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Fertilization is the biological process through which life is propagated and genetic variation is 

generated. Its importance to sexually reproducing species is unrivaled, but we are far from 

obtaining a complete understanding of how this process occurs. This thesis is a study of sperm 

molecules involved in Caenorhabditis elegans fertilization with the ultimate goal of elucidating 

and understanding the function of fertilization molecules across species. 

The first chapter provides an introduction to the field of fertilization, a brief overview of what is 

currently known, and it concludes with the use and advantages of using C. elegans as a model 

system to study fertilization. 

The second chapter describes a method that utilizes single nucleotide polymorphisms (SNPs) to 

streamline the initial genetic mapping of newly isolated mutants. An example of this method for 

linkage mapping is provided, and I compare and contrast this method to traditional and other SNP 

approaches.  

The third chapter describes the phenotypic characterization and initial mapping of the as28 

mutation resulting in a temperature sensitive sterility in C. elegans. The mutation causes a sperm 

activation defect causing abnormal spermatid morphology. Mapping of this mutant strain 

revealed that the observed phenotype is the result of two mutations, which has complicated 

characterization of this mutant phenotype. 



 iii  

The fourth chapter describes the cloning of spe-13. Mutations in spe-13 result in worms that 

produce morphologically and physiologically normal spermatids that mature into spermatozoa 

that are unable to fertilize oocytes. The identification of spe-13 has proved to be difficult with 

traditional mapping techniques due to its chromosomal position. Using whole genome 

sequencing, we identified spe-13 candidate genes in an effort to clone this elusive gene.  

In the final chapter, I summarize and discuss future directions for each project that has been 

described in this thesis work. 
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CHAPTER 1 

An introduction and overview of molecules involved in fertilization and  

the use of Caenorhabditis elegans as a model system 
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Introduction: 

For many species, sexual reproduction is the only way through which genetic information is 

passed from generation to generation. The union of two haploid gametes at fertilization is the 

means by which sexual reproduction occurs. Fertilization research has been conducted in many 

invertebrate and vertebrate systems, such as sea urchin and mouse. These studies have led to the 

discovery and identification of several molecules involved in oocyte recognition by sperm, 

sperm-oocyte adhesion and membrane fusion, and egg activation  [2-9]. 

 

Oocyte recognition by sperm 

Mammalian sperm, upon reaching the female reproductive tract, undergo a process called 

capacitation, which results in the loss of membrane components and hyperactive movement  [10, 

11]. Capacitation is required for sperm to penetrate the cumulus cells and zona pellucida to reach 

and fuse with the oocyte plasma membrane during fertilization. 

 

Sperm have to travel long distances to reach the oocyte, and this process is thought to be 

facilitated by a chemical attractant released by the oocyte [12] such as asterosap in starfish and 

resact in sea urchins [13-16]. These peptides initiate a cyclic guanosine monophospate (cGMP) 

signaling cascade in sperm hypothesized to result in sperm chemotaxis [17]. 

 

Once the sperm locates and reaches the oocyte, there are several barriers it must overcome to 

reach the oocyte plasma membrane. The mammalian oocyte is surrounded by a layer of cumulus 

cells; sperm must navigate and digest their way through the extracellular matrix of these cells [5]. 

After the cumulus cells, sperm encounter the zona pellucida (ZP), the oocyte extracellular matrix 

that is made of 3 major glycoproteins: ZP1, ZP2, and ZP3 [5]. The sperm, upon binding to the 

zona, undergoes the acrosome reaction, releasing the enzymes needed to penetrate the zona 

pellucida [5, 18]. It is hypothesized that sperm interact with the zona pellucida via ZP3 due to the 
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inhibition of sperm-zona binding when sperm is pre-incubated with ZP3 [19]. This hypothesis has 

yet to be substantiated due to the lack of zona formation in ZP3 null mice and species-specific 

glycosylation [5]. Finally, the sperm enters the perivitelline space, where it encounters the oocyte 

plasma membrane to initiate fusion [5, 18]. 

 

Molecules that facilitate sperm-oocyte fusion 

The molecular mechanism by which sperm-oocyte fusion occurs remains unknown. This is not to 

say that this process is not well studied or understood. A number of molecules present on the 

sperm or oocyte plasma membrane have been shown to be involved in the fusion process: fertilin 

αβ, cyritestin, and Izumo on the sperm plasma membrane and CD9, integrins, and 

glycosylphosphatidylinositol (GPI)-anchored proteins on the oocyte plasma membrane. Of these 

proteins, only Izumo and CD9 are known to be directly required for fusion to occur. This section 

seeks to provide an overview of the molecules known to be involved sperm-oocyte fusion. 

 

In mammals, two members of the ADAM (a disintegrin and metalloprotease) integrin membrane 

protein family, fertilin α and fertilin β (also known as ADAM-1 and ADAM-2), are known to 

mediate sperm-oocyte fusion. Fertilin α and fertilin β dimerize on the sperm surface and were 

identified as a result of mono-clonal antibody inhibition of sperm-oocyte fusion [20]. Sperm 

isolated from mice lacking fertilin β have defects with sperm entry into the oviduct, cannot bind 

to the zona pellucida, and have a decreased ability to fuse with the oocyte plasma membrane [21]. 

These observations suggest that fertilin β is involved in sperm-oocyte membrane interactions, 

perhaps fusion, and it may have roles in binding of sperm to the zona pellucida and/or migration 

of sperm in the oviduct. A putative fertilin β receptor on the oocyte membrane is the α6β1 

integrin [22-24], however oocytes that lack the α6 integrin are still capable of being fertilized 

[25]. 
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Another member of the ADAM family, cyritestin (ADAM-3), is expressed solely in the mouse 

testis. Synthetic competitor peptides derived from the disintegrin domain of cyritestin [26, 27] 

were found to inhibit in vitro fertilization. Isolated cyritestin domains [24] and antibodies to 

cyritestin [27] inhibited sperm-oocyte fusion. Sperm lacking cyritestin, like those that lack fertilin 

β, are unable to adhere to the zonae pellucidae [28]. But unlike sperm lacking fertilin β, the lack 

of cyritestin does not affect the ability of these sperm to fuse with zona-free oocytes [28]. 

Cyritestin is hypothesized to act during the interaction between the sperm and the oocyte zona 

pellucida. 

 

Izumo, a member of the immunoglobulin superfamily, has been found to be directly involved in 

sperm-oocyte membrane fusion. It is the first and as of yet, the only sperm membrane protein 

identified that is essential for fusion. The protein localizes to the sperm surface only after the 

acrosome reaction [11]. Sperm derived from males lacking Izumo are able to migrate through the 

oviduct, and to bind and penetrate the zona pellucida [29]. These sperm bind to the plasma 

membrane of zona-free oocytes, but are unable to fuse with them [29]. Oocytes injected with 

Izumo deficient sperm become fertilized and are able to undergo activation and successful 

implantation [29], suggesting that Izumo function is required for sperm-oocyte fusion. 

 

A possible partner for Izumo is CD9, a tetraspanin on the oocyte plasma membrane. Oocytes 

lacking CD9 cannot be fertilized by wild-type sperm; sperm found in the perivitelline space 

(PVS) of these oocytes were unable to bind the oocyte plasma membrane and moved about 

actively [30, 31]. Along with being distributed on the oocyte plasma membrane, CD9 has been 

observed to be present in vesicles found in the PVS  [32]. CD9 containing vesicles from 

unfertilized wild-type oocytes have been shown to mediate sperm-oocyte fusion between sperm 

and mutant oocytes lacking CD9  [32]. This observation suggests that the sperm-oocyte fusion 

process begins before direct cell membrane interactions.  
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An association between CD9 and the α6β1 integrin has been shown [33], suggesting that CD9 

may be involved in regulating other oocyte membrane molecules. This association provides 

support for the “tetraspanin web” hypothesis [34], proposing that a network of interactions 

resulting from the ability of tetraspanins to interact with themselves and with other proteins, on 

the oocyte plasma membrane. The molecular function of CD9 has yet to be determined and 

appears to be a complicated story. It may be directly involved in sperm-oocyte fusion, it may 

facilitate fusion that is directed by other molecules, it may regulate a protein or proteins involved 

in fusion via the “tetraspanin web”, or it may perform all these functions along with others not yet 

detected.  

 

Integrins and GPI-anchored proteins on the oocyte plasma membrane are also thought to be 

involved in sperm-oocyte membrane fusion. Recent studies have shown that integrins are not 

essential for fusion to occur. Oocytes which lack the α6β1 integrin have been shown to be 

fertilized in vitro [25]. The loss of GPI-anchored proteins in oocytes results in reduced sperm-

oocyte binding and fusion [35]. GPI-anchored proteins are enriched in lipid rafts, microdomains 

on the plasma membrane, and the loss of these proteins could disrupt these domains, resulting in 

defective fusion [11].   

