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ABSTRACT 

How do cells acquire and regulate their specialized forms and functions? This is the 

fundamental question underlying the experiments described in this dissertation. To 

examine this question, I have peered deeply into an exquisitely specialized cell from a 

genetically tractable organism: the spermatozoon of the nematode, Caenorhabditis 

elegans. C. elegans sperm orchestrate a fantastic morphogenetic transformation under 

severe constraints of time and cellular resources. In response to an external signal, 

spermatids reorganize their membranes and cytoskeleton to form crawling spermatozoa. 

This maturation, termed spermiogenesis, ensues without any new gene expression. 

To better understand this signaling pathway, I isolated suppressors of a mutation 

in spe-27, another gene in the pathway. These suppressors are described in Chapters Q 

and m. The suppressors bypass the requirement for spe-27 and three other genes in this 

pathway, spe-8, -12, and -29. Eighteen of the suppressors are new alleles of spe-6, a 

previously characterized gene required for an early stage of spermatogenesis. The 

original spe-6 alleles are loss-of-fiinction mutations, which prevent Major Sperm Protein 

assembly into fibrous body-membranous organelles of spermatocytes, and arrest 

development in meiosis. I isolated the spe-6 gene, and found that it encodes a predicted 
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protein-serine/threonine kinase, similar to casein kinase 1. The suppressors appear to be 

reduction-of-function mutations. I propose a model whereby SPE-6, along with its role 

in spermatocyte development, inhibits spermiogenesis until the activation signal is 

received. The signal is transduced through SPE-8, -12, -27, and -29 to relieve SPE-6 

repression, triggering the formation of spermatozoa. 

Chapter IV describes continuing efforts to understand the spermiogenesis 

signaling pathway by identifying the spe-8 gene. To find spe-81 exploited 

spermatogenesis-specific gene expression data obtained through microarray technology. 

SPE-8, like SPE-6, is a protein kinase, but of the non-receptor protein tyrosine kinase 

class. I identified mutations in all but one of the spe-8 mutants. Most are in the kinase 

domain; one is in an associated protein-binding (SH2) domain. 

Both SPE-6 and SPE-8 are members of large multigene families in C. elegans, 

many members of which appear to be spermatogenesis-specific or enriched. I discuss 

this and other ramifications of my research in Chapter V. 
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I. DfTRODUCTION 

Cells must make life and death decisions based on information they gather from their 

surroundings: whether to proliferate, differentiate, or remain quiescent; into which cell 

type to differentiate; toward which direction to grow or divide; even whether to commit 

suicide or murder. Many decisions require long-range planning. Cell surface receptors 

sense the presence or absence of environmental ligands, transduce the information 

through the plasma membrane to the cytoplasm, where the message passes through any 

number of complex relay pathways, becoming amplifled and integrated with information 

flowing from other sensors. In many of the cases studied, the information is relayed to 

specific transcription factors, which are instructed to modulate the transcription rate of 

genes germane to the decision being made. 

Other biological decisions require more immediacy. As an extreme example, 

sensory and motor neurons cannot await RNA and protein synthesis to coordinate their 

response to stimuli, and use electro-chemical reactions to coordinate almost instantaneous 

decisions (e.g., the decision to remove one's finger from a hot stove). 

Some biological decisions involve a concerted effort to regulate both gene 

expression and machinery already present in the cell. Apoptosis, for example, is a 

process by which cells commit suicide in response to a variety of external and internal 

cues. This programmed cell death is a normal aspect of embryonic development and 

adult tissue homeostasis for almost all organisms, and disruptions in the normal apoptotic 

program can lead to pathologies such as cancer, neurodegenerative disease, and 



autoimmune diseases. A detailed picture of the complex signaling circuits mediating 

programmed cell death and survival is emerging (DATTA et al. 1999; DESAGHER and 

MARTINOU 2000; GREEN 2000; HENGARTNER 2000; KRAMMER 2000; MEIER et al. 2000; 

STRASSER et al. 2000). Although the exact mechanisms are in many cases still a matter 

of controversy, a set of post-translational regulatory themes is clear. These include 

proteolytic cascades, protein phosphorylation, and protein-protein interactions through 

homo and heterotypic binding domains. To predispose particular cells toward 

programmed cell death, either as part of a developmental program or in response to 

environmental signals, transcriptional regulation is often used as a means for deploying 

the apoptotic machinery. 

In some biological systems, transcription and translation are not available to make 

or execute decisions. For example, blood platelets, which initiate clotting and recruit 

cells to the sites of tissue wounds, are anucleate cell fragments derived from 

megakaryocytes. Lacking nuclei, platelets must rely on post-transcriptional mechanisms 

to recognize and deploy themselves to wound sites and must then mount their repair 

flmctions. As with apoptosis, platelet activation involves complex protein-protein 

binding networks as well as proteolysis and protein phosphorylation cascades 

(BLOCKMANS et al. 1995; CLEMETSON 1995; PETERSON and LAPETINA 1994; Wu 1996). 
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1.1 Caenorhahditis elegans AS AN EXPERIMENTAL MODEL ORGANISM 

Caenorhabditis elegans is a small (-1 mm long) nematode that feeds on bacteria in the 

soil of temperate regions worldwide. Most C. elegans individuals are self-fertilizing 

hermaphrodites. Hermaphrodites are, for the most part, females that produce about 300 

sperm before switching to oocyte production. Essentially every sperm is successful at 

fertilization, with the result that each hermaphrodite produces about 300 self-progeny. 

Gender is determined by the ratio of autosome pairs to X chromosomes. Hermaphrodites 

have two X chromosomes (XX) per diploid somatic nucleus. Occasionally (about 1 in 

every 500 progeny), a non-mated hermaphrodite produces a male. Males contain only a 

single X chromosome (XO) in each somatic nucleus. This occurs by aberrant non

disjunction of the X chromosome pair during meiosis, resulting in nullo-X and diplo-X 

gametes. Males arise from the pairing of a nullo-X gamete and a more conmion haplo-X 

gamete. Males produce sperm throughout their adult lives, but no oocytes. Adult males 

are slightly smaller than hermaphrodites, and the body form of the two sexes is somewhat 

different (Figure 1.1). Hermaphrodites have a two-lobed gonad placed around a central 

uterus and vulva. Males have a single-lobed testis and an elaborate tail and copulatory 

apparatus that they use for locating, courting, and mating with hermaphrodites. Because 

males are somatically XO, half of their sperm bear an X chromosome and half do not. 

Therefore, when a male mates with a hermaphrodite (XX), whose sperm almost all 

contain a single X chromosome, about half of the resulting outcross progeny will be 

males and half will be hermaphrodites. 
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In the early 1960s, Sydney Brenner pioneered the use of C. elegans as a model 

system for elucidating the molecular and genetic basis of development, particularly of the 

nervous system. C. elegans was simple and inexpensive to culture on standard bacterial 

plates or in broth, and easy to handle under a low power binocular microscope. Besides 

these practical advantages, a number of biological traits also attracted Brenner to C. 

elegans (BRENNER 1974; Wcx)D 1988). First, while complex enough to have many 

advanced behaviors, such as movement, mechanosensation, feeding, and mating, "the 

worm" was considered simple and small enough to be experimentally tractable. For 

instance, it is small enough that a longitudinal section can fit entirely on an electron 

microscope grid, a critical feature for detailed anatomical studies. That it is completely 

transparent greatly facilitates anatomical observation at the light microscopic level as 

well. C. elegans has a small number of cells, and develops with a highly stereotyped 

determinate pattern of cell divisions from the zygote to the adult. Adult hermaphrodites 

have exactly 959 somatic nuclei, and adult males have 1031. Of these, 302 neurons make 

up the hermaphrodite nervous system, 381 in males. The complete lineage history of 

every adult somatic cell has been catalogued (SULSTON et al. 1983), and many mutants 

affecting the lineage pattern have been characterized. 

Perhaps what make the worm most valuable as a model organism are its excellent 

genetic properties. C. elegans has a small haploid genome size of about 100 million 

basepairs, distributed approximately evenly over 6 chromosomes, and encoding an 

estimated 19,000 genes. By comparison, the genome of Drosophila melanogaster is 180 

million basepairs, and that of humans is 3 billion basepairs. C elegans was the first 
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multicellular organism whose genome sequence was determined almost to completion 

(1998), and many of the technologies used for this endeavor were extended to 

determining the human genome sequence (LANDER et al. 2001; VENTER et al. 2001). C. 

elegans has a short life cycle-about three days-enabling rapid generation of individuals 

for analysis. That it reproduces through self-fertile hermaphrodites, with facultative male 

mating, makes it ideal for isolating and characterizing mutants. Recessive mutations are 

easily homozygosed in a single generation through selfing by heterozygous mutant 

hermaphrodites. Even mutants with mating defects can proliferate through selfing. 

Conversely, a mutation that disrupts sperm function in a hermaphrodite can be 

propagated by crossing a self-sterile homozygous mutant hermaphrodite to wild-type 

males. The availability of crossing also allows rapid genetic mapping and strain 

construction. C. elegans can be transformed by injecting foreign DNA into the syncytial 

gonad, allowing specific DNA sequences to be assayed for gene activity (MELLO and 

FIRE 1995; MELLO et al. 1991). Recently, double-stranded RNA-mediated gene 

interference (RNAi), a phenomenon by which the null phenotype of a gene can be 

mimicked by injecting (or even simply feeding or bathing) a worm with a synthetic 

double-stranded RNA molecule containing the sequence of the gene of interest, 

simplifying and accelerating the molecular analysis of many genes (F[RE et al. 1998). 

Although homologous recombination of exogenous DNA has yet to be developed as a 

tool in C. elegans, as it has in budding yeast, a method for creating gene deletions and 

detecting them by PGR has been developed (DERNBURG et al. 1998). This capability, 

combined with whole-genome analysis methods such as microarray gene expression 
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screening, enables rapid and global reverse genetic analysis strategies (JIANG et al. 2(X)1; 

RElNKEetal.2000). 
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Figure 1.1, C. elegans adult hermaphrodite and male 

The hermaphrodite image is a brightfield micrograph. The male image is a differential 

interference contrast (DIC) image. Reproductive and other prominent anatomical 

features ate diagrammed below the micrographs. 
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1.2 NEMATODE SPERM 

Nematode spermatozoa are fantastically bizarre cells. Like sperm cells from other 

organisms, their prime function is to fertilize oocytes. With such a singular purpose in 

life, most mature sperm cells, including those from nematodes, are remarkably 

streamlined. They lack the machinery for RNA and protein synthesis, as well as many 

other cell components, such as endoplasmic reticulum and Golgi apparatus. Nematode 

sperm also lack many traits common among sperm from most other organisms. They are 

produced in relatively small numbers (around 300 in a hermaphrodite, somewhat more in 

a male), but are highly efficient at fertilization; essentially every sperm fertilizes an 

oocyte (LAMUNYON and WARD 1995; WARD and CARREL 1979). Instead of swimming 

with a flagellum, nematode spermatozoa crawl using a pseudopod (reviewed in (ROBERTS 

and STEWART 1995; ROBERTS and STEWART 2000; THERIOT 1996)). Even among other 

types of crawling cells, nematode spermatozoa are distinctive. Crawling cells typically 

achieve their motility through an actin and myosin based cytoskeleton, but nematode 

sperm have little of these two proteins (NELSON et al. 1982). Notwithstanding their 

centriole, they lack tubulin, another standard cytoskeletal component of most cell types. 

Rather, their pseudopod cytoskeleton is composed mainly of a dynamic network of 

polymers of an unusual protein called major sperm protein (MSP), which comprises 

almost 15% of their protein. 

The eccentricity of these cells may seem reason enough to justify an interest in 

learning how they develop and work. Beyond this, the workings of nematode sperm may 
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contribute to our understanding of ceils with which we have a more immediate interest, 

such as those of our own species. Indeed, recent studies on nematode sperm are pointing 

toward clues on the basis of Alzheimer's disease, deafness (YASUNAGA et al. 2000), heart 

disease, muscular dystrophies (BASHIR et al. 1998; DAVIS et al. 2000), and cellular 

motility (ROBERTS and STEWART 2000; THERIOT 1996). 



Figure 1.2, A Caenorhabditis elegans spermatozoon. 

The smooth surface at the left is the cell body. The right portion of the cell is the 

pseudopod. The knobby projections are villipodia. Scanning electron micrograph 

courtesy of Samuel Ward. 



27 

U NEMATODE SPERM MOTILITY 

A unique MSP-based cytoskeleton is responsible for the motility of nematode 

spermatozoa (KING et al. 1994b; KING et al. 1992; ROYAL et al. 1995; SEPSENWOL et al. 

