gskl-1(∆) kinase/phosphatase double mutant suppressed memi-1(sb41), indicating that 

reducing both kinase and phosphatase activity did not cancel out individual 

suppression, rather the suppression increased. Finally, the gsp-4(∆) gskl-2(∆); gskl-

1(∆) triple mutant exhibited more severe embryonic lethality than the double mutants 

alone, and some of those defective embryos displayed a skipped-MII phenotype similar 

to loss of memi-1/2/3 function. Thus, all data indicate that, perhaps unexpectedly, 
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reducing the activity of either GSKL-1/GSKL-2 kinases or GSP-3/4 phosphatases 

results in a very similar phenotypic outcome. 

The model shown in Figure 5.3A explains the connection between GSKL-1/GSKL-

2 and GSP-3/4, sperm motility, and possibly spermatogenesis, but it is difficult to 

explain how loss of either kinase or phosphatase relates to the post-fertilization function 

for this system, as reflected by their suppression of memi-1(sb41). The memi-(sb41) 

mutation results in a P74S change, at a putative proline-directed phosphorylation site 

and it has been shown that MEMI-1 degradation depends on this motif. The 

suppression data is inconsistent with a simple mechanism involving direct 

phosphorylation or dephosphorylation of MEMI by GSKL-1/GSKL-2 and GSP-3/4, 

respectively. Instead, the common link between these genes and the MEMI pathway 

might be MSP itself acting in two independent pathways (Figure 5.3B). This protein has 

unusual properties; it is both a cytoskeletal polymer within the sperm cytoplasm and a 

diffusible hormone, secreted by sperm to trigger oocyte maturation. MSP could have a 

third function, as part of a sperm-derived signal that activates the maternal MEMI 

proteins to trigger female MII. This signal would function independently of the secreted 

MSP-based oocyte maturation signal, and be delivered into the oocyte upon 

fertilization. Extending the model to explain the role of these components in sperm 

motility, the treadmilling-competent MSP is proposed to be important for MEMI activity 

once MSP is internalized after oocyte-sperm fusion. In this case, reduction of 

phosphatase or kinase function would suppress the gain-of-function memi-1(sb41) 

mutation.  
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This model assumes that fertilization involves the delivery of the aforementioned 

cytosolic sperm proteins into the oocyte, however, I have not been able to detect any 

of the proteins within fertilized embryos using immunofluorescence approaches. It is 

possible that sperm factors diffuse rapidly within the comparatively larger volume of the 

oocyte, making them hard to detect, however, this aspect of the model still requires 

validation. 

An important test of this model would be to genetically alter MSP activity, or change 

the relative proportion of phosphorylated MSP in a memi-1(sb41) background. 

Unfortunately, this approach is hindered by the fact that MSP is encoded by over forty 

paralogous genes (Burke and Ward 1983; Klass et al. 1984; Ward et. al. 1988). Future 

efforts will focus on assessing the phosphorylation state of MSP in the kinase and 

phosphatase mutant backgrounds described.  
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Figure 5.3: A model for GSK-3 function in sperm motility and the post-fertilization 

signal for female meiosis II. 

(A) Previous models propose that MSP is dephosphorylated by GSP-3/4 PP1 

phosphatases, concentrated at the base of the pseudopod. The GSK-3s (GSKL-1 and 

GSKL-2) localize throughout the pseudopod in active spermatozoa. Our results indicate 

that GSK-3s also regulate pseudopod treadmilling, perhaps by directly phosphorylating 

MSP (see text for details). Genetics data is consistent with interdependent regulation of 

GSK-3s and GSP-3/4, which is common in other systems. For example, this could be 

important to overcome high phosphatase activity expected at the base of the pseudopod 

and promote MSP polymerization away from the base. 

(B) Loss of the GSK-3s and GSP-4, together, result in embryonic phenotypes that include 

skipped MII, which is also caused by complete loss of MEMI function. Reduction of function 

of either GSP-3/4, GSKL-1, or GSKL-2 suppresses a gain-of-function mutation in memi-1, 

indicating that they behave as sperm-derived genetic activators of the MEMI pathway. One 

component that ties all of these sperm factors together is MSP, thus, we suggest that 

treadmilling-competent MSP could play a signaling role after fertilization. 