 

The components identified to act at sperm-oocyte fusion have been studied in great detail, but 

there are components in this pathway that are yet to be identified and characterized. One way to 

identify such molecules would be to identify the proteins which interact with CD9 directly or 

indirectly through the tetranspanin microdomain. Another avenue would be to elucidate 

molecules on the oocyte membrane which interact with Izumo. Identifying additional components 

will aid in uncovering the underlying mechanism of sperm-oocyte membrane fusion. It will also 

be interesting, and perhaps informative, to see if the factors involved in sperm-oocyte fusion are 

conserved across species. 
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Egg activation 

After the sperm and oocyte have joined together, the fertilized egg undergoes egg activation. 

During egg activation, the egg completes meiosis, the male and female pronuclei fuse, a block to 

polyspermy is established, and embryonic development is initiated. This process is thought to be 

induced by an increase in calcium (Ca2+) concentration and a Ca2+ wave resulting from sperm-

oocyte fusion [36]. 

 

Calcium-dependent egg activation has been shown to be conserved across animals [36]. There 

exists a difference between protostomes and deuterostomes in how the increase in Ca2+ is 

achieved: protostome eggs generate an increase in Ca2+ by an external influx of Ca2+, whereas 

deuterostome eggs release intracellular Ca2+ from the endoplasmic reticulum (ER) [37]. Calcium 

is released from the ER via the inositol 1,4,5-trisphosphate receptor (IP3R) at fertilization; this 

mechanism is conserved among all species that experience an intracellular Ca2+ increase [38]. As 

a result of the change in intracellular Ca2+ concentration, the cortical granule reaction is activated. 

The enzymes released by the cortical granules alter the zona pellucida glycoproteins, which is 

thought to establish the block to polyspermy to prevent penetration by other sperm [39]. 

 

Due to the timing of the Ca2+ increase in eggs after fertilization, it has been hypothesized that a 

sperm factor is involved in initiating this increase. There are two proposals on how this is 

achieved. The first model involves a sperm ligand on the oocyte plasma membrane which 

initiates a signaling cascade resulting in activation of phospholipase C (PLC) and the hydrolysis 

of phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 1,4,5-trisphosphate (IP3) [3]. The other 

model proposes that there is a soluble sperm factor which is released into the egg cytoplasm after 

fusion; this model is dubbed the sperm factor hypothesis [36, 39, 40]. It has been observed that 
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injection of sperm cytoplasmic extracts into oocytes triggers Ca2+ activity similar to those 

observed during fertilization [41-44].   

 

Studies in sea urchin egg homogenates suggested that the sperm factor responsible for the release 

of Ca2+ is a PLC present in sperm extracts [45, 46]. PLCξ (phosolipase C zeta) is a novel PLC 

identified to be only expressed in mammalian spermatids [47]. Injections of PLCξ cDNA into 

oocytes lead to Ca2+ oscillations similar to those observed in fertilization [47, 48], supporting its 

role in stimulating Ca2+ release. There appears to be variations in amounts [49] and potency [50] 

of PLCξ from species to species, suggesting that the amount and potency of PLCξ is specific to 

each species and is maximized by each species to induce egg activation in corresponding oocytes 

[40].   

 

The localization and regulation patterns of PLCξ in both the sperm and the egg remain unknown. 

PLCξ is very sensitive to Ca2+ [40], and it is perplexing how PLCξ is retained for long periods of 

time in mature sperm which have a Ca2+ concentration similar to that of eggs [51]. Since PLCξ 

was discovered in mammalian spermatids, it would be interesting to see if there are homologous 

or analogous factors in other species which may aid in understanding its localization and 

regulation patterns. 

 

Use of Caenorhabditis elegans for studying fertilization 

C. elegans serves as an excellent model system to study fertilization. Advantages of C. elegans 

include a short life cycle (3.5 days when grown on Escherichia coli at 20°C) [52], the ability to 

generate a large number of progeny (250-300 self progeny per wild type hermaphrodite) for large 

scale genetic analysis, and a transparent cuticle for direct visualization of in vivo fertilization-

associated events under the light microscope. The genome of C. elegans is fully sequenced, 
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Figure 1.1: C. elegans reproductive tract and fertilization mutant phenotype. The reproductive tract is 
comprised of the oviduct (blue), spermatheca (green), and uterus (red). In wild-type hermaphrodites, 
fertilized embryos are present in the uterus, which are laid on to culture plates as shelled eggs which hatch 
into larvae. In fertilization mutants (Spe, Fer, or Egg), the uterus is filled with unfertilized oocytes, which 
are laid on to the culture plate as spongy round oocytes. 

allowing for the use of both forward and reverse genetic approaches to study the genes involved 

in fertilization.  

 

There are two sexes in C. elegans: hermaphrodites and males. Both hermaphrodite and male 

worms start sperm production during the last larval stage (L4), but hermaphrodites stop sperm 

production and switch to oocyte production upon maturation to adulthood. Sperm in the 

hermaphrodite is stored within the spermatheca, also the site of fertilization [53] (Figure 1.1).  

 

 

 

 

C. elegans sperm characteristics 

C. elegans sperm differs from mammalian sperm by being amoeboid with a pseudopod and 

lacking an acrosome and flagellum. Despite these differences, they still carry out the same 

fundamental functions associated with all sperm. Sperm, irrespective of size or shape, must be 

able to acquire motility, locate and move toward an oocyte, bind to the oocyte, fuse with, or enter 
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the oocyte, provide paternal information, and ultimately, activate zygotic development. Due to the 

universal nature of sperm function and the relative simplicity and accessibility of its reproductive 

system, C. elegans provides a good model system to study sperm development and action at 

fertilization.  

 

C. elegans sperm undergo activation (spermiogenesis) in which round sessile spermatids are 

transformed into motile spermatozoan with pseudopods [4, 54]. Sperm activation is necessary for 

the attainment of sperm motility and localization to the spermatheca. Hermaphrodite-derived 

sperm are activated during the first ovulation event, whereas male-derived sperm are activated by 

male seminal fluid [54]. During activation, Golgi-derived organelles called membranous 

organelles (MOs) localize to and fuse with the plasma membrane. This fusion results in the 

distribution of MO contents on the sperm plasma membrane [55]. Sperm are unable to fertilize 

oocytes if MO fusion does not occur and its contents are not properly distributed on the plasma 

membrane. 

 

A characteristic of C. elegans sperm is that male-derived sperm can out-compete hermaphrodite-

derived sperm. When hermaphrodites are crossed to males, a large percent of the oocytes are 

fertilized by male sperm [53, 56]. Mutant males with defects in sperm function are still able to 

out-compete and suppress hermaphrodite-derived sperm though they are unable to fertilize 

oocytes [57].   

 

When everything proceeds normally in C. elegans, an oocyte is fertilized upon entry into the 

spermatheca by a single sperm [58]. The fertilized egg is then pushed out of the spermatheca into 

the uterus and eventually laid through the vulval opening. During this process, sperm are pushed 

out of the spermatheca by fertilized eggs passing into the uterus; these sperm must re-localize to 

the spermatheca in order to fertilize the next oocyte [53]. 
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Figure 1.2: Rescue of Spe or Fer mutant hermaphrodites by outcrossing to wild-type males. 
Spe or Fer mutant hermaphrodites are self-sterile and do not produce progeny. When these 
Spe or Fer mutant hermaphrodites are crossed to wild-type males, they are able to produce 
viable outcross progeny. 

 

The nature of the reproductive biology of C. elegans makes it a good model for the genetic 

analysis of spermatogenesis defective (spe), fertilization defective (fer) or egg defective (egg) 

mutants, all of which present with a sterile phenotype (Figure 1.1). Spermatogenesis (Spe) 

mutants are self-sterile; mutant hermaphrodites cannot self-fertilize and are unable to produce self 

progeny due to a sperm defect. These sterile mutants, upon mating to wild-type (N2) male worms, 

are capable of producing outcross heterozygous progeny (Figure 1.2). The sterile phenotype of 

Egg mutant phenotypes cannot be rescued by crossing to wild-type males due to defects in their 

oocytes. This distinction allows for the rapid separation of Spe and Egg mutants from screens for 

fertilization defective mutations. 
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Figure 1.4: Spe mutant sperm morphology. Sperm derived from sperm function 
mutant males have normal morphology and activation that is indistinguishable 
from sperm derived from wild-type males. 