1989; STEWART et al. 1993; STEWART et al. 1994). Most of the biochemical and 

microscopic studies leading to our understanding of the MSP cytoskeleton have been 

conducted on sperm ceils from A^cam smm because these cells are available in large 

numbers and are quite large (~25 ̂ m long) compared to C. elegans sperm (~6 ^m long). 

Ascaris MSP is 86% identical to Caenorhabditis MSP in sequence (SCOTT et al. 1989). 

An Ascaris sperm pseudopod contains a complex filamentous meshwork of polymerized 

MSP made up of about 15-20 branched fiber complexes, each about 200 nm wide. These 

fiber complexes assemble at the projections, called villipodia, in the pseudopod 

membrane and traverse the pseudopod parallel to its long axis, their proximal ends 

disappearing near the cell body. The spaces between fiber complexes are filled with 

more diffuse fiber networks. This MSP cytoskeleton is dynamic. Fiber complex 

assembly at the pseudopod leading edge occurs simultaneously with the network's 

disassembly at the pseudopod base, where it joins the cell body. Assembly and 

disassembly proceed at the same rate, so that the entire cytoskeleton undergoes a 

treadmilling. As the cell crawls forward, the length of the network remains constant, and 

individual landmarks on the cytoskeleton remain stationary with respect to the substrate. 

Italiano, et ai (ITAUANO et al. 1996) developed an in vitro system from Ascaris sperm 

exu:acts that recapitulates MSP cytoskeleton formation. Tube-shaped fiber meshworks of 

MSP filaments, similar to those seen in live sperm, form when ATP is added to the 
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extract. Each tube is attached to a membrane vesicle at one end. These vesicles are 

derived from inside-out fragments of the pseudopod plasma membrane, and contain a 

phosphotyrosylated protein. Growth of the meshworks by MSP assembly onto the 

vesicle-attached end was sufficient to propel the vesicle forward, suggesting that forward 

movement of the pseudopod leading edge can occur directly from MSP polymerization. 

This is analogous to the proposed mechanism for actin-based motility in more 

conventional cells (THERIOT 1994; THERIOT 1996). 

King, et al. (KING et al. 1994a) found a strong correlation between the assembly 

state of MSP and intracellular pH in Ascaris sperm using fluorescence imaging 

microscopy of cells loaded with a pH sensitive dye, 2', 7'-6w-(2-carboxyethyl)-5-(and 6)-

carboxyfluorescein acetoxymethyl ester (BCECF-AM). Primary spermatocytes, in which 

all MSP is assembled into filaments in fibrous bodies, had apHi of 6.8, while spermatids, 

whose MSP is not polymerized, had a more acidic pHi of 6.2. These investigators further 

found that activation of Ascaris spermatids in vitro resulted in a pHi elevation, and that 

inhibitors of activation prevented this rise. Strikingly, actively motile spermatozoa 

consistently exhibited apH gradient of 0. IS unit along the length of the pseudopod, from 

the most acidic region at the base to the most alkaline region at the tip. Abolishing the 

gradient by adding weak acids resulted in complete disassembly of the MSP cytoskeleton 

and retraction of the pseudopod. Upon washing the acid out, a pHi gradient was 

reestablished and the MSP cytoskeleton reformed. 
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By manipulating intracellular pH, Roberts and colleagues (ITALIANO et al. 1999; 

ITALIANO et al. 2001) were able to uncouple Ascaris sperm cytoskeleton polymerization 

and depolymerization while monitoring cell movement by video microscopy. Conditions 

that prevented MSP polymerization but left depolymerization at the cell body unaffected 

caused the leading edge and the bulk of the pseudopod to cease movement, but allowed 

the cell body to continue its forward motion. These experiments suggested a "push-pull" 

model for spermatozoan motility, in which MSP polymerization propels the front of the 

pseudopod forward, while depolymerization at the pseudopod base pulls the cell body 

forward. In similar experiments, these researchers succeeded in completely blocking 

cytoskeleton treadmilling (and cell crawling) by treating sperm with phenylarsine oxide 

(PAO), a protein tyrosine phosphatase inhibitor. The effect was completely reversed by 

treating the cells with dimercaptopropanol, a PAO antagonist. These experiments, 

combined with the previous Hnding of a phosphotyrosine protein in vesicles in the in 

vitro motility reconstitudon assay, implicate protein-tyrosine phosphorylation (or 

dephosphorylation) in pseudopod cytoskeleton dynamics. 

1.4 GERMLINE DEVELOPMENT 

One need only consider anatomy to appreciate that C. elegans is a reproductive dynamo. 

C. elegans adults contain about 1000 somatic cells, but hermaphrodites can produce 

around 2000 germ cells, and males more than 1000. An unmated hermaphrodite gives 

rise to approximately 300 progeny; a mated hermaphrodite can produce 1000 offspring. 



Germ cell development proceeds in a temporally and spatially ordered sequence 

along a tube-shaped gonad. Hermaphrodites have a bilobed gonad, termed an ovotestis. 

Each lobe is hairpin-shaped, its two ends at the midline of the animal, and has a 180° 

loop at the anterior or posterior end (Figure 1.1). The end of each lobe nearest the uterus 

is designated the proximal end. Between the uterus and each proximal end is a 

spennatheca. This is the chamber where sperm are stored and fertilization takes place. A 

male has a single-lobed testis, also in the form of a hairpin, whose proximal end joins 

with the seminal vesicle and vas deferens, near the cloaca. Gamete production in both 

males and hermaphrodites begins early in larval development, when nuclei in the gonad 

primordium begin dividing. This mitotic proliferation continues, under the influence of 

distal tip cells, somatic cells at the distal end of each gonad lobe (one at the distal tip of 

each ovotestis lobe, two at the distal tip of a male testis). Through a signaling pathway 

conUroUed by the GLP-1 membrane protein, germ nuclei in the proximity of the distal tip 

cell divide mitotically, rather than entering meiosis. As germ nuclei accumulate, the 

oldest ones become displaced farther from the distal tip cell, and enter meiosis. 

Throughout all of these divisions nuclei are only partially compartmentalized within a 

plasma membrane. A membrane opening joins every nucleus to a common central core 

of cytoplasm, called a rachis. Around the gonad loop, cells begin to enter meiotic 

prophase. In hermaphrodites, the first 35 or so cells in each lobe that enter meiosis 

produce primary spermatocytes, ultimately producing a total of around 300 sperm. 

Thereafter, the germline shifts to oocyte production. A number of genes that regulate 

germline sex determination have been characterized. Some of these (e.g., her-l,fem-I, 



fem-2,fem-3, tra-1, tra-2, and tra-3) are also involved in somatic sex determination, 

while some genes (e.g., the fog and mog genes, and gld-l), are specific to germline sex 

determination (KUWABARA 1999). 

1.5 SPERM DEVELOPMENT 

In both hermaphrodites and males, sperm begin their development by mitotically 

proliferating nuclei within a syncytium at the distal end of the gonad. Because 

spermatogenesis is ordered spatially as well as temporally, ail stages of development can 

be observed at once in an adult testis, from the mitotic nuclei in the distal end, to the 

mature gametes at the proximal end (KIMBLE and WARD 1988; L'HERNAULT 1997). 

During the third larval (L3) stage of development, these germ-line primordia, now 

connected to their common cytoplasm by only a tube of membrane, first enter meiosis. 

These primary spermatocytes grow large, and are biosynthetically very active. 

Transmission electron micrographs show them to be packed with ribosomes. In early 

primary spermatocytes, the formation of unusual structures, termed fibrous body-

membranous organelles first becomes visible. 

During meiosis a spermatocyte divides twice, forming four haploid spermatids. 

During these divisions, the spermatocyte sorts and redistributes its cellular contents. 

Each spermatid receives its allotment of nucleus, mitochondria, MSP, and the other 

molecular machinery necessary for forming a pseudopod, crawling, and fertilization. The 

remainder of components, used by the spermatocytes but no longer needed in the 

spermatids, such as the endoplasmic reticulum, Golgi, ribosomes, actin and tubulin 



32 

cytoskeletons, and most of the RNA, are jettisoned to an anucleate cytoplast, termed a 

residual body, where they are subsequently degraded. 
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Figure 1.3, Normal sperm development and fertilization in C. elegans 

(A) Die micrograph of a testis dissected from a wild-type (N2) young adult virgin male. 

Spermatogonial nuclei proliferate mitotically in a syncytium beginning from the distal tip 

(dt). Some spermatocytes (sc) can be seen whose nuclei are still only partially walled off 

by plasma membrane (arrowhead). Densely packed spermatids (st) with highly 

condensed nuclei can be seen where the seminal vesicle joins the carcass (baF=SO^m). 

(B) Die and fluorescence micrograph of the testis shown in A. DNA is stained with 

DAPI. Meiotic spermatocyte nuclei appear more condensed as development progresses 

from left to right. The seminal vesicle has ruptured, releasing spermatids (st), visible 

with highly condensed DAPI-stained nuclei (bar=lO ^m). (C) DIG and DAPI-

fluorescence micrograph of cells released from a dissected testis, showing primary (1°) 

and secondary (2°) spermatocytes and spermatids (st). Note the two primary 

spermatocytes in anaphase. Four spermatids at lower center are budding from their 

central residual body. At upper right a residual body (rb) has budded off spermatids 

(bap=10 ^m). (D) High magnification DIG micrograph of four spermatids that have 

almost completed budding from their residual body. Note the condensed spermatid 

nuclei and smooth appearance of the residual body (bar=S |im). (E) Spermatids, (bar=5 

^m). (F) Mature spermatozoa (bar = S^m). (G) DIG micrograph of an adult wild-type 

(N2) hermaphrodite, showing a spermatheca. Many of the sperm (white arrowhead) have 

been swept into the uterus by a recently fertilized egg (emb). An unfertilized oocyte (oo) 

waiting in line to pass through the spermatheca (spth), is present on the right (bat=SO 

lim). 





I.6SPERMI0GENESIS 

We have a fairly clear picture of the cellular processes, if not the molecular mechanisms, 

underlying spermiogenesis based on studies of C. elegans (Figure 1.4) and those on the 

parasitic nematode, Ascaris smm (reviewed in (L'HERNAULT and ROBERTS 1995; 

ROBERTS and STEWART 1995; THERIOT 1996)). Within seconds after receiving the signal 

to differentiate, the first of a series of profound changes in the spermatid plasma 

membrane is apparent. Thin dynamic microvilli first appear over the surface of the 

spherical spermatid. These microvilli congregate at one pole of the cell, where they 

coalesce and expand to form a single pseudopod covered with numerous knobby 

projections, termed villipodia. This fully mature spermatozoon inmiediately starts 

crawling in the direction of the pseudopod (NELSON and WARD 1980). Ward and 

colleagues (NELSON et al. 1982; PAVALKO and ROBERTS 1987; ROBERTS and WARD 

1982a; ROBERTS and WARD 1982b; ROBERTS and WARD 1982c) observed a continuous 

bulk flow of membrane centripetally firom the tip of the sperm pseudopod to its base 

where it joins the cell body. This bulk flow seems to be at least partially caused by 

insertion of new membrane components at the pseudopod tip and internalization at the 

base, and the rate of membrane flow is the same as the rate at which the cell crawls. In 

transmission electron micrographs a thick layer of laminar membranes (NELSON and 

WARD 1980) or vesicles (KING et al. 1994b) appears to form a boundary between the 

pseudopod and cell body, and may fimction as the sink to maintain the recycling of the 

pseudopod membrane. 
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Figure 1.4, Spenniogenesis scanning electron micrograph 

(A) A spermatid prior to spenniogenesis, showing microvilli evenly distributed on the 

cell surface. (B) Microvilli aggregate at one side of the cell. (C) Microvilli have fiised, 

forming a pseudopod. (D) Mature spermatozoon. The pseudopod, with knobby 

villipodia, is at the left side of the cell. The cell body is at the right. Scanning electron 

micrographs adapted firom NELSON and WARD 1980, courtesy of Samuel Ward. 



A more mysterious membrane transformation, occurring in the plasma membrane 

surrounding the cell body, involves the membranous organelle (MO), a structure unique 

to nematode sperm. This organelle, whose shape and function change throughout 

spermatogenesis, serves early in sperm development as a transport vehicle to move 

necessary molecules from spermatocytes into the developing spermatids (ROBERTS et al. 