 

 

If GSKL-1/GSKL-2 kinases and GSP-3/4 phosphatases (and, by extension, 

treadmilling-competent MSP) are essential components of a sperm-derived signal that 
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triggers entry into female MII after fertilization, one would expect that the loss of such 

components should result in a skipped-MII phenotype, similar to a complete loss of 

MEMI function. Using a combination of double and triple mutants from these redundant 

pathways, the skipped MII phenotype was observed in many fertilized embryos, 

consistent with the idea that GSKL-1/GSKL-2 and GSP-3/4 are required for the 

transition to MII in the fertilized embryo. It is possible that some embryonic defects 

could be due to aneuploidy or missegregation of other components during male 

meiosis. However, it is reasonable to consider that the embryonic defects are specific 

for this pathway, since other mutations that produce anucleate or aneuploid sperm give 

rise to different phenotypes. For example, the paternal-effect mutants such as emb-27 

(Sadler and Shakes 2000) and top-2 (Jaramillo-Lambert et al. 2016) form anucleate 

sperm that are capable of fertilization. In these mutants, the early female meiotic 

divisions appear normal, indicating that the post-fertilization phenotypes of gskl-2(∆); 

gskl-1(∆) double mutants are not simply a result of chromosome segregation defects 

during male meiosis. 

In summary, this work reveals a new role for two homologs of the GSK-3 family, 

gskl-1 and gskl-2, in sperm meiosis and sperm motility in C. elegans. The presented 

data also indicate that the GSK-3 kinases could act with GSP-3/4 PP1 phosphatases 

to activate the MEMI pathway for proper completion of female meiosis II after 

fertilization, possibly through their action on MSP, which could be an internalized 

activation signal.  
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Appendix 

 

1. List of Primers  

 

Primer name  Sequence  Annealing 

temperature  

abc57 F1 CGG AAA CAC GCA ACT AGT GAA 56°C 

abc41 F1 GCA ATT TGT GTG GCG TTT G 56°C 

abc51 F1 TCC AAA TTG TGT TGA TAA CTG G 56°C 

abc59 F1 TTT TCA GAT ATC CTA CAG ACG 56°C 

R03D7.5(tm4146) Fwd1 ACG TGC CAC ATC GAA CGA TT 56°C 

R03D7.5(tm4146) Rev1 CGC GCG TGT GTA CTT CTC GT 56°C 

C44H4.6(tm5959) Fwd1 GTC GAG AAC TTA CCA TCA TG 56°C 

C44H4.6(tm5959) Rev1 GCC TTC GAA TGC CGA GTG AA 56°C 

F21F3.2(tm4021) Fwd1 GCA CGT TCA ACG CTG ACT CT 56°C 

F21F3.2(tm4021) Rev1 ATG CTA ACC GGG ATA AGA GT 56°C 

gsk3(tm1237) Fwd1 ATG GAT CAT TCG GAG TGG TA 56°C 

gsk3(tm1237) Rev1 GAG ATC AAT CGC TTC AGC AG 56°C 

Y106G6D.4(tm4165) 

Fwd1 

CTA CGG ATG TTC ACA GCT TA 56°C 

Y106G6D.4(tm4165) 

Rev1 

GCC CAT TCT TGG TTC TCA GT 56°C 

gsk3(tm2223/+) Fwd1 GCC CGG CAC TAT TCG AAG CA 56°C 

gsk3(tm2223/+) Rev1 CGT CGG CGT ATA CTC GAT AA 56°C 

gsp4(tm5415) Fwd1 GAC GAA AGT ACA GAC CAT GT 56°C 

gsp4(tm5415) Rev1 ATT CTT GCG ACG GAC ACG AG 56°C 

RB1034 deletion F1 ACG TCT CCC GAT TTC ACA GC 56°C 

RB1034 deletion R1 AAA GGA GGC CAA GGC AGA AG 56°C 

RB1034 F1 ACC GAT GTC TGT TGA AAG CC 58°C 

RB1034 R1 CGA TCT CTT TGG AAA CTC GC 58°C 
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gsk-3(tm1237) F-2 CGT ACT ACG ATC AGA AAG TG 56°C 