C. elegans sperm molecules that function at fertilization 

Some sperm genes involved in fertilization include spe-9, spe-13, spe-36, spe-38, spe-41/trp-3, 

spe-42, and fer-14. Brood counts of these mutant hermaphrodites showed these mutants have 

decreased brood sizes when compared to wild type, but have normal ovulation rates. Worms with 

mutations in these genes have normal mating behaviors and mutant males are able to successfully 

transfer their sperm to hermaphrodites after copulation. Sperm derived from mutant males of this 

class are able to localize correctly to the spermatheca and make contact with oocytes, but are 

unable to enter and fertilize them, supporting the conclusion that these sperm genes are required 

for fertilization. Sperm isolated from mutant males and hermaphrodites have wild-type 

morphology and activation (Figure 1.4), suggesting that the defect is in sperm function and not in 

sperm development or activation. Electron microscopy showed that hermaphrodite-derived 

mutant sperm of these genes are not missing key organelles and are morphologically 

indistinguishable from wild-type sperm. The cloning and characterization of spe-9, spe-38, and 

spe-41/trp-3 have uncovered a small part of the molecular mechanism driving the fertilization 

pathway; spe-13, spe-36, and fer-14 remain yet to be cloned. 
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The first cloned and characterized sperm gene that functions at fertilization is spe-9 [59, 60]. The 

spe-9 gene is predicted to encode a single-pass transmembrane molecule with 10 epidermal 

growth factor (EGF) domains in its extracellular region [60]. SPE-9 has a dynamic localization 

pattern: SPE-9 is found on the sperm plasma membrane of unactivated spermatids, and after 

activation, it is found on the pseudopod [61]. Mutations in the EGF repeats result in varied effects 

on fertilization [62]. Some repeats seem more dispensable than others, resulting in defects under 

restrictive temperature conditions, and others which eliminate SPE-9 function completely when 

altered [62]. However, SPE-9 molecules which do not contain the transmembrane domain are 

non-functional and the removal of the cytoplasmic tail does not seem to affect its function [62]. 

SPE-9 is hypothesized to be one half of a ligand-receptor pair due to the presence of EGF repeats 

in many ligand-receptor molecules [63], and its localization on the sperm pseudopod, which is 

hypothesized to be the region which contacts the oocyte during fertilization [61]. Sperm genes 

with the same mutant phenotype as spe-9 are often referred to as “sperm function mutants”. 

 

spe-38 was identified as a gene on chromosome I, and is predicted to encode a protein with four-

pass integral membrane domains [64]. SPE-38 localizes to the membranous organelles (MOs) in 

spermatids and moves to the pseudopod during sperm activation [64]. There are no apparent 

homologs to SPE-38 outside of nematodes.  

 

Localization of SPE-38 in other fertilization mutants and of sperm molecules in spe-38 mutants 

was determined via immunostaining to determine if SPE-38 localization is influenced by other 

molecules or if SPE-38 affects localization of other molecules. These experiments showed that 

SPE-38 does not localize to the pseudopod in fer-1 mutants, in which MO fusion does not occur, 

and that SPE-41/TRP-3 movement during spermiogenesis is hindered in spe-38 mutants 
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(Chatterjee, personal communication). An interaction between SPE-38 and SPE-41/TRP-3 is 

hypothesized to occur due to this dependence in localization patterns. 

 

SPE-41/TRP-3 belongs to the transient receptor potential (TRP) family of cation channels. It has 

been implicated in sperm-oocyte interactions during fertilization [65]. In spermatids, SPE-

41/TRP-3 localizes to the MOs and upon activation translocates to the plasma membrane, and the 

loss of TRP-3 in C. elegans sperm is correlated with a defect in calcium influx [65]. Calcium 

influx in mammals is associated with cell-cell fusion. Members of the TRP family are also 

expressed in mouse sperm, further suggesting that TRP proteins are involved in sperm-oocyte 

interaction and fusion. 

 

Mutations in spe-42 phenocopy other sperm function mutant phenotypes. SPE-42 is predicted to 

encode a 7-pass integral membrane protein with a cytoplasmic N-terminal and an extracellular C-

terminal [66]. Localization of other genes belonging to the spe-9 class (SPE-9, SPE-38, SPE-

41/TRP-3) is unaffected in spe-42 mutant sperm [66]. There are SPE-42 homologs in many 

species including worms, mice, and humans; although these homologs are also predicted to be 

multi-pass membrane proteins, they do vary in the number of the transmembrane domains. The 

presence of SPE-42 homologs across many species suggests that this function of this molecule 

may be conserved and that these homologs may play a role in fertilization in their respective 

species.  

 

So far studies of fertilization in C. elegans have been focused on elucidating and characterizing 

sperm molecules. Since fertilization requires the meeting of two components, the sperm and the 

oocyte, recent studies have shifted some of the focus towards molecules found in or on the oocyte 

that affect fertilization. 
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Egg molecules in C. elegans that affect fertilization 

Genes that regulate or are directly involved in oocyte function are frequently discovered via 

RNAi screens. Two examples are EGG-1 and EGG-2, both of which encode type II 

transmembrane molecules containing LDL receptor. Hermaphrodites with loss of function 

mutations or EGG-1 or EGG-2 RNAi treated hermaphrodites have decreased fertility; mutations 

or RNAi knockdown in both EGG-1 and EGG-2 results in complete sterility [67]. This 

observation suggests these two proteins play semi-redundant roles are a likely the result of a gene 

duplication event. Male worms that lack EGG-1 or EGG-2 have wild-type fertility levels and 

sperm production and morphology. Immunofluorescence and green fluorescent protein (GFP) 

constructs of EGG-1 show the protein to be localized at the oocyte plasma membrane [67]. 

Ovulation rates in egg-1 mutants are lower than those of wild-type, and sperm from the 

spermatheca of these mutants are lost at a rate faster than wild-type. The current model is that 

EGG-1 and EGG-2 are receptors which bind to sperm ligands during fertilization. 

 

Another oocyte molecule, EGG-3, does not function directly at, but indirectly affects fertilization. 

Hermaphrodites that lack EGG-3 as a result of knockdown by RNAi are sterile, whereas males 

retain their fertility [68]. It was shown that egg-3 mutant oocytes are capable of being fertilized 

by sperm, but egg activation after fertilization is defective [68]. EGG-3 belongs to the protein 

tyrosine phosphatase like (PTPL) family. Members of this family lack the critical catalytic 

residues found in protein tyrosine phosophatase and are thought to regulate phosophatase activity 

by sequestering or competing for target molecules. EGG-3 is hypothesized to be a part of a 

protein complex that is needed for the detection of sperm entry and egg activation [68]. 

 

EGG-4 and EGG-5 are also members of the PTPL family that result in hermaphrodite sterility 

when mutated or knocked down; these proteins are predicted to be 99.2% identical with 

redundant functions. Hermaphrodites treated with egg-4/5 RNAi exhibited defects in egg 
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activation after fertilization including eggshell formation, polarized cytoskeletal rearrangement, 

and polar body formation and other meiotic defects (Parry, personal communication). In 

developing oocytes, EGG-4/5 is found on the plasma membrane and becomes cytoplasmic in 

embryos. This dynamic localization pattern is dependent on EGG-3 and CHS-1, a chitin synthase 

required for eggshell formation. Conversely, EGG-4/5 is needed for the proper re-distribution of 

EGG-3 and CHS-1 after fertilization (Parry, personal communication). The current model 

proposes that EGG-3, EGG-4, and EGG-5 act as anchors to sequester molecules which release 

them at the proper time during egg activation. 

 

The importance of successful fertilization to sexual reproducing species is unrivaled; optimization 

of this process allows the events to occur smoothly and the propagation of genetic material, in 

essence life, to the next generation. Infertility is a common issue many people face today, 

resulting in an entire industry based on assisted and in vitro reproduction. Gaining a better 

understanding of the underlying molecular mechanism of fertilization may enable us to uncover 

the root causes of infertility in order to develop treatments or alternative methods. On the other 

hand, information gathered from studies of fertilization molecules may be used to generate novel 

contraceptive strategies designed at the molecular level. The benefits and knowledge gained from 

studying fertilization can solve fertility issues in other species. There are a number of endangered 

species that have difficulty reproducing in captivity. Also, contraceptive methods could be 

designed to control the overpopulation of certain animals, such as deer, in densely populated 

areas. 