1986; SHAKES and WARD 1989b). As soon as spermiogenesis initiates, even before 

pseudopod formation, most of the membranous organelles fuse with the plasma 

membrane of the cell body, forming stable fusion pores and expelling their 

glycoproteinaceous contents to the outside of the cell. The function of this process is 

unknown, but it seems essential for proper sperm function; MOs from certain mutants fail 

to fuse, and these spermatozoa form shortened pseudopodia and are non-motile. Since 

membrane flow on these mutant spermatozoa is not restricted to the pseudopod, MO 

fusion might function, at least in part, to insulate the cell body membrane from such 

movements (ARGON and WARD 1980; ROBERTS and WARD 1982C). 

Equally dramatic to the membrane changes accompanying spermiogenesis are the 

transformations of the cytoskeleton. Nematode spermatozoa are distinctive among 

amoeboid cells in that they contain ahnost no actin, tubulin, or myosin (NELSON et al. 

1982), the molecules typically responsible for motility in eukaryotic cells (for reviews, 

see (CRAMER et al. 1994; THERIOT 1994; THERIOT 1996)). In contrast, the interior of a 

spermatozoon pseudopod is largely composed of a small, basic protein called major 

sperm protein, or MSP (WARD et al. 1988; WARD and KLASS 1986). MSP, which 

comprises about 15% of the total protein and 40% of the soluble protein of a C. elegans 
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sperm cell, is synthesized in spermatocytes, where it is assembled into paracrystalline 

arrays of filaments, called fibrous bodies (FBs). Each FB is intimately associated with a 

membranous organelle. These FB-MO complexes segregate to the budding spermatids. 

Soon after a spermatid detaches from its residual body its MOs release their FBs and the 

MSP depolymerizes and distributes freely throughout the spermatid's cytosol, where it 

remains dispersed until spermiogenesis begins. 

What are the molecular events that trigger spermiogenesis? Sperm from both 

male and hermaphrodites require "activation" by an external signal. In males, the signal 

is probably present in the seminal fluid, and supplied during copulation. Hermaphrodites 

presumably have the activator in their spermathecae. The nature of the activator signal is 

unknown in C. elegans, but in Ascaris suum, a partially purified glycoprotein extracted 

from the vas deferens can induce spermiogenesis in vitro (SEPSENWOL and TAFT 1990). 

Ward and colleagues (L'HERNAULT et al. 1988; MLNNM et al. 1996; NANCE et al. 

2000; NANCE et al. 1999; SHAKES and WARD 1989b) have identified some of the 

molecular participants in a spermiogenesis initiation signal Uransduction pathway in C. 

elegans using a genetic approach. C. elegans is a particularly useful genetic system for 

studying spermatogenesis, since spermatogenesis-defective mutants can be identified as 

self-sterile hermaphrodites whose sterility can be rescued by mating with wild-type 

males. Using this approach, the Ward laboratory has identified mutants in over 50 genes 

in the spermatogenesis pathway (L'HERNAULT and ROBERTS 199S). Four of these 

genes-spe-S, spe-I2, spe-27, and 5pe-29-function in spermiogenesis but do not appear to 



be requited for earlier steps in sperm development. A thorough phenotypic analysis of 

their mutants (described below) has led to the following model for spermiogenesis 

(MiNNm et al. 1996; NANCE et al. 2000; NANCE et al. 1999; SHAKES and WARD 1989b). 

Spermatids from both males and hermaphrodites are capable of initiating 

spermiogenesis when signaled by either of two different activator substances. The 

hermaphrodite-supplied activator triggers spermiogenesis of a hermaphrodite's self-

sperm. Following mating, the male-supplied activator can also promote spermiogenesis 

of the hermaphrodite's sperm as well as the sperm inseminated by the male. The four 

spermiogenesis genes are required in the signal transduction pathway stimulated by the 

hermaphrodite-supplied activator but not in the pathway initiated by the male-supplied 

activator. More specifically, the genes are necessary, not to produce the hermaphrodite 

activator, but to transduce or respond to the signal communicated by it. 

Here I describe the experimental observations upon which the model described 

above is based. Mutations in all four of the spermiogenesis genes-spe-S, spe-l2, spe-27, 

and spe-29-cmse the same distinctive set of phenotypes: Unmated mutant 

hermaphrodites are self-sterile. They produce normal numbers of spermatids, but these 

spermatids fail to undergo spermiogenesis to form functional spermatozoa. In contrast, 

mutant males are fertile. Most telling, when a mutant hermaphrodite mates with 

males-wild-type or mutant-her own sperm can now undergo spermiogenesis and fertilize 

oocytes. This indicates that in spe-8, -12, -27, and -29 mutants the hermaphrodite's 

sperm have the required machinery to effect spermiogenesis. It also suggests that the 



mutant hennaphrodite either lacks the activator signal or that her spermatids do not 

respond to her own signal but do respond to the male signal. Artiflcial insemination 

experiments support the latter hypothesis. When spermatids (but not seminal fluid) from 

spe-27 mutant males are introduced into a mutant hermaphrodite, neither they nor the 

hermaphrodite's own spermatids undergo spermiogenesis. In contrast, wild-type 

spermatids artifrcially inseminated into a mutant hermaphrodite can undergo 

spermiogenesis, but do not cause the hermaphrodite's spermatids to do so. These 

experiments demonstrate that transfer of sperm from the males is not sufficient to initiate 

spermiogenesis of a mutant hermaphrodite's self-sperm. Conversely, if a spe-27 mutant 

hermaphrodite is mated to a male harboring a mutation that prevents that male from 

producing sperm (e.g.,/og-7 mutants, which have feminized germlines (ELLIS and 

KIMBLE 1994)), its sperm will still undergo spermiogenesis, indicating that the male's 

sperm are not necessary to cause activation of the hermaphrodite's sperm (Craig 

LaMunyon, personal communication) (LAMUNYON and WARD 1994; LAMUNYON and 

WARD 1995; MINNITI et al. 1996). 

The notion that the defect in mutants of the four spermiogenesis genes is in their 

sperm, and not in the production of an extracellular signal, is further supported by an in 

vitro phenotype exhibited by spermatids from both males and hermaphrodites from all of 

these mutants. Spermatids from wild-type worms can be activated to undergo 

spermiogenesis in vitro by adding one of several classes of molecules, such as proteases 

(e.g., Pronase) or chemicals that raise intracellular pH (e.g., triethanolamine (TEA)). 

Spermatids from the spermiogenesis mutants can activate normally in vitro when exposed 
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to TEA, and the spennatozoa so formed are viable as assayed through artificial 

insemination experiments (LAMUNYON and WARD 1994). However, when exposed to 

Pronase these mutant spermatids seem to begin to undergo spermiogenesis, but instead of 

forming a motile pseudopod, they form long rigid spikes radiating outward from the cell 

periphery, after which further morphogenesis ceases (MINNITI et al. 1996; NANCE et al. 

2000; NANCE et al. 1999; SHAKES and WARD 1989a). 

This dissertation describes in the following chapter a fifth gene, spe-6, which may 

serve a central role in the initiation of spermiogenesis in C. elegans spermatids. This 

phenomenon can enlighten us about important cellular processes in higher organisms, 

including humans. The effect of some spe-6 mutations on spermiogenesis suggests that 

the gene may have a fundamental role in the decision a spermatid must make to complete 

its differentiation to a mature spermatozoon. Such a decision-to differentiate or not to 

differentiate-is one of the most important developmental problems faced by metazoan 

cells. The identification of one of the original spermiogenesis genes, spe-8, is the subject 

of Chapter IV. Like spe-6, the spe-8 gene is also a key player in the decision of 

spermatids to undergo their flnal differentiation to spermatozoa. Defects in 

differentiation can lead to such medical tragedies as tissue and organ deformity and 

cancer. Nematode spermiogenesis is a particularly useful paradigm for examining 

cellular differentiation because it involves entirely post-translational controls, is 

completed within a very narrow time interval, is triggered by extrinsic signals, results in a 

dramatic morphological transformation, can be observed in vitro, and is amenable to 

genetic analysis. 
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n. THE spe-6 GENE ENCODES A CASEIN KINASE I REQUIRED FOR BOTH 

EARLY AND LATE STAGES OF SPERMATOGENESIS IN C. elegans 

n.l INTRODUCTION 

Sperm in the nematode Caenorhabditis elegans accumulate as immotile spherical 

spermatids, which are incompetent for fertilization. In response to extracellular signals, 

the cells undergo spermiogenesis, a rapid and dramatic morphological transformation to 

mature amoeboid spermatozoa, and inmiediately begin crawling. Because this 

maturation occurs without any new mRNA or protein synthesis, spermiogenesis initiation 

affords the opportunity to study a signaling pathway that acts post-translationally to 

regulate cellular morphogenesis in a genetically tractable organism. Moreover, nematode 

sperm provide a distinctive system for investigating the acquisition of cellular motility 

because they derive their crawling motility from an unconventional cytoskeleton, 

contauiing neither actin filaments nor microtubules (reviewed in (ITALIANO et al. 2(X)1; 

ROBERTS and STEWART 1995; ROBERTS and STEWART 2(KX); THERIOT 1996)). 

As they develop, C. elegans sperm become sureamlined toward their sole task of 

rendezvousing with and fertilizing oocytes. Spermatocytes, the progenitors of 

spermatids, are biosynthetically active cells, producing all the components that will be 

needed in the mature spermatozoa. One key component, which will form the 

cytoskeleton responsible for motility, is a small protein called major sperm protein 

(MSP). Spermatocytes synthesize large amounts of MSP and package it into 

paracrystalline arrays called fibrous bodies (FBs), which form a complex with novel 
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structures termed membranous organelles (MOs). Each spermatocyte divides twice in 

meiosis and segregates a subset of its contents to the resulting four haploid spermatids. 

Each spermatid receives a nucleus, mitochondria, FB-MOs, and other molecular 

machinery necessary for forming a pseudopod, crawling, and fertilization. Components 

not needed in the spermatids, including ribosomes, endoplasmic reticulum, Golgi, and the 

actin and tubulin cytoskeletons, are jettisoned to an anucleate residual body and 

subsequently degraded. After spermatids detach from the residual body, the FBs 

disassemble and release their MSP to the cytosol, where it remains mostly depolymerized 

until spermiogenesis commences. 

Within minutes after exposure to the (as yet unidentiHed) spermiogenesis 

initiation signal, MOs fuse with the plasma membrane at one side of the cell. A 

pseudopod extends from the opposite side. MSP polymerizes within the pseudopod, 

forming a dynamic cytoskeleton, which pushes the tip of the pseudopod forward, while 

simultaneously drawing the cell body forward (ITALIANO et al. 2001; NELSON and WARD 

1980; WARD et al. 1983). 

Many mutants defective in sperm development have been isolated as self-sterile 

hermaphrodites that can be rescued by crossing with wild-type males (KIMBLE and WARD 

1988; LUERNAULT 1997). Four such genes characterized in the Ward laboratory-5pc-5, 

spe-12, spe-27, and spe-29-aiQ involved in transducing the signal that initiates 

spermiogenesis (L'HERNAULT et al. 1988; MINNUI et al. 1996; NANCE et al. 2000; NANCE 

et al. 1999; SEIAKES and WARD 1989a). In this chapter, I describe the isolation of new 



mutants that suppress mutations in all four of these spermiogenesis initiation genes. 

Eighteen of these suppressor mutants are alleles of spe-6. I have identiHed the spe-6 

gene, which encodes a protein-serine/threonine kinase of the casein kinase 1 (CKl) 

family. My results suggest that spe-6, which the Ward laboratory previously found is 

necessary for MSP assembly and segregation of cellular components early in sperm 

development (VARKEY et al. 1993), may also be cenUral to the signaling pathway that 

initiates spermiogenesis. 

n.2 MATERIALS AND METHODS 

II.2.1 Strains and general nematode methods 

Standard methods for culture and genetic analysis of C. elegans sU'ains were performed 

as described in (BRENNER 1974) and (LEWIS and FLEMING 1995; WOOD 1988). Genetic 

nomenclauire follows that described by Hodgkin and Horvitz (HODGKIN 1995; HORVITZ 

et al. 1979). For temperature-sensitive strains the permissive temperature was 15°C and 

the restrictive temperature was 25°C. For some experiments nematodes were reared at 

20°C. C. elegans N2 var. Bristol was the wild-type parent of all mutant strains. The 

following genes and mutations used are described by Riddle (RIDDLE 1997) or in 

references therein: LGI: spe-8(hc79),spe-I2(hc76) (SAfiCEetal. 1999), dpy-5(e61),fer-

l(hcl3xs), unc'29(el072); LGII; fer-l5(hcl5\s, b26ts), imc-4(el20); LGIII: dpy-l(el), 

dpy-18(e364), spe-6(hc49, hc92, hcI43, hcI46), vab-7(eI562), unc-25(el56); LGIV: 

unc-22(e66), dpy-20(el282\s), spe-27(itl32ts, itllO, hcl61), spe-29(itl27) (NANCE et al. 