gsk-3(tm1237) R-2 CCG AGA CGT CGG CGT ATA CT 56°C 

F21F3.2(tm4021) F-2 AGC TTA GCA CGT TCA ACG CT 56°C 

F21F3.2(tm4021) R-2 CGA TCG TCA GAG CTG TCC TC 56°C 

gsp-3 F Primer 1 TAC GAT TCT TGC GAC GGA CG 56°C 

 gsp-3 R primer 1 TCT CAT TTG GTT GGT TGG TTG G 56°C 

tm2789 F Primer 1 AAA GAC CTG GCC GCG TCA CA 56°C 

tm2789 R Primer 1  AGT ACG GAT GAG TGA GAA TC 56°C 

 tm3228 F Primer 1 GCA GAA GCA TGG GTT CCG AG 56°C 

 tm3228 R Primer 1 CAC ATC ACT TGA CCT TGC GA 56°C 

R03D7.5 Cas9 Digest 

F1 

CGG CAA AGA AAC AAA GTG TCG 56°C 

R03D7.5 Cas9 Digest 

R1 

AAA GTG TAG AGC TTT GCG TCG 56°C 

R03D7.5 Crispr Nested 

F1 

 TAG AAA TCT CTC TGA AAT CAA 56°C 

R03D7.5 Crispr Nested 

R1 

TAA AAT TCG CCA TTA TTC TTG 56°C 

swm-1 F. Primer TGC ATC GTT GCT GTT GCT ACC 56°C 

swm-1 R. Primer TGC ATC TGA GTC CAT GAC G 56°C 

swm-1 sequencing 

primer 

TGA GGA GCT GGT ATC GTG C 56°C 

swm-1 sequence 

primer2 

ATG TGA AGC CAA TGA GGA GC 56°C 

smz tm3228-EF1 GCA GAA GCA TGG GTT CCG AG 60°C 

smz tm3228-ER1 CAC ATC ACT TGA CCT TGC GA 60°C 

smz tm3228-IF1 CGA GAT CTG TAT CGA TAT GG 60°C 

smz tm3228-IR1 TGC GAA GAG CTT TTC CCT CA 60°C 

3XFLAG-I for R03D7.5-

F 

GAC TAC AAA GAC CAT GAC GGT G 56°C 

gsp-3(tm1647) F1 CCT CCA TCC AAC AGA ATG CA 56°C 

gsp-3(tm1647) F2 CAT GCT TTC CTT GTC GTA CG 56°C 
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gsp-3(tm1647) R1 GAA ACT ATT CAG CCC GCG TT 56°C 

gsp-3(tm1647) R2 AGC CCG CGT TTT CAG GGG AT 56°C 

spe-11 screening F1 TCC GTC AAC CGG CAA ATA A 56°C 

spe-11 screening R4  AGC TCC AAA GAA CCT CAG AAC 56°C 

spe-11 screening F2 CTC CTG CTT CCT GAT ACA ATC C 56°C 

spe-11 screening R2 GTC GGG TTA CCT GCT TTC TT 56°C 

F1_Ola AGC TCG GAC CAC GTC TCA TG 58.5°C 

R1_gska3_Ola ATT TGG TGG TTG GAT TCT GTG C 58.5°C 

F3_gska3 ATC AAG ATG CCC TAG TTA GGA G 58.5°C 

mbk-2 cr_screen F1 CAG GTA ATC AAG GCA TTC GAT C 56°C 

mbk-2 cr_screen R1 ATG TGG CCG TGC AAT AAC GTG 56°C 

mbk-2 cr Sequencing CAA GTG CAT CAC GTT TGA GC 56°C 

SphI RE Control F1 ATG ACA CCG CAT TCC TGA AG 56°C 

SphI RE Control R1 TGG TGC GTT CAT CAC CGA C 56°C 

ceh-18 F1 CCA CAC CAG TTT CCA CAA ATG 56°C 

ceh18 R1 TAT AGA TCC GAG CAG CCG TC 56°C 

frm-8 deletion F1 AAT TTG GAA TCA GCT CAC GG 56°C 

frm-8 deletion R1 AGC CAC CAT TTT GAA TTT CG 56°C 
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2. Effect of gsp-3/4(RNAi) on gskl-1 suppressor mutants  

 

In order to test the genetic interaction between gsp-3/4 and gskl-1, I initially did 

gsp-3/4(RNAi) on gskl-1(abc57) and gskl-1(abc41) suppressor mutants. The 

suppressor mutant abc57 showed a significantly lower brood size when treated with 

gsp-4 dsRNA by feeding, in comparison to gsp-4(RNAi) alone. Due to a low sample 

size, it was not possible to make a conclusion about the brood size of abc41 with gsp-

4(RNAi).  

 

Figure1: gsp-3/4(RNAi) significantly reduced the brood size of gskl-

1(abc57). Scoring was done at 20ºC C. n=6, P=0.002. 
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3. Sperm numbers are not decreased in gskl-1 suppressor mutants  

 

All four gskl-1 suppressor mutants produced small but significantly lower brood 

size. I used the gskl-1(abc57) and gskl-1(abc41) hermaphrodites labelled with 

mCherry::histone to count their total sperm number. Young worms were picked into 7 

μl of egg buffer containing 5 mM tetramisole hydrochloride. This was done to 

immobilize the worms prior to imaging. Once the worms stopped moving (typically 10 

minutes), the cover slip was inverted onto a 2% agarose pad. Fluorescent images of 

14 planes, spaced 0.5 µm apart using a 60X oil (NA 1.42) objective lens with an 

Olympus IX81 spinning disc confocal inverted microscope. Then images were 

analyzed to count the sperm numbers on the basis of fluorescence signal.  