 

The information obtained from studying the molecular mechanism of fertilization does not only 

enrich the understanding of the field of reproductive biology. The interactions between sperm and 

oocyte have many similarities to signaling systems used in somatic cells [8, 69]. In addition, cell-

cell and membrane fusion events that are involved in many essential cellular processes, such as 
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vesicular transport [70], and the fusion of sperm and oocyte during fertilization may be 

analogous. Molecules involved in sperm-oocyte fusion may have counterparts in other cellular 

fusions, making it easier to identify, study, and understand such molecules and their respective 

biological processes.  
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CHAPTER 2 

Use of single nucleotide polymorphisms to facilitate gene mapping in Caenorhabditis elegans 
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Introduction: 

A common goal in biological studies is to understand the molecular mechanisms involved in 

driving biological processes. To achieve this goal, the molecules involved in these processes and 

pathways need to be identified and their functions elucidated. One way to identify molecules is 

through forward genetic screens, in which phenotypes of interest are generated and the genomic 

position of the mutations are determined through gene mapping and cloning techniques. 

Depending on a gene’s physical location, the time it takes to clone it can range from months to 

years; there are genes that have been characterized but remain uncloned. Simple, efficient, and 

accurate mapping techniques could greatly reduce the amount of time spent identifying and 

cloning genes, allowing for more time and resources to be focused on determining their molecular 

function and role in biological pathways. 

 

Single nucleotide polymorphisms (SNPs) have emerged as a powerful tool for fine-tuned 

mapping and cloning of genes across model systems [71-74]. SNP mapping technique is similar 

to that of traditional mapping techniques to link a mutation to a chromosome, and two-factor and 

three-factor mapping to map out borders for the region in which the mutation is located.  

 

SNP mapping has several advantages over mapping with visible phenotypic markers: 1) SNPs do 

not have visible phenotypes so they cannot be masked or altered by other phenotypes; 2) the 

density of SNPs across genomes is higher than the density of visible markers; 3) the presence or 

absence of SNPs can be easily detected and verified with standard molecular biology techniques. 

Whole-genome sequencing for mutant allele identification [75] coupled with initial linkage and 

interval mapping with SNPs can greatly reduce the amount of time and effort needed to clone 

genes [75, 76]. 
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Traditional SNP mapping involves the polymerase chain reaction (PCR) amplification of the 

region containing the polymorphism and sequencing of that region for detecting the presence of 

the SNP. This procedure allows for the use of all the SNPs present in a genome, but it is labor 

intensive and can be expensive. Strategies have been developed in which the PCR product is 

analyzed directly with fluorescently tagged probes [77] or through denaturing high-performance 

liquid chromatography (DHPLC) [78, 79]. Although these strategies are more efficient, they can 

also be costly and labor intensive. A different approach utilizes SNPs that introduce insertions or 

deletions (indels) or snipSNPs. Indels are easily identified by running the PCR product directly 

on agarose gels, but they may require visualization on high-resolution agarose gels or involve 

large regions that are inserted or deleted in the DNA sequence. snipSNPs, SNPs that result in 

restriction fragment length polymophism (RFLPs) between different strains, the most commonly 

used lab strains being Bristol N2 and Hawaiian CB4856, are easier to verify than sequence SNPs. 

The nature of snipSNPs allow for easy visual detection of the presence or absence of that SNP 

through a simple restriction digest assay of the PCR product at a relatively low cost. The 

advantages of using snipSNPs in mapping have resulted in its wide use and popularity.  

 

The use of SNPs is an easy and efficient way to determine genetic linkage to C. elegans [80] 

chromosomes. Strategies have been developed that involve more in-depth primer sets for high-

throughput gene mapping [81-83] to streamline the mapping process to allow for rapid and 

precise interval mapping. These strategies [81-83] offer many advantages which include: 

generation of bulk lysates for analysis, ability to use one lysate for multiple SNP analyses, and 

optimized primer sets for identical amplification conditions. However, a disadvantage of these 

published sets is that some of the included snip-SNPs result in the digestion of both N2 and 

CB4856 sequences at differing positions, making the agarose gels difficult to interpret. 
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The method described here provides a wide-ranging list of primer sets for 41 snip-SNPs that 

generate restriction sites only in CB4856 but not N2. Selecting SNPs that digest sequence only 

from one strain allows for precise and unambiguous agarose gel banding patterns that determine 

the presence or absence of CB4856 sequence. This procedure was designed for smaller-scale gene 

mapping and for unambiguous SNP detection. The snipSNPs are spread out over all 

chromosomes (7 per autosome, and 6 for the X chromosome), allowing for linkage assignment 

and interval mapping. The purpose of developing this primer set was not to compete with 

previously published works, but rather to serve as a potential alternative. 

 

Whole-genome sequencing has been shown to be a viable option for rapid gene cloning in C. 

elegans [75]. This technique when combined with rapid linkage and interval mapping with SNP 

markers can be a powerful tool in the cloning and identification of new genes. 

 

Methods: 

Culturing of C. elegans strains 

Culturing of C. elegans was done according to standard protocols described elsewhere [52]. The 

strains used in this work were: dpy-5(e61), rol-1(e91), unc-32(e189), as28, Bristol strain N2 

(wild-type), and Hawaiian strain CB4856. Strains were obtained from the Caenorhabditis 

Genetics Center (CGC, University of Minnesota). The as28 mutation was isolated in an ethyl 

methanesulfonate (EMS) mutagenesis screen conducted by Indrani Chatterjee and Emily Putiri. 

All strains were Bristol-derived except for the Hawaiian strain. 

 

Genetic crosses 

Adult mutant hermaphrodites (dpy-5;rol-1;unc-32 and as28) were mated to Hawaiian males at a 

ratio of 3 males to 1 hermaphrodite. F1 heterozygotes were allowed to self-fertilize, and 60 to 75 

homozygous mutant F2 animals were selected based on phenotypes (Figure 2.1). 
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DNA extraction 

Adult worms were selected based on mutant phenotype and grown together on a culture plate 

overnight. The worms were then washed with 1X M9 buffer solution and collected into tubes 

containing 60 µl worm lysis buffer (50 mM KCl, 10 mM Tris-HCl pH 8.3, 2.5 mM MgCl2, 0.45% 

NP-40, 0.45% Tween 20, 0.01% gelatin, 60 µg/ml Proteinase K). The worms were lysed by 

incubating at 65°C for 60 minutes, followed incubation at 95°C for 15 minutes. Worm lysates 

were generated for Bristol (N2), Hawaiian (CB4856), the original mutant strain (dpy-5;rol-1;unc-

32 or as28), and homozygous mutant F2 animals (dpy-5; CB4856 or as28; CB4856) from the 

cross described above. 

 

SNP selection 

SNP information on CB4856 from the publicly available SNP information site 

(http://genome.wustl.edu/genome/celegans/celegans_snp.cgi) was used to select SNPs that would 

Figure 2.1: Schematic of genetic cross to CB4856. The boxed regions depict 
hypothetical banding pattern on an agarose gel for the SNPs listed in this work. 
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result in RFLPs in CB4856, but without affecting the N2 sequence. SNP restriction digest 

patterns were verified with N2 and CB4856 PCR products. The SNPs developed and used in this 

work are listed in Table 2.1. 

 

PCR and restriction digest 

PCR was carried out on 2.5 µl of each worm lysate by adding each lysate to 22.5 µl of a PCR 

master mix (0.25 µl 25 µM forward primer (listed in Table 2.1), 0.25 µl 25 µM reverse primer 

(listed in Table 2.1), 22.0 µl sterile ddH2O in a tube containing one PCR bead (GE #27-9559-01). 

The reactions were subjected to the following cycling conditions: 94°C 120s; 30 cycles of 94°C 

30s, 58°C 60s, 72°C 60s; 72°C 420s. Restriction digest of each PCR was done by adding 10µl of 

each PCR to a master digest mix (2 µl 10X buffer, 1 µl restriction enzyme (listed in Table 2.1), 

and 7 µl sterile ddH2O). Digests were incubated at 37°C for at least 1 hour. Digested samples (20 

µl digest reaction) were loaded onto a 1% agarose gel for visualization.
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Table 2.1: List of location, primer sequence, restriction enzyme, PCR and digest size for each SNP. For each 
primer pair, the forward primer is listed first in a 5’ to 3’ direction. Genetic positions are from Wormbase [1], 
release WS196. *denotes chromosomal linkage SNPs, †denotes CB4856 PCR size 
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Table 2.1 (Continued): List of location, primer sequence, restriction enzyme, PCR and digest size for each SNP. 
For each primer pair, the forward primer is listed first in a 5’ to 3’ direction. Genetic positions are from 
Wormbase [1], release WS196. *denotes chromosomal linkage SNPs, †denotes CB4856 PCR size 
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Results and Discussion: 

Chromosomal and interval mapping of the known gene dpy-5 

The validity of this method in mapping genes was verified by the mapping of an already cloned 

gene, dpy-5. Hermaphrodite worms from a marked mapping strain BA592 dpy-5(e61) I; rol-

1(e91) II; unc-32(e189) III; were crossed to CB4856 males and a lysate was generated by 

selecting homozygous F2 Dpy progeny with a N2/CB4856 background. A lysate of worms from 

the BA592 parent strain was also made and serves as a control alongside N2 and CB4856.  