2000); LGV: him-5(el490). The following chromosome m rearrangements and 
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balancers were used: qCl, tDf2, tDf7, ctDfS, ctDf2, eDp6 (EDGLEY et al. 1995). Wild-

type C elegans strain RW7000 var. Bergerac was used for sequence-tagged site (STS) 

polymorphism mapping experiments, and the following Tel STS markers were assayed 

by the polymerase chain reaction (PCR): LGI: hP4, stP 124; LGU: maPl,stP100, 

stPlOl; LGHI: mgP2J, stPI7; LGIV: sP4; LGV: bPl; LGX: stP156, stP129, stPl03, 

stP61, stP72, stP2, stP4l (WILLIAMS 1995; WILLIAMS et al. 1992). 

II.2.2 Isolation of suppressor mutants 

To isolate suppressors of the temperature-sensitive hermaphrodite self-sterile phenotype 

imposed by spe-27(itl32ls)IV, large populations of spe-27(itl32ts) unc-22(e66)IV 

hermaphrodites were raised at the permissive temperature. The unc-22 mutation was 

included in the strain to preclude mating by males in the population, because spe-27 

mutant hermaphrodites are fertile when mated to males. unc-22(e66)IV mutants suffer 

uncontrolled body twitching, and males cannot copulate. The populations, which 

contained many L4 larvae and young adults, were washed 3x in 1.25x M9 buffer at 15°C; 

the worms were collected by low speed centrifiigation between washes. The washed 

worms were incubated for 4 hrs at 15°C on a tube rocker in 4 ml of 50 mM ethylmethane 

sulfonate (EMS, Sigma) in 1.25x M9 buffer (ANDERSON 1995). The worms were then 

pelleted and washed 5x with 1.25x M9 buffer at 15°C. The final pellet of mutagenized 

worms was suspended in approximately 1.2 ml of 1.25x M9, and 12 ^ of the suspension 

was added to each of 104 bacteria-seeded pre-chilled 60 mm NGM agar plates. The 

plates were incubated at the permissive temperature for approximately two generations so 
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that recessive suppressors would be homozygosed prior to selection at 2S°C. After 

shifting the populations to the non-permissive temperature, the worms were periodically 

transferred to fresh E. co/i-seeded plates of NGM agarose fortified with yeast tryptone. 

With time, the majority of worms died, and most survivors produced no progeny due to 

their spe-27(itI32ts) mutation, but some plates sustained small to moderate populations. 

From each plate containing live worms I picked a single worm to a fresh plate and 

cultured it at the non-permissive temperature, thereby establishing independent 

suppressor lines. I estimate that the progeny of approximately 156,000 F, mutagenized 

individuals were subjected to selection in this screen. In a similar screen, I attempted to 

select dominant suppressors from the F, generation of a mutagenized population. 

Twenty-three suppressor strains having 25°C average brood sizes higher than five were 

isolated in the Fj screen, and nine suppressor strains with 2S°C brood sizes averaging at 

least five were isolated in the F, screen. However, of the suppressors isolated in the F, 

screen, only one strain appears to be weakly semi-dominant; the others are fully recessive 

to wild type. Presumably, in the F, screen, the mutagenized worms were not shifted to 

the non-permissive temperature soon enough to prevent heterozygous suppressor mutants 

from producing homozygous self-progeny in the Fj. The suppressor strains are 

summarized in Table 2.1. 

II.2.3 Dominance and complementation tests between suppressor mutants 

To test the suppressor mutants for dominance, 25°C-reared fertile young adult 

hermaphrodites of genotype spe-27(itI32ls) unc-22(e66)IV; "^sup-X" were mated to spe-



27(itl32\s)IV males. F, cross-progeny hermaphrodites (which were recognized because 

they were non-Unc) were isolated and scored for self-fertility at 25°C. In almost every 

case, all the F, cross-progeny were sterile, indicating that the suppressor mutation was 

recessive. For two mutants, all or most of the F, cross-progeny were weakly self-fertile, 

indicating semi-dominance. Suppressor strains used in complementation tests were 

outcrossed at least twice to spe-27(itl32ts)IVmaies to remove secondary mutations that 

might have been induced in the strains. The outcrosses also confirmed that the 

suppressors were not intragenic revertants of spe-27, since spe-27 is closely linked to 

unc-22, and in all cases the suppression phenotype segregated independently from the 

Unc phenotype in the F, progeny. For complementation tests, spe-27(itl32\s) unc-

22(e66)IV; "sup-A" hermaphrodites were first crossed to spe-27(itl32ts)IV males. F, 

male progeny from this cross (genotype: spe-27 unc-22(e66)IV/+ +; sup-A/+) were then 

mated to spe-27(itl32ts) unc-22(e66)IV; "sup-B" hermaphrodites. One-half of the non-

Unc (i.e., outcross) hermaphrodite progeny from this cross should be self-fertile if sup-A 

and sup-B fail to complement; if the two mutants complement each other, no fertile cross-

progeny are expected. All pairwise combinations of the five strongest suppressor 

mutants {hcl63, he 164, he 165, he 166, he 167) were tested for complementation. In 

addition, the strongest suppressing strain, hel63, was tested for complementation of the 

remaining 11 strongest suppressing recessive mutants. 
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IU.4 Testing suppression of null spe-27 alleles and other spemiiogenesis mutants 

I tested the ability of hcl63 to suppress the hermaphrodite self-sterility of the non-

conditional, and probable null spe-27 alleles, itllO and hcl61 (MiNNm et al. 1996). spe-

27(itl32Xs) unc-22(e66)IV', hcl63 hermaphrodites were crossed to spe-27(itl 10) dpy-

20(el282ts)IV males. F, male and hermaphrodite siblings were intercrossed, and Dpy, 

non-Unc hermaphrodites were scored for fertility at 25°C, Similar crosses were 

performed to test hcl63 suppression of spe-27(hcl6l)N (MiNNm et al. 1996), spe-

I2(hc76)l (NANCE et al. 1999; SHAKES and WARD 1989a), and spe-29(hcl27)IV (Hahce 

et al. 2(X)0). To test whether hcl63 suppresses spe-8(hc79)I, spe-27(itl32v&)lV; hcl63 

dpy-18(e364)III hermaphrodites were mated to spe-8(hc79)I mutant males {hcl63 is 

closely linked to dpy-18 (see genetic mapping, below)). F, Dpy hermaphrodites were 

scored for self-fertility. Approximately three-quarters of the F, should be heterozygous 

for spe-8(hc79)I or homozygous wild-type, and would be fertile. One-quarter should be 

homozygous for spe-8(hc79)l, and would be sterile if he 163 did not suppress spe-8. 

Similar crosses were performed to test suppression of fer-I(hcl3\s)l and fer-15(hcl5ls 

and b26\s)II. The results of all of these experiments are summarized in Table 2.2. 

n.2.5 Genetic mapping of hcl63 

I used STS polymorphism mapping (WILLIAMS 1995; WILLIAMS et al. 1992) and trans-

heterozygote linkage analysis (BRENNER 1974) (with respect to dpy-l(e 1)111) to assign 

hcl63 to chromosome m. m-heterozygote recombination mapping experiments 
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(BRENNER 1974) with hcl63 dpy-l(el)ni and hcl63 dpy-l8(e364)nMo}Mt mutants 

were performed to more accurately determine the map position of hcl63. 

II.2.6 Constructing deficiency strains homozygous tor spe-27(itl32ts) 

For deficiency complementation crosses, the following strains were constructed: 

BA997: dpy-l8(e364) ctDf3/qCl dpy-19(el259ts) glp-l(q339)ni; spe-27(itl32ts)IV: 

dpy-I8(e364) ctDf3/qCl dpy-19(el259ts) glp-l(q339)III hermaphrodites were mated 

with dpy-18(e364)III; spe-27(itI32ts)IV msdes. Dpy F, hermaphrodites [genotype: dpy-

18(e364) ctDf3/dpy-18(e364)III; spe-27(itI32ts)/+IV\ were mated to non-Dpy F, males 

[genotype: qCI dpy-19(el259ts) glp-I(q339)/dpy-18III: spe-27(itl32\s)/+IV\, and non-

Dpy-18 progeny of the cross were picked to individual microtiter plate wells and 

incubated at IS°C. Of these, half will contain the balanced deflciency and half will 

contain the balancer chromosome over dpy-I8(e364)III; one-quarter of each of these 

classes should be homozygous for spe-27(itl32ts)IV. To establish the required strain, a 

single progeny hermaphrodite was picked from a well containing oocytes and some 

fertilized eggs (indicating the strain was homozygous for spe-27(itI32\s)lV), dead eggs 

(indicating presence of the deficiency chromosome), and no Dpy-18 worms (indicating 

absence of the dpy-I8(e364)III chromosome). This strain was maintained at 1S°C until 

males spontaneously arose in the population, at which point mating between males and 

hermaphrodites allowed the strain to be maintained at 20° or 2S°C as a stable 

gonochoristic line. 
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BA996: tPf7 unc-32(el89)/qCl dpy-19(el259\s) glp-l(q339)IU; spe-27(itl32ts)IV: 

A strategy similar to that just described was used to construct this strain, starting with 

hermaphrodites of genotype unc-32(el89) tOp/qCl dpy-I9(eI259ts) glp-I(q339)in. 

BA994: tl^qCI dpy-l9(el259\s) glp-l(q339)lll: spe-27(itl32ts)IV: 

vab-7(eI562) dpy-l8(e364)HI: jpe-27CiWi2ts)A'hennaphrodites were mated with 

tDf2/qCl dpy-I9(el259) glp-l(q339)lll males. Vab, non-Dpy F, hermaphrodites 

[genotype: tDf2Aab-7(el562) dpy-18(e364)lll; spe-27(itl32ts)/+IV] were selfed, and 

individual Vab, non-Dpy F, hermaphrodites were scored for fertility at 15®C. Partially 

fertile FjS [genotype: tDf2/vab-7(eI562) dpy-l8(e364)lU; spe-27(itl32ls)IV] were saved. 

Non-Vab, non-Dpy hermaphrodite F, progeny of the cross [genotype: qCI dpy-

19(eI259) glp-l{q339)/vab-7(el562) dpy'18(e364)III; spe-27(itl32ts)/+IV] were selfed, 

and individual non-Vab, non-Dpy F, hermaphrodites were scored for fertility at 15°C. A 

line from a partially fertile F, [genotype: qCl dpy-I9(el259) glp-l(q339)/vab-7(eI562) 

dpy-18(e364)HI; spe-27(itl32ts}IV] was established at 15°C, until males spontaneously 

arose in the population, and a gonochoristic line could be maintained a 20°C. Males ftom 

this strain were mated to a tDf2A/ab-7(el562) dpy-l8(e364)in; spe-27(itl32ts)IV 

hermaphrodite (from above), and a non-Vab, non-Dpy hermaphrodite progeny [genotype: 

tDf2/qCl dpy'I9(el259ts) glp-l(q339)ni; spe-27(itl32Xs)IV\ was picked to establish a 

balanced deficiency strain homozygous for the spe-27(itl32\s) mutation. This strain was 

also established as a gonochoristic line. 
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ctDfZ imc-32(el89) dpy-18(e364)/qCl dpy-l9(el259\s) glp-l(q339)IH: spe-

27(itl32ts)IV: 

unc-32(el89) dpy-18(e364) ctDf2/qCl dpy-19(el259ls) hermaphrodites 

were mated to qCl dpy-19(el259xs) glp-I(q339)/vab-7(el562) dpy-I8(e364)lII; spe-

27(it 132ts)IVmales. F, progeny from this cross fail into three recognizable phenotypic 

classes in the following ratios: 1 Dpy:l Dpy, Glp:2 wild-type. Of the wild-type class, 

half [genotype: unc-32(el89) dpy-18(e364) ctDf2/qCl dpy-19(el259ts) glp-l(q339)ni; 

spe-27(itl32ts)/+IV\ will segregate wild-type looidng, Dpy Glp progeny, and dead eggs 

(but no Dpy Vab progeny); half [genotype: vab-7(el562) dpy-18(e364)/qCl dpy-

19(el259ts) glp-l(q339)III: spe-27(itl32ls)/+IV\ will segregate wild-type looking, Dpy 

Glp, and Dpy Vab progeny. Individual wild-type F, hermaphrodites were allowed to self, 

and their progeny were shifted to i5°C. Wild-type F^ hermaphrodites from plates that did 

not contain Dpy Vabs were picked to individual plates and incubated at 15°C. A line was 

established from one of these FjS that was partially fertile at 15°C, segregated wild-types, 

Dpy Glps, dead eggs, and no Dpy Vabs, and self-sterile at 25°C. This strain had the 

desired genotype: ctPf2 unc-32(el89) dpy-18(e364)/qCl dpy-19(el259ts) glp-

l(q339)III: spe-27(itl32\s)N. After males arose in the 15°C-reared population, a 

gonochoristic population could be established and maintained at 20°C. 