 

 

Figure 2: gskl-1 suppressor mutants produce comparable number of sperm.  
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4. spe-11 does not suppress memi-1(sb41)  

Prior to this study, spe-11 was the only known sperm component that displayed a 

role in controlling female meiosis II in C. elegans. The gskl-2(∆); gskl-1(∆) defective 

embryos resulted in embryonic phenotypes that resembled the spe-11 mutant 

embryos; however, the phenotypes were not similar enough to conclude identical 

embryonic functions for these genes.  

Next, I sought to determine if the loss of spe-11 suppresses memi-1(sb41). In order 

to do this experiment, I obtained spe-11(hc17) allele from the CGC. I found that spe-

11(hc17) causes a A712G missense mutation. This spe-11(hc17) mutation causes 

paternal-effect lethality at 25ºC. Hence, I did this experiment at 20ºC.  

 

Figure 3: Changes in the amino acid sequence in the spe-11(hc17) mutant.  

 

I used memi-1(sb41) males to mate to spe-11(hc17) hermaphrodites. From the F1 

trans heterozygotes, I picked up 60 mCherry positive worms and transferred them to 

20ºC to test for suppression. I found 4 of them were homozygous for both spe-11(hc17) 

and memi-1(sb41). None of them produced any viable progeny.  
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Figure 4: spe-11(hc17) does not suppress memi-1(sb41) at 20ºC.  
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5. Knockdown of MFP-2 by RNAi does not suppress memi-1(sb41)  

The phenotypes associated with gskl-2(∆); gskl-1(∆) double mutants, and the 

subcellular location of GSKL-1/GSKL-2 in the sperm pseudopod raises the possibility 

that these kinases could regulate MSP dynamics. My data indicates that treadmilling 

competent MSP might be required for the post-fertilization signal to activate the MEMI 

pathway. MSP has the target site for GSKL-1/GSKl-2 and these kinases might directly 

phosphorylate MSP. In that case, knockdown of MSP by RNAi should suppress the 

memi-1(sb41). Unfortunately, this idea is not possible to test as MSP has more than 

40 genes.  

The data from Ascaris indicate that phosphorylation and dephosphorylation of 

accessory proteins is likely key to involve in vivo regulation of MSP fibre dynamics. The 

Ascaris proteins seem to have homologs in C. elegans, and it was shown recently that 

C. elegans MFP1 and MFP2 co-localize with MSP in the pseudopod (Morrison et. al. 

2021). The accessory protein MFP-2 (encoded by nsph-2 and nsph-3.2) also contains 

putative GSK-3 target sites. I did nsph-2(RNAi) and nsph-3(RNAi) on memi-1(sb41) 

worms to see if that would suppress memi-1(sb41). I put young L4 memi-1(sb41) 

worms on RNAi plates and I found no significant suppression at 25ºC.  
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Figure 5: Knockdown of MFP by RNAi does not suppress memi-1(sb41). 
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6. Preparing gfp repair template for Crispr injection  

In order to prepare repair template to insert gfp at the 5 prime end of gskl-1, I 

extracted pCM1.53 DNA. Then, I amplified gfp with the primers that had gskl-1 

overhangs as displayed (1). Subsequently, nested primers were used to amplify gskl-

1 with gfp as displayed (2).  
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7. Sperm purification from males  

There is no evidence currently available supporting the idea that MSP is 

phosphorylated in activated sperm. In order to test this, I used swm-1 mutant males, 

which contain constitutively active sperm. I followed the standard protocol of sperm 

isolation with some modification (Miller. 2006). Briefly, worms were grown in 10 large 

“egg” plates, which contain normal OP50 mixed with fresh egg. When worms reached 

the dauer stage, I washed them off and made a concentrated stock of 30 ml of worms. 

This was distributed equally in 10 new large plates and kept at 20ºC. After one day to 

allow worms to reach the adult stage, I washed those worms off from those plates and 

made a concentrated stock of 15 ml. Then that stock was transferred through a 35 μm 

filter to collect only males. Hermaphrodites can not pass through the 35 μm filter due 

to their larger size.  

The worms were ruptured using a French press at 7000 psi, however, it destroyed 

not only the worms, but also the sperm. As an alternative to the French press, the 

worms were grown again as in the previous paragraph, but subjected to chopping with 

razor blades. Then the sperm suspension was passed through 5 μm filters to collect 

the sperm. Next, the sperm suspension was centrifuged at 13000 g for 5 minutes to 

collect the sperm pellet. The supernatant was discarded and the remaining suspension 

was centrifuged one more time at 3500 g. Then the tube with the sperm pellet was 

dipped into liquid nitrogen for 15 seconds and the sample was stored at -80ºC. This 

sample can be used for mass spectrometry analysis. 

 