 

To determine chromosomal linkage of dpy-5(e61), the first round of analysis was performed 

using SNPs found at the center of the chromosomes as listed in Table 2.1. As expected, linkage to 

chromosome I was observed with no linkage to the other chromosomes (Figure 2.2).  

 

 

 

 

To identify the region on chromosome I that contains dpy-5, a second round of PCR and 

restriction digest analysis was performed. These results show that dpy-5 is found towards the 

Figure 2.2: dpy-5 chromosomal linkage. Results of restriction digest on PCR products of lysates from 
homozygous N2, CB4856, dpy-5, and dpy-5; CB4856 worms ran out on an agarose gel are shown. The SNP 
used for each chromosome is listed under each chromosome. Unlinked SNPs for recessive mutations will 
display an equal mix of N2 and CB4856 bands, whereas linked SNPs will display only N2 bands. Linkage to 
chromosome I is indicted by white box. 
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middle of the chromosome, and is not located at the ends of chromosome I (Figure 2.3 A), as 

predicted.  

 

 

 

 

The SNP markers outlined a region that centers around the middle of chromosome I where dpy-5 

is located (Figure 2.3 B). The published genetic position for dpy-5 is zero, matching the region 

outlined by the SNP data. SNP markers within a chromosome provide boundaries allowing 

further, more in-depth mapping.  

 

Chromosomal and interval mapping of an unknown mutation 

Mapping of as28, an unknown mutation affecting fertilization in C. elegans, was performed to 

demonstrate the effectiveness of this method in initial gene mapping. Results from the 

Figure 2.3: dpy-5 interval mapping on chromosome I. A) Results of restriction digest on PCR products of 
lysates from homozygous N2, CB4856, dpy-5, and dpy-5; CB4856 worms ran out on an agarose gel are 
shown. The SNPs used are labeled at the bottom of the gel. Unlinked SNPs for recessive mutations will 
display an equal mix of N2 and CB4856 bands, whereas linked SNPs will display only N2 bands. B) 
Genetic positions of SNP markers on chromosome I with the region reported this data to contain dpy-5 
outlined by dashed lines. 
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Figure 2.4: as28 chromosomal linkage. Results of restriction digest on PCR products of 
lysates from homozygous as28, and as28; CB4856 worms ran out on an agarose gel are 
shown. The SNP used is listed under each chromosome. Unlinked SNPs will display N2 
and digested CB4856 bands, whereas linked SNPs will display only an N2 band. 

chromosomal linkage step were inconclusive in that linkage to a specific chromosome was not 

observed (Figure 2.4). Although linkage to a specific chromosome was not determined by this 

analysis, it does not demonstrate the failure of this method.  

 

 

 

The as28 mutation may be at the end of a chromosome, which would allow for the occurrence of 

recombination towards the middle of the chromosomes, where the SNP markers are located, 

resulting in band patterns that do not show linkage to any chromosome. To resolve this linkage 

issue, SNPs located at the ends of left and right arms of each chromosome were selected as 

markers to determine chromosome linkage. This analysis revealed linkage to the left arm of 

chromosome IV along with weak linkage to the right arm of chromosome III (Figure 2.5).  
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Figure 2.5: as28 chromosomal linkage with SNP markers at ends of chromosomes. Results of restriction 
digest on PCR products of lysates from homozygous as28, and as28; CB4856 worms ran out on an agarose 
gel are shown. The SNPs used are listed under each chromosome. Unlinked SNPs will display N2 and 
digested CB4856 bands, whereas linked SNPs will display only an N2 band. Linkage to the left arm of 
chromosome IV and weak linkage to the right arm of chromosome III are indicted by white boxes. 

 

 

Further analysis of SNP markers on chromosomes III and IV was performed to confirm linkage 

analysis and to narrow the region containing the gene with the as28 mutation. For chromosome 

IV, the data shows clear-cut linkage to the upper most region of the left arm of the chromosome, 

with only N2 bands present and no CB4856 bands detected (Figure 2.6). For chromosome III, 

there is a digested CB4856 band present at the end of the right arm, but this band is fainter than 

the rest of the observed CB4856 digested bands on the same chromosome (Figure 2.6). The faint 

band could be a result of ineffective PCR cycles, contaminated samples, or the result of a 

dominant mutation. If the PCR cycles had errors, the resulting bands would not be as bright as 

bands resulting from error-free PCR cycles. Contaminated samples would contain CB4856 

sequences, but not at a high concentration, would also result in fainter bands. Replicates of PCR 

and restriction digests contain the same faint band; therefore failed PCR or sample contamination 

does not explain this occurrence. Along with segregation ratios (56 sterile out of 457 total worms 

examined, 12.25%), the data suggest that the as28 phenotype is a result of two mutations; a 

dominant mutation on the right arm of chromosome III, and a recessive mutation on the left arm 

of chromosome IV. 



29 

 

Figure 2.6: as28 interval mapping with SNP markers from chromosomes III and IV. Results of restriction 
digest on PCR products of lysates from homozygous as28, and as28; CB4856 worms ran out on an agarose 
gel are shown. The SNPs used are labeled at the bottom of the gel. Unlinked SNPs will display N2 and 
digested CB4856 bands, whereas linked SNPs will display only an N2 band. 

 

The multi-gene nature of the as28 mutation makes it difficult to clone with current mapping 

strategies and technologies, making it a candidate for mutant allele identification with whole-

genome sequencing. 

 

Conclusion: 

Despite the advantages of using SNPs in linkage and interval mapping over using physical 

markers in traditional linkage mapping, the use of SNP for linkage and interval is still not as 

widely practiced as physical markers. The previously published protocols are designed for mass-

scale linkage and interval mapping, involving pin-replication [82] and automated robotic 

platforms [84]. However these conditions are not ideal for mapping of a single gene or smaller-

scale analysis. The method presented in this work offers an advantage over previously published 

protocols [80, 82-84] for smaller-scale, individual cloning studies by providing a way to present 

mapping data in a clear-cut and unambiguous manner. The agarose gel banding patterns that 

result from this method make it easy to interpret the presence or absence of the out-crossed 

CB4856 sequences when compared to the endogenous N2 sequence. The results produced from 

this method do not pin-point a narrow region in which the mutation of interest is located, but 
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instead provides a general region for more fine-tuned mapping. This method can also be used to 

facilitate whole-genome sequencing for gene cloning or mutant allele identification for which fine 

scaled mapping is not required. 
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CHAPTER 3 

Phenotypic characterization and mapping of a newly isolated temperature-sensitive mutation 

affecting fertilization in Caenorhabditis elegans 
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Introduction: 

The transfer of genetic information to the next generation requires the formation of a zygote from 

two gametes. For fertilization to occur, sperm and oocyte must meet and interact with each other 

in a meaningful way. Sterility can result from many things, including the absence of sperm and/or 

oocytes, defective sperm development, activation, and function, or from defective oocyte 

development and/or maturation. Many of these processes have been described and studied in 

depth using model systems. However, a full understanding of how these processes coalesce for a 

successful fertilization event remains elusive; as there are many molecules and their roles have 

yet to be elucidated through these studies. Caenorhabditis elegans serves as an excellent 

paradigm for studying these potential factors that are involved in and events related to 

fertilization due to their rapid reproductive ability, along with real-time visualization of in vivo 

events. 

 

Sperm activation, or spermiogenesis, is an important process by which immotile spermatids 

obtain motility to become mature spermatozoa. This phase of sperm differentiation occurs after 

the completion of meiosis. In C. elegans, the round, symmetrical spermatid acquires motility by 

generating a pseudopod. No mRNA molecules or proteins are synthesized during this process, yet 

the spermatid undergoes a dynamic morphological and physiological change to become a mature 

spermatozoa [4, 85].  

 

It is speculated that multiple pathways are involved in regulating C. elegans sperm activation due 

to differences observed between hermaphrodites and male worms. In hermaphrodites, spermatids 

are activated upon entry into the spermatheca; whereas in males, spermatids are activated upon 

ejaculation and entry into the uterus [54]. The events of sperm activation for both male-derived 

and hermaphrodite-derived sperm are the same despite their different origins. During 

spermiogenesis, Major Sperm Protein (MSP), which is present in the fibrous bodies (FBs), 
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depolymerize to become the sperm cytoskeleton, and MSP is found to cluster at the pseudopod to 

facilitate sperm movement [86, 87]. Simultaneously, Golgi-derived membranous organelles 

(MOs) localize to and fuse with the plasma membrane [55]. This fusion allows the MOs to 

exocytose its contents on the sperm plasma membrane. The importance of MO fusion is 

delineated by defects that may occur during spermiogenesis. For example, defects in MO fusion 

result in spermatozoan with abnormally short pseudopods with motility defects, such as spe-10 

[87] and fer-1 mutant sperm, which are unable to fertilize oocytes.  