II.2.7 Complementation crosses between hcl63 and chromosome III deficiencies 

Chromosome IH deficiencies tDf2, t£Jf7, ctDf3, and ctDf2 were tested for their ability to 

complement the sterility suppression by hcl63 of spe-27(itl32\s) mutants. hcI63IU; spe-
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27(itl32ts) unc-22('e($i5)/Vhennaphrodites were crossed to tDf2/qCl dpy-19(el259ls) 

glp-l(q339)III; spe-27(itl32\&)N males. Individual F, hermaphrodite progeny were 

scored for fertility at 25°C. If hcl63 complemented the deficiency, then all the F, 

hermaphrodites would be expected to be sterile; if hcl63 failed to complement the 

deficiency, then half of the F, hermaphrodites should be fertile. As a negative control, 

similar crosses were assayed using spe-27(itJ32ls) unc-22(e66)IV worms as the 

hermaphrodite parent. For a positive control, to confirm that the male parent contained 

tDf2, a vab-7(el562) dpy-l8ie364)IH; spe-27{itl32\s)Nhsxmwp\aod\\& was mated to 

tDf2/qCl dpy-I9(eI259ts) glp-I(q339)in; spe-27(itI32ts)IV males, and F, males (to 

insure they were outcross progeny) were checked to make sure that about half were Vab 

non-Dpy. Similar complementation tests, negative, and positive control crosses were 

done with the other three deficiencies. The results are sunmiarized in Table 2.4. 

n.2.8 Compiementation tests between hcl63 and spe-6(hc49)lH 

I performed two different tests to determine if hcl63 and spe-6(hc49)in complement. 

First, I tested the ability of hcl63 to complement the sterile phenotype of spe-6(hc49)in. 

Next, I tested whether spe-6(hc49)in could complement the ability of he 163 to suppress 

the temperature-sensitive self-sterile phenotype imposed by spe-27(itI32ts)IV. For the 

first test, spe-6(hc49) vai>-7(c/562)//7 hermaphrodites were crossed to hcI63 dpy-

I8(e364)in; hm-5(el490)V males. Individual F, hermaphrodites were assayed for self-

fertility at 25°C. 
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For the second test, I first constructed a spe-6(hc49)III; spe-27(itI32ts)lVdouble 

mutant strain. spe-6(hc49) vab-7(el562)111 hermaphrodites were mated to tDf7 unc-

32(eI89) dpy-18(e364)/qCl dpy-19(el259ts) glp-l(q339)IH; spe-27(itl32ts)IVmaies. F, 

hermaphrodites were allowed to self at 25°C, and Non-Dpy non-Vab F, hermaphrodites 

were picked to individual plates and allowed to self at 15°C. Some plates contained eggs 

and oocytes (indicating that the spe-27(itl32ts)IV was homozygous), Vabs, Glps, and 

wild-types (the Dpy-19 phenotype could not be recognized at 15°C). The parent, and the 

wild-type looking progeny, from these plates had the genotype: spe-6(hc49) vab-

7(el562)/qCl dpy-l9(el259\s) glp-l(q339)IH:spe-27(itl32\s)lV. One plate contained 

several wild-type males, so I crossed the males with some of their wild-type 

hermaphrodite siblings to establish a gonochoristic line (strain number BA1013). The 

surain was confirmed to be homozygous for spe-27(itl32ts)IVhccause unmated wild-type 

looking hermaphrodites are only partially self-fertile at 15°C and completely self-sterile 

at 25°C. Vab segregants firom the strain are completely sterile at all temperatures, 

confirming they are homozygous for spe-6(hc49)llL 

spe-6(hc49) vab-7(e1562)111; spe-27fiY7J2ts)/7hermaphrodites were mated to 

hcl63 dpy-l8{e364)lll; spe-27{itl32\s)N; him-5(eI490)V males. F, hermaphrodites 

were picked to individual plates and assayed for self-fertility at 25°C. The results of both 

complementation tests are summarized in Table 2.5. 
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n.2.9 Physical mapping of ctDfS and tDf7 brealcpoints 

The genome sequence around the spe-6 locus (originally YAC clone Y66A7A, 

subsequently, Y66D12) was determined and generously provided by John Sulston and 

Alan Coulson (Sanger Center, Cambridge, UK). To locate the left breakpoint of ctDf3 

and the right breakpoint of tDf7 on the sequenced C. elegans physical map, I designed 

PCR primers targeting sequences in the region and assayed whether they could amplify 

their targets in individual arrested embryos homozygous for either deHciency. Individual 

arrested ctDf3 or tDf7 mutant embryos were ureated with chitinase and then lysed in 2.5 

JIL of worm lysis buffer (WILLIAMS 1995) prior to PCR. PCR reactions were performed 

in 25^1 reactions with Amplitaq Gold DNA polymerase (PE Biosystems). Cycling 

profiles typically were as follows; 11 min. at 95°C; 35 cycles of: 15 sec. at 95°C, 30 sec 

at the annealing temperature (66°C for most primer sets), 30-60 sec at 72°C; 7 rain, at 

72°C. Typically, half of each reaction was analyzed by agarose gel electrophoresis. For 

every PCR reaction, I included, in addition to the experimental target primers, negative 

control primers targeting a region known to be deleted in the deficiency, and positive 

conurol primers targeting a region known not to be deleted in the deficiency. Only 

reactions displaying the positive control PCR product and lacking the negative control 

fragment were scored. For every target primer set I typically tested 12 arrested embryos 

individually. Key PCR primers are listed in Appendix A. 
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n.2.10 Sequencing spe-6 mutants and cDNAs 

To sequence spe-6 wild-type and mutant alleles, fragments of the spe-6 genomic region 

from homozygotes were first amplified by single-worm PGR. To minimize the potential 

impact of PCR-generated mutations, four PGR reactions were performed for each 

template, and the products were pooled and purifled by flltration on a Microcon PGR 

purification filter (Amicon). cDNA clones for sequencing were PGR amplified from a C. 

elegans spermatogenesis-enriched library constructed and generously provided by Harold 

Smith (H. Smith, manuscript submitted). Sequencing was performed by the Laboratory 

of Molecular Systematics and Evolution (Arizona Research Labs, University of Arizona) 

using Applied Biosystems 377 or PE3700 automated sequencers. Data were managed 

with EditView for the Macintosh and analyzed using the Wisconsin Package Version 

LO.O for UNIX (Genetics Gomputer Group (GGG), Madison, WI) and FAKtory (MILLER 

and MYERS 1999). Amplification and sequencing primers are listed in Appendix B. 

II.2.11 Differential PGR analysis of spe-6 

I used PGR to assay for the presence of spe-6 clones in cDNA libraries constructed from 

either fem-I(hcl7ls) orfem'3(q23ts) mutants (kindly provided by Harold Smith). Three 

different reactions were performed using different primer pairs. In addition to each spe-6 

primer pair, for internal controls each PGR reaction included primers that target the spe-

12 gene, which is spermatogenesis-specific (NANCE et al. 1999), or the F25H8.1 

transcript, which is expressed somatically (Jeremy Nance, personal communication). The 

primers and expected PGR product sizes are shown in Appendix G. The PGR reactions 



were performed under essentially identical conditions as those for mapping chromosome 

in deficiency breakpoints except that a 1:100 dilution of the appropriate cDNA library 

was used for the template. Thirty-five thermal cycles, with 30 second annealing 

incubations at 60®C, and 90 second extensions at ITC, were performed. One quarter of 

each 25 |xl reaction was separated on a 2% agarose gel. 

II.2.12 Microii\jectioii transformatioii rescue 

I amplified a 3.8 kb fragment from wild-type worms containing the entire putative spe-6 

gene (Y66D12.f), including 180 bases 3' of the stop codon, and all of the upstream 

sequences, including the 5' portion of the inunediately upstream gene (Y66D12.e). To 

minimize the possibility of introducing mutations by PGR, I used TurboPfli polymerase 

(Stratagene), a high fidelity thermostable polymerase, and used a minimal number of 

amplification cycles. The PGR products were purified by filtration, and dissolved in TE 

pH7.4. For microinjection rescue, I injected a mixture containing 2 ng/^1 of this PGR 

fragment, along with 2 ng/^l of the pRF4 plasmid linearized with Smal, and 100 ng/^1 of 

PvuII-digested C. briggsae genomic DNA into young adult hermaphrodites homozygous 

for spe-6(hc49) vab-7(el562), and carrying the free duplication eDp6(IIIf), which 

complements spe-6 and vab-7. The pRF4 plasmid encodes a gene with a dominant 

collagen mutation, rol-6{sul006), that can be used as a marker of transformation success, 

because it causes affected worms to "roll" along their longitudinal axis as they crawl 

(KRAMER et al. 1990; MELLO and FIRE 1995). The C. briggsae DNA serves to increase 

the DNA complexity in an effort to minimize the occurrence of silencing of the 
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extracbromosomal DNA array (KELLY et al. 1997). Vab (which have lost the free 

duplication) and non-Vab (which retain the complementing free duplication) roller 

progeny (F,) of injected worms were picked. The Vab rollers could be assessed directly 

for rescue of the sterile Spe-6 phenotype. Non-Vab rollers were allowed to produce a 

subsequent generation (Fj), and rolling progeny indicated that the transforming array had 

entered the germline (where spe-6 must be expressed). Fj Vab rollers were picked to 

individual plates before they had reached the L4 stage and assayed for self-fertility. For 

negative controls I injected DNA mixes lacking the spe-6 PGR fragment, as well as 

neighboring cosmids and PGR fragments encoding several other genes in the vicinity. 

n.2.13 Progeny counts 

To determine brood sizes, virgin L4 hermaphrodites of were picked onto individual 

OP50-seeded Petri plates at 20°C (unless otherwise noted) and transferred to fresh plates 

daily until they stopped laying eggs. To count dead and live progeny, plates were 

incubated for at least 24 hours after the parents were removed to allow all viable eggs to 

hatch. Live progeny and dead embryos were counted daily as they were aspirated from 

the plate with a pipette. 

n.2.14 Light microscopy 

Differential interference contrast (DIG) images of live worms or dissected testis in SMI 

buffer (MACHACA et al. 1996) were observed on a Zeiss Universal microscope and 

captured with a Nikon film camera or on a Leica DM-RXA microscope and captured 

digitally with a Hamamatsu G4742-98 cooled GGD camera controlled with MetaMorph 



imaging software (Universal Imaging Corporation, West Chester, PA). For imaging cell 

nuclei, worms were dissected in the fluorescent DNA stain, Diamidino-2-phenylindole 

(DAPI) (2|ig/ml in SMI buffer), and illuminated with UV light. 