 

In this work, we present the phenotypic and linkage analysis for as28, a mutation that results in 

defective sperm activation. Hermaphrodite worms with the as28 mutation are self-sterile due to a 

sperm specific defect. Both as28 mutant males and hermaphrodites produce morphologically 

abnormal sperm that we hypothesize to be the result of defective MO fusion. 

 

Methods: 

Culturing of C. elegans strains 

Culturing of C. elegans was done according to standard protocols described elsewhere [52]. The 

as28 strain was maintained at 16°C and shifted to 25°C for experiments. The strains used in this 

work include: as28, him-5(e1490), dpy-5(e61), rol-1(e91), unc-32(e189), unc-5(e52), dpy-

11(e224), lon-2(e678), Bristol strain N2 (wild-type), and Hawaiian strain CB4856. Strains were 

obtained from the Caenorhabditis Genetics Center (CGC, University of Minnesota). The as28 

mutation was isolated from an ethyl methanesulfonate (EMS) mutagenesis screen conducted by 

Indrani Chatterjee and Emily Putiri; descriptions of all other strains can be found on Wormbase 

[1]. All strains were Bristol-derived except for the Hawaiian strain which was used in 

chromosomal linkage analysis. An as28;him-5(e1490) double mutant was created to increase the 

frequency of as28 mutant males; for experiments involving this strain, the him-5 strain is 

considered wild type. 
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Progeny and ovulation counts 

The number of progeny for N2 (wild type) and as28 was determined by placing individual worms 

on separate culture plates and counting an entire individual’s brood. Ovulation rates were 

determined by combining the total number of embryos and unfertilized embryos laid during the 

entire lifetime of a worm [57, 64, 65, 86, 88]. Brood and ovulation counts were performed at 

16°C, 20°C, and 25°C. 

 

Germline morphology 

Germline morphology for wild type and as28 hermaphrodites was determined by mounting 

worms in 7µl 100µM NaN3 onto 2% agarose slides for visualization with Nomarski imaging. 

 

Sperm loss assay 

The amount of sperm cell nuclei present in the spermatheca over a specified time period was 

examined to determine the rate of hermaphrodite sperm loss. Worms were fixed in cold methanol 

for 5 minutes, stained with 0.1µg/ml 4,6-diamidino-2-phenyl-indole (DAPI; Pierce) DNA binding 

dye, then mounted on 2% agarose slides for visualization under both Nomarski and fluorescence 

imaging. 

 

Sperm isolation and in vitro activation 

Sperm morphology and activation was assessed by previously describe methods [4, 85, 89]. The 

testis or spermatheca was dissected in 1X sperm media (SM) pH 7.8 with and without 200µg/ml 

Pronase, a known in vitro sperm activator [85]. To examine membranous organelle (MO) fusion, 

the fluorescent lipophilic styryl dye N-(3-triethylammoniumpropyl)-4-(4-

(dibutylamino)styryl)pyridinium dibromide (FM 1-43; Molecular Probes) was added to 1X SM at 
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a concentration of 5µM to visualize membranes [90, 91]. Dissections of sperm were examined 

with both Nomarski and fluorescence imaging. 

 

Genetic mapping 

Initial chromosomal linkage mapping for as28 was performed by crossing as28 into two triply 

marked strains BA592 (dpy-5(e61) I; rol-1(e91) II;  unc-32(e189) III) and MT464 (unc-5(e62) IV; 

dpy-11(e224) V; lon-2(e678) X). Results from these crosses were ambiguous, and an alternate 

technique was employed to determine chromosomal linkage. Chromosomal linkage for as28 was 

determined by examining SNPs that result in a restriction fragment length polymorphism (RFLP) 

in the CB4856 Hawaiian strain. as28 hermaphrodites were crossed to Hawaiian males at a ratio of 

3 males to 1 hermaphrodite, the heterozygous progeny were allowed to self-fertilize, and F2 

homozygous sterile progeny were isolated to generate a lysate which was analyzed for 

chromosomal linkage. 

 

Results and Discussion: 

as28 mutant hermaphrodites are self-sterile 

as28, a newly isolated mutation, was uncovered in a screen for temperature sensitive sterile 

mutations. Brood counts showed that as28 mutant animals have reduced fertility and decreased 

ovulation compared to wild type (N2) controls at the restrictive temperature of 25°C, with normal 

levels of fertility and ovulation at the permissive temperature of 16°C (Figure 3.1). This strain 

was determined to have sperm defects due to its ability to viable cross progeny when mated to 

wild-type males, indicating that there are no defects in oocytes produced by as28 mutants. 

Heterozygous as28/+ worms are fertile, making as28 a recessive mutation. Aside from the 

sterility, there are no other visible mutant phenotypes associated with as28 animals; as28 mutant 

hermaphrodites have wild-type morphology and appear to undergo spermatogenesis and 
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oogenesis normally (Figure 3.2). These observations suggest that the as28 mutation only affects 

sperm. 

 

 
Figure 3.1: Brood and ovulation counts for unmated as28 mutant hermaphrodites. as28 animals have normal 
levels of fertility at lower temperatures (16°C and 20°C), but have greatly reduced fertility when shifted to a 
higher temperature (25°C). Ovulation rates are not affected in as28 animals. n = 19-24 per allele. 

Figure 3.2: Nomarski DIC pictures of wild type and as28 hermaphrodite germlines. as28 mutant 
hermaphrodites appear to undergo spermatogenesis normally during the last larval stage, L4. as28 mutant 
young adult hermaphrodites are sterile, with unfertilized oocytes present in their uteri, in contrast to the 
presence of developing embryos in wild-type uteri. Magnification at 60X. 



37 

 

as28 hermaphrodite-derived sperm are not maintained in the spermatheca 

The ovulation rate for as28 mutant hermaphrodites at the restrictive temperature of 25°C is 

slightly lower than that of wild-type animals. It has been shown that the presence of spermatids or 

spermatozoa in the spermatheca is needed for ovulation events to occur [92, 93]. To determine if 

the lower ovulation rate for as28 mutant animals is a result of an inability to retain sperm in the 

spermatheca, age-matched DAPI-stained wild-type and as28 mutant young adult hermaphrodites 

were examined for the presence of sperm cell nuclei in the spermatheca. The number of sperm 

present in the spermathecas of wild-type and as28 mutant animals shortly after the animals reach 

adulthood at 25°C is comparable (Figure 3.3). However, in as28 mutant young adults, there is a 

marked reduction in the number of visible sperm nuclei found in the spermatheca when compared 

to wild-type animals (Figure 3.3).  

 

 

 

These observations suggest the as28 mutant sperm are unable to crawl back to the spermatheca 

after being swept into the uterus by passing oocytes. The absence of sperm in the mutant 

spermathecas could be the result of a defect in sperm activation resulting in mutant sperm that do 

not acquire full motility or it could be the mutant sperm are unable to properly sense the presence 

of the spermatheca and are unable to move towards the site.  

Figure 3.3: as28 sperm loss phenotype. as28 mutant sperm are lost from the reproductive tract and cannot 
fertilize oocytes. Dashed ovals denote the position of the spermatheca, sperm nuclei are visible as bright 
dots inside the spermatheca. Orientation of the reproductive tract from left to right is uterus, spermatheca, 
oviduct. Magnification at 60X. 
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as28 mutant animals produce morphologically abnormal spermatids 

To characterize as28 spermatids, dissections of wild-type (him-5) and as28;him-5 males were 

performed and examined under Nomarski imaging. An as28;him-5 double mutant strain was 

generated to increase the occurrence of males for dissections; the him-5 mutation allows for an 

increase in the number of male progeny produced without generating any adverse effects on 

sperm [4]. Homozygous as28;him-5 males produced spermatids that had an abnormal 

morphology (Figure 3.4) that remains unchanged after the addition of Pronase, a known sperm 

activator [85]. Sperm dissected from unmated as28 mutant hermaphrodites have the same 

phenotype, suggesting that these mutant sperm do not undergo normal sperm activation. as28 

mutant spermatids have a distinctive cratered and vacuolated appearance as opposed to the 

smooth surface found on wild-type sperm, which could be the result of improperly fused MOs. 

Vacuolated spermatocytes have been observed in spe-4 [94] and spe-5 [95] mutants as a result of 

abnormal FB-MO development, but they rarely progress to become spermatids. 

 

 

Figure 3.4: as28 sperm activation phenotype. Spermatids derived from males were dissected in 1X sperm 
medium. Worms were grown at 25°C; L4 males were isolated the night before dissections for spermatid 
accumulation. Magnification at 100X. 
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To investigate the nature of the craters on as28 mutant sperm, a fluorescent membrane marking 

dye, FM 1-43 (Molecular Probes), was used detect anomalies on the surfaces of spermatids and 

spermatozoa. FM 1-43 has been shown to be a potent marker of cell membrane surfaces [90], and 

an effective indicator for the presence of MOs on the sperm plasma membrane [91]. Wild-type 

spermatids visualized with FM 1-43 display a ring of fluorescence which corresponds to the 

spermatid plasma membrane. After activation, the MOs fuse with the plasma membrane and are 

concentrated on the cell body of the spermatozoa, which is observed as bright punctae in wild-

type spermatozoa when dyed with FM 1-43; fer-1 mutant sperm that have defective MO fusion 

with the plasma membrane do not contain these punctae, but instead have the same fluorescent 

ring seen in spermatids [91].  

 

Spermatids derived from as28;him-5 mutant males are not encircled by the fluorescent ring 

observed in wild-type spermatids (Figure 3.5). Instead, bright punctae associated with fused MOs 

are observed on the surface of as28 spermatids that are normally observed with activated 

spermatozoa (Figure 3.5). These punctae, unlike the punctae on spermatozoa, are spread out and 

are not confined to a specific area. as28;him-5 spermatids that are dissected in the presence of 

Pronase to undergo in vitro activation have the same characteristics as as28 mutant spermatids 

dissected without Pronase. This data suggest that MO fusion does occur in as28 mutant sperm, 

but it does so prematurely and asynchronous with activation cues. The fused MOs produce a 

cratered appearance on spermatids and prevent proper sperm activation. 
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The as28 phenotype is the result of two mutations 

To identify and determine the nature of as28, genetic mapping was performed. Chromosomal 

linkage mapping was performed with the triply marked strains BA592 (dpy-5(e61) I; rol-1(e91) 

II; unc-32(e189) III) and MT464 (unc-5(e52) IV;  dpy-11(e224) V; lon-2(e678) X) with 

ambiguous results. Tight linkage to a specific chromosome was not observed, instead weak 

linkage to Chromosomes III and IV was observed. To resolve this ambiguity, linkage was 

determined by a set of SNP markers that result in restriction fragment length polymorphisms. The 

as28 mutant phenotype was found to be linked to regions on the right arm of chromosome III, and 

the left arm of chromosome IV. The segregation ratio for the as28 mutant phenotype is 

approximately 1/8 or 12% (56 sterile out of 457 total animals examined) suggesting that it is not a 

Figure 3.5: as28 MO fusion phenotype. Sperm were dissected from males in 1X sperm medium + FM 1-43 
and 1X sperm medium + FM 1-43 + Pronase. Magnification at 100X. 
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single recessive mutation; if this phenotype was the result of two recessive mutations, it would 

segregate at a ratio of 1/16 or 6%.  Data from the SNP linkage analysis along with segregation 

ratios suggest that the as28 mutant phenotype is the result of the combination of a dominant and a 

recessive mutation on Chromosome III and IV, respectively. Further analysis of as28 segregation 

patterns would provide more insight into the genetic nature of this mutant phenotype. 

 

Conclusion: 

The multi-gene nature of the as28 mutant phenotype makes it difficult to clone these genes with 

current mapping strategies and technologies, making them candidates for mutant allele 

identification with whole-genome sequencing. Once the genes are identified, it would be possible 

to generate antibodies and transgenic constructs to determine the cellular localization patterns of 

the protein products. Localization patterns and possible homology to known proteins will provide 

clues to the molecular function of the as28 gene products. Epistatic analysis of the as28 genes 

with other genes that have been shown to be involved in MO fusion, such as spe-10 or fer-1, will 

provide insight into their positions in the MO fusion pathway and the relationship between these 

molecules. 

 

Electron microscopy (EM) is needed to determine if the MOs in as28 mutant sperm undergo 

fusion properly and to identify the observed vacuoles. EM analysis will also be able to detect any 

defects in as28 mutant sperm that are not detected under light microscopy. The localization 

patterns of other MO fusion or sperm activation molecules in as28 mutant will be observed to 

determine if their localization patterns and functions are altered. These observations could reveal 

relationships between the as28 gene products and proteins known to be involved in sperm 

activation and MO fusion. 
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The cloning of the genes responsible for the as28 mutant phenotype, and the subsequent 

characterization of the molecules involved, would shed more light on the elucidation of the role 

and method action of MO fusion during C. elegans sperm activation. These genes are unique in 

that the mutant phenotype is observed in both male- and hermaphrodite-derived sperm, and unlike 

many other FB-MO defective mutants, these sperm are able to mature to become spermatids. An 

interesting element is that these genes act in combination to produce the observed phenotype, and 

the cloning of these genes would identify a part of the MO fusion pathway involved in 

spermiogenesis. Gaining an understanding of the molecular mechanism of the pathways involved 

in sperm activation in C. elegans would provide insight for studies in other model systems due to 

the homologous and analogous nature of varying cell processes. 
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CHAPTER 4 

Cloning of spe-13, a gene needed for sperm function during fertilization in C. elegans 
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Introduction: 

Mutations that result in morphologically and physiologically normal sperm in C. elegans that are 

incapable of fertilizing oocytes are said to be sperm function mutations. Worms that have spe-9 

like mutations have small brood counts as a result of the defective sperm, but these worms 

ovulate at rates comparable to wild-type. Because of the normal morphology and physiology 

found in mutant sperm, it is hypothesized that the products of these genes are ligands or receptors 

needed for signaling to oocytes during fertilization. spe-13, one of the earlier genes discovered to 

belong to this class, remains uncloned; this work presents an update of the progress being made in 

an effort to clone this elusive gene. 

 

Methods: 

Culturing of C. elegans strains 

Culturing of C. elegans was done according to standard protocols described elsewhere [52].The 

strains used in this work include: spe-13(as8), spe-13(as9), spe-13(as31), spe-13(as32), spe-

13(as33), spe-13(hc137), and Bristol strain N2 (wild-type). Strains were obtained from the 

Caenorhabditis Genetics Center (CGC, University of Minnesota). Descriptions of all strains can 

be found on Wormbase [1]. All strains were Bristol-derived. 

 

Progeny and ovulation counts 

The number of progeny for N2 (wild type) and spe-13(hc137) was determined by placing 

individual worms on separate culture plates and counting an entire individual’s brood. Ovulation 

rates were determined by combining the total number of embryos and unfertilized embryos laid 

during the entire lifetime of a worm [57, 64, 65, 86, 88]. Brood and ovulation counts were 

performed at 16°C and 25°C 
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Preparation of genomic DNA 

Preparations of N2 and spe-13(hc137) genomic DNA were prepared according to a protocol 

modified from Andy Fire’s lab that is publicly accessible 

(http://www.genetics.wustl.edu/tslab/Protocols/genomic_DNA_prep.htm). The genomic preps 

were then subjected to SOLiD sequencing (Applied Biosystems) for whole genome sequencing. 

Genomic DNA of other spe-13 alleles, including as8, as9, as31, as32, and as33 were prepared 

using the DNeasy Tissue Kit (Qiagen Cat# 69504). PCR of candidate genes was performed using 

allelic genomic DNA and the purified reaction products sent to Genewiz (South Plainfield, New 

Jersey) for sequencing. 

 

Results and Discussion: 

spe-13 hermaphrodites are self-sterile at restrictive temperature 

Mutations in spe-13 results in temperature sensitive hermaphrodites that are completely sterile at 

the restrictive temperature of 25°C and produce only a small number of progeny at the permissive 

temperature of 16°C (Figure 4.1). Of the spe-13 alleles, hc137 hermaphrodites produce more 

progeny at 16°C than the other, more recently generated, alleles. This discrepancy may be 

because the newer alleles may still contain extraneous mutations, as a result of the mutagenesis 

process, that may indirectly affect fertilization; whereas hc137 has been in existence for more 

than 20 years and would have eliminated other mutations. The new alleles may also be the result 

of the same mutation or mutations that are in close proximity to each other. 
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Initial sequencing of spe-13 candidate genes 

Candidate genes for spe-13 were 

selected from the first 1.5 Mbp region 

on the left arm of Chromosome I based 

on their spermatogenesis-enriched 

expression patterns (Table 4.1). This 

region was chosen based on results of 

genetic mapping performed by Pavan 

Kadandale [96]. Sequences of these 

genes were generated and compared to 

wild-type (N2) and published 

sequences. Alignments of these 

sequences showed no differences in the spe-13 sequences from wild-type sequences. 