II.2.15 Electron microscopy 

Four-day old virgin spe-6(hc 163)111; him-5(eI490)Vor him-5(el490)V males were 

dissected in a drop of chilled SM salts (50 mM HEPES, 25 mM KCl, 45 niM NaCl, 1 

mM MgS04,5 mM CaCU pH to 7.0 with NaOH) on a depression slide by slicing behind 

the pharynx with a 28 ga needle (B-D Lo-Dose) to allow the testes to extrude by 

hydrostatic pressure. After adding 20 ^l of fixative (1% glutaraldehyde, 1% 

formaldehyde in SM salts), the dissected worms were immediately transferred to fresh 

fixative and incubated in a humid chamber for 1 hr at room temperature. Testes were 

dissected free from the rest of the worm carcasses and embedded in 2.5% low melting 

agarose. Small agarose blocks (~ 1 mm~) containing the testes were then returned to 

fresh fixative and incubated at 4^ overnight. After overnight fixation, agarose-

embedded testes were incubated 20 min at room temperature in lysine (10 mg/ml) to 

block unreacted aldehydes, rinsed 2 x 10 min. in SM salts, and postfixed in 1% OSO4 in 

S M  s a l t s  f o r  1  h r .  a n d  r o o m  t e m p e r a t u r e .  A f t e r  p o s t f i x a t i o n ,  s a m p l e s  w e r e  r i n s e d  2 x 5  

min. in distilled water. En block staining was then performed with 0.5% (w/v) aqueous 

uranyl acetate for 60 minutes at room temperature in the dark. After rinsing samples 2x 5 

min. m dHjO they were dehydrated in a graded ethanol series (10 min. each in 30,50,70, 

90,95%; 3x15 min in 1(X)%), followed by propylene oxide (2 x 15 min.), and finally 



embedded in epon/araldite. 70-90 nm thin sections were collected on carbon-stabilized, 

pilloform-coated grids, stained in uranyl acetate and lead citrate, and examined at 80 kV 

on a JEOL H-500 electron microscope. 



n.3 RESULTS 

IU.1 Isolation of suppressors of a spenniogenesis initiation mutant 

Four genes characterized by the Ward laboratory-spe-S, spe-l2, spe-27, and spc-29-are 

involved in transducing the signal that initiates spermiogenesis in C elegans 

(L'HERNAULT et al. 1988; MINNUI et al. 1996; NANCE et al. 2000; NANCE et al. 1999; 

SHAKES and WARD 1989a). Virgin hermaphrodites mutated in any of these genes are 

self-sterile, because their spermatids fail to activate to spermatozoa. Mutant males have 

nearly wild-type fertility. Moreover, mutant hermaphrodites that have mated (either to 

wild-type or mutant males) are both cross- and self-fertile. This unusual phenotype 

suggests that spermatids respond differently to hermaphrodite and male-supplied 

spermiogenesis initiation signals ("activators"), and that mutants in these four genes are 

most deficient in their response to the hermaphrodite-supplied activator. To search for 

other genes in the spermiogenesis initiation pathway, or to reveal potential interactions 

among the four known genes, I selected for ethylmethane sulfonate-induced fertile 

suppressors of spe-27(itl32ls). This mutation is a temperature sensitive hypomorphic 

missense allele. At the non-permissive temperature (2S°C) itl32 virgin hermaphrodites 

are self-sterile, but mated hermaphrodites are cross- and self-fertile (MlNNin et al. 1996). 

At the permissive temperature (1S°C), each itl32 virgin hermaphrodite produces 

approximately thir^ progeny, enabling me to grow a large population of homozygous 

mutants for subsequent mutagenesis. I isolated thirty-two recessive suppressors of spe-27 

whose self-brood sizes range from S to 82 progeny at 25°C. I chose fourteen suppressor 
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strains with the highest self-fertility (14-82 progeny) for initial characterization (Table 

2.1). None of the suppressor mutations are alleles of spe-27 (see Materials and Methods). 

All five of the most fertile suppressor strains {hcl63, hcl64, hcl65, hcl66, and hcl67) 

failed to complement each other for the Spe-27-suppression phenotype, and hcl63 failed 

to complement the remaining nine recessive suppressor strains. Further genetic and 

phenotypic analysis was restricted to suppressor allele hcI63, which suppressed spe-

27(itI32) to yield 82 ± 21 progeny at 25°C, where spe-27(itl32) produced no progeny, 

and wild type produced 188 ± 47 progeny. 



Figure 2.1, Genetic selection for suppressors of spe-27(itl32\s) 

spe-27(iti32ts) unc-22(e66) mutant hermaphrodites (Pq) are mutagenized with 

ethylmethane sulfonate (EMS). The unc mutation precludes males from mating, and spe-

27 hermaphrodites are self-sterile at 25°C but self-fertile at 15°C. The mutagenized 

hermaphrodites are allowed to self at 1S°C, producing a population of F, progeny. Rare 

F, individuals may carry a recessive mutation in one chromosome homolog, which, if 

present in both homologs, would suppress the Spe-27 sterility defect, causing the worm 

to be self-fertile. In order to select for such suppressor mutations, the F, progeny are first 

allowed to self at 1S°C. For F, individuals harboring a suppressor mutation, 

approximately one quarter of their progeny (i.e., should be homozygous for the 

mutation. The F2 population is shifted to 25°C prior to when sperm are produced. The 

vast majority of F2 individuals will not have suppressor mutations, and will therefore 

produce no progeny. Individuals that are homozygous for a recessive suppressor 

mutation will be fertile and will produce progeny, which will also carry the homozygous 

suppressor mutation. 
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Table 2.1, Preliminary characterization of suppressor mutants 

Genotype 25°C brood ± s.d. (n) 16°C Brood ± s.d (n) 
wild type (N2) 188 ±47.0 (5) 280.0 

spe-27(itl32ts) unc-22(e66) 0 38.0 ±15 

hcl63; spe-27(itl32ts) unc-22(e66) 81.5 ±20.5(2) 103.3 ±22.6(4) 

hcl64; spe-27(itl32\&) unc-22(e66) 55.0 ±0(2) 39.7 ±17.2(3) 

hcI65; spe-27(itl32ts) unc-22(e66) 39.7 ±25.5 (3) 44.2 ±27(5) 

hcl66; spe-27(itl32\s) unc-22(e66) 31.5 ±21.9(2) 139.8 ±59.2 (5) 

hcl67; spe-27(itI32ts) unc-22(e66) 23.8 ± 13.7 (3) 82.3 ±31.5 (3) 

hcl68; spe-27(itI32ts) unc-22(e66) 21.7 ±11.4(3) 4.2 ±4(5) 

he 169; spe-27(itl32\s) unc-22(e66) 20.7 ± 12.4 (3) 20.3 ±25 (3) 

hcl70; spe-27(itI32ts) unc-22(e66) 20.5 ±2.1(2) 23.2 ± 14.8 (5) 

hcI71; spe-27(itl32is) unc-22(e66) 20.0 ± 14.1 (2) 67.8 ± 10.4 (4) 

hcl72; spe-27(itJ32ls) unc-22(e66) 19.0 ± 16.6 (3) 96.5 ±42(4) 

hcl73; spe-27(itl32ts) unc-22(e66) 17.5 ±6.4(2) ND 

hcl74; spe-27(itl32ts) unc-22(e66) 17.3 ± 15.8 (3) ND 

he 175; spe-27(itl32ts) unc-22(e66) 15.0 ±2.8(2) ND 

hcl76; spe-27(itl32\s) une-22(e66) 15.0 ±4.6(3) ND 

heI77; spe-27(itl32\s) unc-22(e66) 14.3 ±6.1(3) 47.5 ±14.2 (4) 
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U^JlhcI63 mutants suppress mutations in multiple genes required for 

spermiogenesis initiation 

To determine whether the Spe-27-suppression phenotype results from an allele-specific 

interaction with spe-27(itl32ts) I tested whether hcl63 could suppress two probable null 

alleles of spe-27, itllO and hcl6I (MINNTTI et al. 1996). The hcl63 mutation restores 

self-fertility to both it 110 and hcl61 hermaphrodites (Table 2.2). This indicates that 

he 163 is not allele-specific, and suggests that the mutation obviates the requirement for 

the SPE-27 gene product altogether. 

Next I asked if hcl63 could suppress mutations in three other genes required for 

spermiogenesis initiation, spe-8, spe-I2, and spe-29 (Table 2.2). These genes appear to 

act in concert in spermiogenesis initiation (NANCE et al. 20(X); NANCE et al. 1999). I 

found that he 163 restored fertility to mutants in all three genes, indicating that he 163 can 

bypass the role of this group of gene products in initiating spermiogenesis. In contrast, 

hel63 failed to suppress mutations in two other spermiogenesis gmcs, fer-1 and fer-15, 

that are required for spermiogenesis (ACHANZAR and WARD 1997; ARGON and WARD 

1980; ROBERTS and WARD 1982c) (Table 2.2). Thus, hel63 appears to bypass 

specifically the initial steps of the spermiogenesis signaling pathway. 
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Table 2.2, Suppression of spenniogenesis mutants by hcl63. 

Parental Genotype Fertile F, Progeny 

'M62 III: spe-27fitI32ts) unc-22(e66) 
+ spe-27(itl 10} + 

.IV 
dpy-20(eI2S2ts) 

Ill: spe-27(itl32ls) unc-22fe66) IV 
+ spe-27(hcl6l) + 

^bom III: sne.29(itI27) dpx.20(el282ts) + + IV 

spe-27(itl32xs) unc-22(e66) 

*hcl63 ///•• sDe.I2(hc76) dB\-5(e6I)lV 

+ + + 

/; hcl63 dDx-l8(e364)ni 

+ + + 

^fer-l(hcI3\si) unc-29(eI072) I; hcl63 dpx.l8(e364i III 

+ + + + 

"fer-ISfhclSts) unc-4(el20) II; bsdSUnsdMsMllU 

+ + + + 

7/37 (19%) of Dpy non-
Uncs 

8/41 (20%) of non-Uncs 

17/71 (24%) of Dpys 

34/110(31%) of Dpys 

76/76(100%) of Dpys 

0/38 (0%) of Dpy Uncs 

3/39(7.6%) of Dpy 
Uncs 

The left column shows the parental genotype for each cross. The right column shows the 
fraction of F, hermaphrodite progeny of the relevant morphological phenotype that were 
fertile at 2S°C. Morphological markers in the F, progeny indicate homozygosity of the 
linked spermiogenesis defect mutation being tested for the crosses involving spe-27, spe-
29, and spe-l2, and they indicate the homozygosity of hcl63 for the cross involving spe-
8. For the crosses involvingyer-/ and fer-15, Dpy Uncs should be homozygous for both 
the fer mutation and hcl63. For the Hrst four crosses, approximately 25% of the scored 
progeny should be fertile if hcI63 suppresses the spe mutation; none of the scored 
progeny (except for rare recombinants) should be fertile if hcl63 does not suppress the 
spe mutation. For the last three crosses, the expected fraction of scored progeny that are 
fertile is 100% if hcl63 suppresses, and 0% if it does not suppress (barring rare 
recombinants). Genetic distances (20°C) between markers are: spe-27 and unc-22: 2.9 
cM; 5pe-2 7 and </p>'-20: 2.6 cM; spe-12 and dpy-5: 2,6 cM; he 163 and dpy-18: 1.1 cM; 
fer-1 and unc-29: 0.28 cM; fer-15 and unc-4: 0.95 cM. 
'hermaphrodites and males were crossed. 
''hermaphrodites were selfed. 
"^recombinants 



njJ hcl63 is an allele of spe-6y a gene required for early events In sperm 

development 

I mapped hcl63 and the other thirteen suppressor mutations to chromosome 01, 

approximately I cM to the right of dpy-18. Complementation tests localized the mutation 

under deficiencies tDf7 and ctDf3, and between tDf2 and ctDfZ (Table 2.4, Figure 2.3). 

The combination of complementation and genetic mapping data suggested that all of 

these mutations are alleles of the same gene. I confirmed this by sequence analysis 

(described below), and identified four additional alleles of this gene in my collection of 

suppressors. Genetic analysis of the remaining nine recessive suppressor strains, most of 

which have very low fertility, indicated that their mutations are not allelic to hcI63. I 

describe these mutants in Chapter 01. 

The only reported mutations in the region containing hcl63 were in spe-6, a gene 

originally defined in the Ward laboratory by four mutations-Ac/P, hc92, hcI43, and 

hcl46-v/hich behave as nulls or strong reduction-of-fiinction alleles, and affect an early 

stage of sperm development (VARKEY et al. 1993). Spermatocytes from these mutants 

fail to assemble MSP into fibrous bodies. Instead, MSP is distributed throughout the 

spermatocyte cytoplasm. These mutant spermatocytes fail to complete meiosis, 

missegregate chromosomes and organelles, and fail to develop fiirther into spermatids, 

resulting in a sterile (Spe) phenotype. Despite the differences between this phenotype 

and the spermiogenesis-defect suppression phenotype, I tested whether the suppressor 

mutants are alleles of spe-6. spe-6(hc49) failed to complement the Spe-27-suppression 
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phenotype of hcl63, and hcl63 partially failed to complement the sterile phenotype of 

spe-6(hc49), indicating that the suppressor mutants are indeed spe-6 alleles (Table 2.5). 
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Table 2.3, Two-factor genetic mapping of hcl63 

F, genotype F, Dpys Interpretation 

'^spe-27: dpv-1 III: hcl63 102 sterile hcI63 is 27 cM from dpy-I on LGm 
+ + 8 fertile 

^spe-27: dpv-I hcl63 III 153 sterile hcI63 is 27 cM from dpy-I 
+ + 177 fertile 

^spe-27: dpv-I8 hcl63 III 4 sterile hcI63 is l.l cM from dpy-I8 
+ + 174 fertile 

Suimnary of two-factor mapping experiments that localized hcl63 on linkage group m, 

approximately l.l centiMorgan (cM) from dpy-l8. The alleles used were: spe-

27(itl32ts) IV, dpy-l(el) III, and dpy-I8(e364) III. The left column shows the genotype 

of the F, progeny from each experimental cross, in whose gametes meiotic recombination 

was assessed. The middle column reports, for all the Dpy F, picked, the number that 

were self-sterile or self-fertile at 2S°C. The conclusion from each mapping experiment is 

shown in the last column. Map distances were calculated according to the principles 

described by Brenner (BRENNER 1974). 

•rran5-linkage analysis; recombinant map distance, p = (Sterile Dpys/Total Dpys) ' 

''ci5-linkage analysis: recombinant map distance, p = 1 - (Fertile Dpys/Total Dpys)'^ 
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Table 2.4, Complementation Tests Between hcl63 and Chromosome in Deficiencies 

Cross 
hermaphrodite male P. Interpretation 

spe-27; hcl63 tDf2/qCI; spe-27 0/48 F tDf2 complements hel63 

spe-27 tDf2/qCl; spe-27 0/48 F negative control for hcl63 

spe-27; vab-7 dpy-18 tDf2/qCl; spe-27 Vab non-Dpy; WT tDf2 confirmed in male 

spe-27; he 163 ctDf3/qCI; spe-27 16/35 F ctDf3 fails to complement 
hcl63 

spe-27 ctDf3/qCl; spe-27 0/1 IF negative control for hcl63 

spe'27; vab-7 dpy-18 ctDp/qCI; spe-27 Vab non-Dpy; WT ctDfS confirmed in male Po 

spe-27; hcl63 iDf7/qCI; spe-27 19/48 F tDf7 fails to complement hcI63 

spe-27 tDf7/qCI; spe-27 0/27 F negative control for hcl63 

spe-27; vab-7 dpy-18 tDf7/qCl; spe-27 Vab non-Dpy; WT rO/7 confirmed in male Po 

spe-27; he 163 dpy-18 tDp/qCI; spe-27 10 S non-Dpy; 23 
FDpy 

Fert. F,s have tDf7 
Ster. F,s have qCI 

spe-27; hc!63 ctDf2/qCl; spe-27 0/36 F ctDf2 complements hel63 

The column "cross" sunmiarizes the relevant genotype of each parent in the cross; 

hermaphrodite genotype is on the left side, male genotype is on the right side. The 

complete genotype of the parents is given in MATERIALS AND METHODS. The 

column "F " shows the relevant phenotypes of F, cross progeny reared at 25°. In most 

cases, the fraction of F, hermaphrodites that are self-fertile is given. In crosses to 

confirm the presence of the deficiency chromosome in the male parent, the 

morphological phenotypes of the F, progeny are reported. The interpretation reached 

from each cross is given in the last colunm. 
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Table 2.5, Complementation Tests Between hcl63 and spe-6(hc49) 

Geno^pe Progeny^ ±s.d. (N) 

spe-6(hc49) 0 (10) 

spe-6(hc49)/-i- 233 ± 37.6(10) 

hcl63 134 ± 17.5(4) 

hcl63/+ 270 ± 32.2(12) 

spe-6( hc49)/hcl63 134 ± 14.9(7) 

spe-27(itl32ts) 0.2 ± 0.4(10) 

spe-27(itl32ts)/+ 233 ± 46.7(12) 

spe-27(itl32ts): hcl63 58 ± 36.0(10) 

spe-27(itI32ts): hcl63/-¥ 0.6+ 1.4(12) 

spe-27(itI32ls); spe-6(hc49) 0 (10) 

spe-27(itl32ts); spe-6(hc49)/+ 0.3 ± 0.9(12) 

spe-2 7(itl32ts): hcl63/spe-6(hc49) 66.1 ± 23.6(14) 

'includes live progeny and dead eggs 
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n.3.4 Identifying the spe-6 gene 

spe-6 is the only reported locus that genetically maps to a region in the right arm of 

chromosome m that is deleted in deficiencies tDf7 and ctDf3, which suggested that this 

region might be physically small (Figure 2.3). To locate this region on the physical map I 

performed PGR assays on individual dead embryos homozygous for rD/7 or ctDfS using 

primer sets designed from the published DNA sequence in this region of the genome. I 

initially mapped PGR markers distantly flanking the overlap region; either one or the 

other, but never both of the deficiencies, was found to delete each marker. As I narrowed 

the region of overlap within the published sequence, represented by yeast artificial 

chromosome (YAC) clone Y66A7,1 was unable to identify a PGR marker deleted in both 

deHciencies, even after narrowing the region to about 1 kb according to the published 

sequence. After further molecular analysis, I determined that the published Y66A7 

sequence (GenBank accession# AL02228) was missing a large amount of DNA, 

indicating this YAG clone contained a large deletion. In response to this observation, a 

new YAG clone, Y66D12, was isolated, sequenced (GenBank accession# AL161712), 

and shown to span the deleted region by Drs. Alan Goulson and John Sulston (Sanger 

Gentre, Gambridge, UK). Using the dead embryo PGR assay, I narrowed the tDf7/ctDf3 

overlap to within an approximately 12 kb interval in Y66D12; PGR markers internal to 

this region were deleted in both deficiencies (Figures 2.2,2.3, Appendix A). 

I surveyed the genes in this region by performing a BLASTN search against the 

non-human expressed sequence tag (EST) nucleotide database (ALTSCHUL et al. 1990; 



ALTSCHUL et al. 1997). Near-perfect matches to C. elegans cDNA clones indicated three 

closely spaced genes. The left gene matched cDNA clones isolated from an embryonic 

hermaphrodite library (e.g., yk633c9, GenBank accession number AV194753), and 

therefore appeared an unlikely candidate to be spe-6. The right gene matched cDNAs 

&om a male/hermaphrodite mixed stage library (e.g., ykl33c4, GenBank accession 

number D68S92), and therefore remained a viable spe-6 candidate. The most attractive 

spe-6 candidate was the middle gene, Y66D12.f (GenBank accession number 13S4842S). 

This gene matches not only cDNAs from the male/hermaphrodite mixed stage library 

(e.g., yk93gl 1, GenBank accession number D6991S), but cDNAs recently characterized 

in the Ward laboratory from a collection of spermatogenesis-speciflc clones (ca01c03, 

GenBank accession numbers AWOS7333 and AW0S7136, Harold Smith, manuscript 

submitted). I amplified and sequenced this gene from several spe-6(hcl63) mutant 

individuals and found a single missense mutation in an exonic region as indicated by 

alignment of the mutant genomic sequence with the wild-type genomic and cDNA 

sequences. I subsequently identified mutations in this gene in the other spe-6 alleles 

(described in detail below). As further confirmation that this gene is spe-6, a PCR-

amplified fragment containing only this gene (and a portion of the 5' end of the 

embryonically-expressed gene) efficiently rescued the sterile phenotype of spe-6(hc49) 

mutant worms, yielding 210 ± 54 (N=sl7) progeny per transformant at 20''C (Figure 

2.3C). 



Figure 2.2, Mapping the breakpoints of chromosome deficiencies in the spe-6 region 

Shown are several key examples of PCR assays from individual dead embryos 

homozygous for either ctDf3 or tDf7, chromosome m deficiencies that delete the spe-6 

locus. Approximately half of each 20 ^1 PCR reaction was run on 2% Metaphor or 

standard agarose gels and visualized by ethidium bromide staining. Positive internal 

control PCR sequence targets (know to be present in the deficiency strain) are marked 

with a green arrowhead and a +. Negative internal control targets (known to be deleted 

by the deficiency) are marked with a red arrowhead and a -. The experimental targets are 

marked by black arrowheads. The PCR sequence targets are; Y66D12C, Y66D12D, 

Y66D12E, Y66D12F, Y66D12G, Y66D12I, Y66D12K, and Y66D12M (see .Appendix 

A). DNA size markers, run in the first lane of each gel, are either Mn<iin-digested 

bacteriophage lambda DNA ("A.") or //iczelll-dtgested bacteriophage 0X174 DNA C'(|)X")-

Control reactions using wild type (N2) C. elegans DNA as PCR template are marked 

"N2." A control reaction substituting water for template DNA is marked "B." Below 

each non-control lane, reactions showing false positives (in which the negative internal 

control target band is present) are marked with a yellow dot. Reactions that can be 

properly scored (in which the positive internal control band is present and the negative 

internal control band is absent) are marked with a black dot. Conclusions from these 

assays are: (A) deletes Y66D12D; (B) deletes Y66D12M; (C) tDf7 does not 

delete Y66D12E; (D) ctDfS does not delete Y66D12K; (E) ctDf3 deletes Y66D12D; (F) 

ctDfS deletes Y66D12F. 



(^xB N2N2 

\ N2 cam % N2 ctDf3 k N2 ctDf3 
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Figure 2.3, Location of the spe-6 gene 

(A) Genetic map of chromosome III showing spe-6 and nearby genetic markers. The 

enlarged map shows the genetic intervals of chromosome deficiencies tDf7 and ctDf3. 

The bars represent corresponding regions of chromosome m that are deleted in each 

deficiency chromosome. tDf7 deletes spe-6 near its right breakpoint; ctDfS deletes spe-6 

near its left breakpoint. (B) Physical map of the -300 kb genomic region surrounding 

spe-6. Above the cosmid and YAC clones representing this portion of the sequenced 

genome are shown numbered points representing PGR targets used for defining the limits 

of tDf7 and ctDf3. Numbers correspond to the primer pairs listed in Appendix A. (C) 

Expanded view of the physical map shown in B. tDf7 and ctDfS are shown as lines 

below al2 kb region of YAC Y66D12. The solid lines bounded by vertical bars represent 

regions of the genome confirmed to be deleted by either deficiency. Dotted lines 

represent the limits to which the left breakpoint of ctDf3 or right breakpoint of tDf7 were 

mapped. ctDf3 deletes PGR target 10 and all other rightward targets, but does not delete 

target 9 or more leftward targets. tDf7 deletes target 12 and more leftward targets but not 

target 13 (not on this map) or more rightward targets. The spe-6 gene is shown as solid 

rectangles, representing exons. The two opened arrows are the closest flanking genes to 

spe-6 as indicated by BLASTN alignment of the region to the C. elegans EST database. 

The left gene, Y66D12.e, encodes yk633c9 (GenBank accession number AV194753); the 

right gene, Y66D12.i, encodes ykl33c4 (GenBank accession number D68S92). Two 

additional small genes, Y66D12.g and Y66Dl2.h, were predicted by the C. elegans 

Sequencing Consortium to lie between spe-6 and Y66D12.i, but are not confirmed by 
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matches to cDNAs or sequence similarity to other known genes. The boundaries of the 4 

kb PCR fragment containing the entire spe-6 gene (and a small portion of the upstream 

coding sequence of the neighboring gene), which rescued the sterile phenotype of spe-

6(hc49) mutants, is shown above the spe-6 gene. 
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Figure 2.4, Microinjection transformation rescue of spe-6 

A vab-7(el654) spe-6(hc49)III;eDp6(UIf) mutant hermaphrodite (Pq) is microinjected 

into its syncytial gonad with tester DNA, containing the putative spe-6 gene; plasmid 

pRF4, encoding the dominant rol-6(sul006) mutant gene; and fragmented C. briggsae 

genomic DNA, which moderates silencing of the foreign DNA. This hermaphrodite is 

fertile because the free duplication, eDp6, complements its spe-6 mutations. It is normal 

looking (i.e., non-Vab), because the duplication complements its vab-7 mutations. About 

half of the F| progeny will have lost the eDp6 free duplication. If they have not been 

transformed, they will be sterile (Spe) and have deformed tails (Vab). F i progeny 

expressing the mutant rol-6 gene will "roll" along their body axis. F i Vab rollers can be 

assayed directly for fertility; fertile Vab rollers have been successfully rescued with an 

exogenous spe-5 gene. F| non-Vab rollers, which retain the firee duplication, are fertile. 