Table 4.1: spe-13 candidate genes. 

Figure 4.1: Brood counts for unmated spe-13 mutant hermaphrodites at 25°C and 16°C. n = 20, 41-46 per allele. 
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Verification of SNPs detected by SOLiD sequencing 

Whole genome sequencing was employed to identify nucleotide differences between the spe-

13(hc137) and wild-type (N2) genomes to facilitate the cloning of spe-13. SOLiD sequencing 

(Applied Biosystems) yielded 684 single nucleotide polymorphisms (SNPs) on Chromosome I 

between wild type and spe-13(hc137). Out of that number there were eight promising SNPs in the 

first 2.5 Mbp region (Table 4.2). Sequencing of the other spe-13 alleles determined that 6 of the 8 

reported SNPs were deviations from the published sequence, but were not detected as deviations 

in the wild-type lab strain. The wild-type lab strain and the spe-13 alleles contained the same 

nucleotide change for these candidates. Sequencing of the other two SNPs, in Y95B8A.6 and 

Y39G10AR.15, revealed true variants. For the SNP found in Y95B8A.6, sequencing of all spe-13 

alleles revealed that all of the spe-13 alleles contained the same G to A change, with no other 

deviations or changes from wild type detected in the rest of the predicted gene. For the SNP 

found in Y39G10AR.15, only one allele, spe-13(hc137), had the G to A change, the rest of the 

alleles had the published wild-type sequence at that position. There no were other changes 

detected in the predicted exons of Y39G10AR.15 (Figure 4.2). 

 Table 4.2: spe-13 SNPs detected by SOLiD sequencing. *denotes SNPs that are true variants from the 
wild-type lab strain. 
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The difference between the Y95B8A.6 and Y39G10AR.15 allelic sequencing results makes it 

difficult to discern which one contains the spe-13 mutation. It could be possible that the spe-13 

mutation is very fastidious and that the mutant phenotype only results from a specific change at a 

specific nucleotide position, resulting in all of the alleles containing the same nucleotide change 

in the same position as in the Y95B8A.6 SNP. If this is the case, then the SNP found in 

Y39G10AR.15 could be the result of a change that is native to the strain that was mutagenized to 

create the spe-13 mutation. It could be possible that the spe-13 mutation is found in 

Y39G10AR.15, and that the deviations from the wild-type sequence in the other alleles have not 

been uncovered by sequencing of this gene’s denoted exons and instead are found in the intronic 

sequence. Also, the exons in Y39G10AR.15 may not be accurately predicted, and the changes in 

the other alleles would be found in sequences that may be mislabeled as intronic or they may not 

be annotated as being part of the gene. 

 

Figure 4.2: Sequence alignment of spe-13 alleles for Y95B8A.6 and Y39G10AR.15. 
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Conclusion: 

In order to determine the gene that the spe-13 mutation is in, transgenic rescue with constructs 

containing Y95B8A.6 and Y39G10AR.15 should be conducted. If one of these constructs is able 

to rescue the sterile phenotype found in spe-13 mutant animals, then it can be conclusively 

established as the spe-13 gene. Once the gene has been identified, its localization pattern will be 

determined via antibody staining, transgenic constructs, or with both methods. Localization 

patterns of other sperm function mutants with antibodies available (spe-9, spe-38, and spe-41/trp-

3) in spe-13 mutants should also be observed to determine if spe-13 belongs to the same pathways 

that these proteins function in or if it is involved in a separate fertilization pathway in sperm. 

Searches for similar amino acid sequence in other species for homology should be conducted to 

establish if the protein is conserved between species and provide clues to its function. These 

further characterizations of the spe-13 gene product after it has been identified will aid in 

determining its function and its role in C. elegans fertilization. 
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CHAPTER 5 

Future directions 
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Contrary to popular belief that fertilization is one of the more defined and understood biological 

processes, the underlying molecular mechanism of fertilization still remains unknown. The events 

leading up to and including fertilization have been studied in many model systems, and therefore 

are well explained. However the molecules involved, their function, how they interact with each 

other, and how they drive the main fertilization event still remain unknown. With advances in 

biochemistry, forward and reverse genetics, it has become easier to manipulate and study 

molecules in vitro as well as in vivo. These advances combined with the use of genetic model 

systems, such as C. elegans, allow for a straightforward way to identify and determine the 

function of molecules involved in fertilization.  

 

My work involved the characterization of a newly isolated mutation, as28, which results in 

worms that produce defective sperm that cannot complete fertilization. Linkage mapping of this 

mutant produced inconclusive results, which lead to the development of a set of SNP markers to 

determine C. elegans chromosomal linkage and interval mapping. The resulting method provides 

chromosomal linkage in an efficient and clear-cut manner. After performing linkage analysis with 

the SNP markers on as28, it was determined that the as28 phenotype is in actuality due to two 

mutations. This discovery was surprising and presents a hurdle for the cloning of these genes. 

Whole genome sequencing would have to be utilized to clone these genes. Once these genes have 

been identified, experiments will be designed to determine the function and action of these gene 

products including determining the localization patterns for the gene products via GFP constructs 

and immunofluorescence. Homology searches based on the gene sequences will determine if 

there are homologs within other species.  

 

Sperm derived from as28 mutant animals have an abnormal cratered appearance that is 

hypothesized to be improperly fused membranous organelles (MOs). To determine if the vacuoles 

found on as28 sperm are indeed prematurely fused MOs, immunofluorescence with 1CB4, a 
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known MO marker, will identify these vacuoles as MOs. Electron microscopy will need to be 

performed to definitively determine if the MOs are properly fused in as28 mutant sperm. Images 

obtained from electron microscopy will also be able to detect any defects that are not visible 

under light microscopy.  

 

It would also be of interest to examine the localization patterns of gene products that require the 

proper MO fusion products in as28 sperm to see if their localization patterns are disrupted and if 

their function is impaired. If the vacuoles in as28 are prematurely fused MOs, then the 

redistribution of SPE-38 and SPE-41/TRP-3 to the cell surface of activated sperm would not be 

affected. If they remain sequestered in the MOs of as28 sperm and are not found on the sperm 

surface, then it would suggest that there may be defects in membrane trafficking. MO fusion and 

translocation has been hypothesized to trigger activation of these molecules. If these molecules 

are found to be inactive on the sperm surface, then it would suggest that MO fusion alone is an 

insufficient stimulus. 

 

The fusion of sperm-oocyte membranes at fertilization is analogous to cell-cell fusion that occurs 

during other cellular processes, and the changes associated with C. elegans sperm activation 

could be similar to post-translational modifications that occur during cellular differentiation and 

morphogenesis. It is easier to study the molecules involved in processes that occur during 

fertilization due to the lack of other functions in sperm or oocytes that would be present in 

somatic cells. Manipulation of a single molecule in somatic cells could have an indirect impact on 

other unrelated processes due to the connectivity of the cellular processes. Results from 

experiments conducted in C. elegans can compliment data obtained in other model organisms to 

provide a general picture, as it may be easier to conduct certain experiments in specific model 

organisms compared to others. 
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The information gained from studying fertilization has real-world applications. Infertility is a 

prominent issue in our society; difficultly in conceiving has resulted in an entire industry focused 

on aiding people via assisted and in vitro reproduction techniques. Gaining a better understanding 

of the underlying molecular mechanism of fertilization may enable us to uncover the root causes 

of infertility develop treatments or alternative methods. This knowledge is not constricted to the 

realm of human infertility; there are numerous species of endangered species in captivity that are 

also facing reproductive issues. On the other hand, information gathered from studies of 

fertilization molecules may be used to generate novel contraceptive strategies designed at the 

molecular level. Also, contraceptive methods could be designed to control the overpopulation of 

animals. 

 

The knowledge obtained from fertilization studies has a wide-range impact on other disciplines. 

This information would provide more insight into inter-cellular as well as intra-cellular 

interactions with the ultimate goal of obtaining an understanding of how these building blocks are 

arranged to create complex organisms. It is worth studying biological processes in model 

organisms even if the molecules and pathways are not conserved in other species; the information 

obtained about these molecules and pathways would provide us with general knowledge 

increasing our understanding of the world that we live in. 
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APPENDIX 

List of primers, purpose, and location.  

Primer stocks are at a concentration of 100 µM. Primer sequence and information can be found 

on the specification sheets in the binders labeled “oligos”. 
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spe-36 mapping 

 

SNP mapping of spe-36 has it being found in a 341kb region (indicated by the dashed region in 

figure) on chromosome IV between the SNPs B0035 and ZK792 ( physical positions of 

11,327,085 and 11,668,085, respectively). A doubly marked strain (dpy-13 spe-36 unc-22) was 

created for SNP mapping.  
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