Their Vab roller progeny (i.e., the injected hermaphrodite's F2 progeny) can be assayed 

for fertility, in which case fertility indicates rescue of the Spe-6 defect. 



tester, pRF4, 
complex DNA 

vab'7(e1562} spe-6(hc49): eDp6 

y X 

Fertile Vab Roller: 
RESCUED 

(Fertile) non-Vab Roller: 
HAS ARRAY 

Fertile Vab Roller: 
RESCUED 
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II.3.5 spe-6 encodes a spennatogenesis-specific casein kinase 1 

I deduced the intron/exon structure of the spe-6 gene and the predicted sequence of its 

polypeptide by aligning cDNA sequences with the genoniic sequence. Based on the 

longest 5' cDNA end detected, I tentatively assign the first in-frame methionine codon in 

exon 1 as the start codon, although the C elegans Sequencing Consortium predicts (using 

Genefinder) an additional nine amino acids at the N-terminus of Y66D12.f (Figure 2.5). 

The Y66Di2.f Genefinder-predicted sequence also includes an additional stretch of 63 

residues in exon 2, which neither matches cDNA sequences nor has similarity to any 

other protein sequences in the public databases. BLASTP and TBLASTN searches of the 

public sequence databases revealed that the predicted SPE-6 protein is a member of the 

large casein kinase 1 (CKl) family of protein-serine/threonine idnases (Figure 2.6). SPE-

6 shares about 30% identity and almost 50% similarity to yeast, matiunalian, and plant 

CKl proteins over their catalytic domains. C. elegans has a large CKl subfamily, 

containing approximately 90 members (PLOWMAN et al. 1999) (Table 2.8). SPE-6 shows 

a higher level of sequence similarity to these than to those of other phyla. The closest C. 

elegans relative is hypothetical protein C09B9.4, with 41% identity and 55% similarity 

over the catalytic domains. As with other protein-serine/threonine kinases, SPE-6 has a 

highly conserved catalytic domain of approximately 286 amino acids (GROSS and 

ANDERSON 1998; HANKS et al. 1988). It has a short N-terminus and ~70-residue C-

terminus whose sequences share no significant similari^ with other proteins. 
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spe-6 cDNAs were present in a collection of clones isolated by Harold Smith 

from a library he constructed that is highly enriched in genes expressed specifically in 

spermatogenesis. Briefly, two cDNA libraries were constructed. The first library was 

firom fem-I(hcl7ts) mutants, which have hermaphrodite soma but produce only oocytes 

and no sperm. A second library was constructed from fem-3(q23ts) mutants, which are 

somatically hermaphroditic, but produce only sperm and no oocytes. Somatic transcripts 

were depleted from \hefem-3 library through subtraction hybridization methods, using 

the fem-1 library as "driver." These clones were further demonstrated to be 

spermatogenesis-specific by Harold by "reverse Northern" dot blot hybridization; 

spermatogenesis-specific clones hybridized to RNA purified from fem-3(q23) mutants 

but not fem-1 (he 17) mutants. I used an analogous differential PCR assay to confirm that 

the spe-6 transcript is spermatogenesis-specific. I targeted the spe-6 cDNA in either the 

fem-1 or fem-3 libraries with PCR primers to exonic sequences. As shown in Figure 2.7, 

spe-6 was readily amplified from the fem-3 library using three different primer pairs. In 

contrast, little if any spe-6 PCR product was yielded from the fem-1 library. The PCR 

assay also suggests that the spe-6 message is not alternatively spliced, because I observed 

only a single PCR product band for each primer pair tested. 



Figure 2.5, Sequence of the spe-6 gene and protein 

The nucleotide changes of mutant alleles are shown in italic above the DNA sequence; 

their predicted protein alterations are shown below the sequence in bold italic. The 

predicted protein-coding sequence is shown in uppercase: non-coding sequence is in 

lower case. A nine-residue extension of the polypeptide N-terminus predicted by the c. 

elegans Sequencing Consortium, but not confumed by the presence of corresponding 

cDNA clones, is shown in lower case. Nucleotide and amino acid positions (italic) are 

numbered at left. Nucleotide numbering starts from the first base upstream of the S' end 

of the longest EST (yk633c9, GenBank accession number AV194753) encoded by the 

divergently transcribed upstream neighboring gene (Y66D12.e, GenBank accession 

number I3S4842S) and ends at the 3'-most base in the PGR fragment that rescues spe-

6(hc49) mutants. This corresponds to nucleotide positions 17844-21613 in the sequence 

for Y66D12, GenBank accession number AL161712.2. "amb" denotes an amber 

nonsense codon in allele hc49. 
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cgggcggccaggctgaaaatttgaattttttgaactcgagaatgtccaaaaactatcaat 
tttgagcaaaaacggagcatttaataatatttaataggggaaaaattgacggaaaagcag 
aaatcgcaagtgcgctccattggacagaggaatgagagagtgagagacgccagacaagcc 
agtgagggaaaacagtggaaaattacggtaaaaacgtgaaaaattccaaatttcaaacgt 
ttttcatcgaaaaatgaatcatttttcaatttcaatatgagcGAGCAACGCGATTCTCGT 

m s e q r d s r  
a hcl90 

GGAATGCCACAGgtaagacgtttttgaaggtttaacagcatgcctatgtgcctacaaggt 
g M P Q 

(5' gpliem mitm) 

aggcgcccatgcctaccagtaaaagtaggtataggcaacgttgtaggcactcactcaggc 
tcctttgtaccttggcgcgactacacgacaggcgtttatgcctacaatgcaggcgtgcat 
acctatacataggcaggtgcaccttctgtgtgccttcaaggcagaaatgcgtgcctaaga 
taggcgtaggcagctttgtaggcacacacaggcaacttgtaccttctgtgtgtctacgag 
gcaggcatctacgcctaaaagtgaaggtaggcgtaggcaccgacgcaggcacttccgtaa 
cttctgcgcgtaggcgttcatgcctaCagggatcagtaggcactcttctgcgcctatgta 
cacagtaggccctcctcgtgtcttctgtgtgcctacaggacaccttgtcggcactcaagc 
aggcactatgtgcctacaggccagacatacaagcctacatataggcatgtaggcgtaggc 
acccttgtaggcgtctgttgcctgaatgaatcaccttaaacctgcaaattttcagGCTGG 

A G 

C hcl67 
ATTCATTATCGAACATCAAAGCAGTGACCATAAGTGGAAAGTGTTGCGAAATATCTACTC 
F I I E H Q S S D H K W K V L R N I Y S  

P 

GGGACCGTTTTCAGATGTTTATGTCGTTGCGGATgtaagtttgagcacaacgacactccg 
G P F S D V Y V V A D  

aaattccgatggctacgtgtggcctagaaaatgcgaaaaatcggccaccaacgtaaaaga 
caagcgtgaaaaatcggtggccgagctttttctaggccacttagcaaaaactgctagtgt 
gagagatcaggcctgcctgcctaccgccttCttttctcagacggtaggcacaaggcaggc 
atc tc tgtgcctacgtggaagacaacat11 CcagACAGTAACGAACGAAAAGTATGCGAT 

T V T N E K Y A M  

A hcl63 
GAAATGTGAGAGACAAGAAGGAAACTCTCGTCCAGTCCTGAAGCTAGACGTGATGGTTCT 
K C E R Q E G N S R P V L K L D V M V L  

m 

A hcl74 
GATGGCGACGAAGGGTCTTCGAGGATTTCCGAACTTTGTGGCGGCAGGCAGAACTGATGT 
M A T K G L R G P P N F V A A G R T D V  

D 

TTATAGgtactttgacggtttcggtgcctactacacgtggtgtcagagtgtctcatttcg 
Y R 

a hcl87 (second site) 
gcttgatctacgtagatctacaaaaaatgcgggagaagagacgcagagttctcaagcgcg 
acgtcacagttttttgggcgaaaaattcccgcattttttgtagatcaaatcgtaacgggg 
cggaaaaaatagcggattttcgttgtgagacccaacaacaaaatacacgccttgcagGTA 

Y 
A bcl75 A bcl86 

CTGCATAATGCAACTCGTCGGACCGGATCTTGGTCGGCTGCGTCGAACACGTCCGGAACG 
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C I M Q L V G P D L G R L R R T R P E R  
y ir 

T hcl89 
CAAGTTCTCCCTTCCAACAGCTCTCCAAATTCTCGGACAAACTCTCCGACGCCTCGAGGA 
K F S L P T A L Q I L G Q T L R R L E D  

r 

A bcl64, hcl76, hcl87 
T hcl68 

TCTTCACAATTGCGGATGGCTTTGTCGAGACGTGAAGGCGCCGAATTTCTGCATTGGTGT 
L H N C G W L C R D V K A P N F C I G V  

X r 

CGGCGAGAACGAGTCGACCGTCTATATTCTGGATTTTGGATTCGCCAGGAAATTTGTgta 
G E N E S T V Y I L D F G F A R K F V  

ggttgtagagaacgctgctactcggggtggtctcaccacgacaaatttttgttaaatgca 
aatgagtgtgcgcctttaaggagtactgtaattgtcaactcttgttgttttctcaatttt 
ttttttttttcaaaactgtaatcatcagaaaatactgaaaaatcaatgaatattataatt 
caaccagtggttggaaactacagtactatttaaaggcacacgccattttgaaatgtcgtg 
tcgagacccgctaccgtattttcggggaaaaagtcacggatttctggcttccctcatgaa 
ttgaaatggaagagtttgccgaactaggccattttggttcggccatatctggggtagatt 
taccgcgcgttgcgtgtcgcgtcgcggctcgtttttagttgtaatacttaatgtatttgt 
ccgcgtggagtacacgacatatttccacgcattgtccggcgggcgattatcaatggagcg 
caaaaattcaatgaggaaggccagaaccccgtgaaaaatgcccaaacttttaggctattt 
cacggggttttggccttgctcattgaatttttagcgctccattgagaatcgcctgccgga 
gacaacgcgtgggaaagtgtcgtgtactccacacggacaactgcgtttagttttacaatc 
gagccgcgacgcgacacgcaacgcgccgtaaatctacccagacgacgatatatataaaat 
cgaaaatttccgattttttctccgaaaattcgaaaaaaaatccgatttttcgagaacaga 
tttctggcttccctcgtaaattgaaatggaagagtttgtgccgaattaggccattttggc 
tcagccatatctagatatctagatatggctgagccaaaatggcctagttcggcacaaatc 
tgtgtatttctcgaaaaatcggattttttttttcgaattatcggaaaaaaaatcttaaaa 

tttcgatttttttttggacatggaaaactgataaacaatttttgaagtagctattatagg 
ataatctagtcaagagctagaattccagccaaaaactgacaattttcagAGACAAGGAGG 

D K E G 

T bc92 & hcl43 
GCAAAATCATCCCGCCGAGAACCGCTGCAGCACTGATGGGAACTTTTCAATATTGTGCAG 

K I I P P R T A A A I i M G T F Q Y C A V  
X 

T hcl73 A hcl65 A hcl88 
TTTCTGCCCACTCTCACAAGGACCAATGTGCACGGGACGACTTGGAAAGCTGGTTTTACA 

S A H S H K D Q C A R D D L E S W F Y M  
r Q « 

TGGGTATTGAGTTGCTCAAGGGACCACTTCCATGGGCGAATATCGACGGTCACAAGAATC 
G I E L L K G P L P W A N I D G H K N H  

T hc49 A hcl66 
ACAAGCAGATTGGAGAGGCGAAAGTCGCGATTCGAAGCGAGCCGCTTCGATCCGAGTTTT 
K Q I G E A K V A I R S E P L R S E F F  

aab 0 
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3181 TCGAAGGAGTCCCGAAGCAATTTAATGAAATTCTCACGATTCTGGATCAAACGTCGTATT 
2 5 2  E G V P K Q F N E I L T I L D Q T S Y F  

T hcl69 
3241 TCGACAGGCCAAATTACAAGAAGCTCGGTGATTTGCTGTCTCAGGCCGCCACGGAGCATC 

2 7 2  D R P N Y K K L G D L L S Q A A T E H Q  
3 

3301 AAGTGACACTGAAAGAGCCTTTGGACTGGCAGAATAATGAGAGAATGCAGCAAAAGGCGA 
2 9 2  V T L K E P L D W Q N N E R M Q Q K A I  

T hcl72 
3361 TTTTCGTCGGGGAACTCGGAGAATCTCATCAAGCGTCGGCGAAGTTGGATGCGAAGGACA 

3 1 2  F V G E L G E S H Q A S A K L D A K D N  
V 

3421 ATGCGAATGAGTCGATGGATATTGAATTTGATGATATGCCACCAAAAGAGGGAATTTCTA 
3 3 2  A N E S M D I E F D D M P P K E G I S K  

a hclll 
3481 AATCGCTCAGTGCGGAGAAATCGTGTACAAgttggaaaaataatggaaaaaacgttgatt 

3 5 2  S L S A E K S C T K  
S H K t t u a K s v o  r a n )  

3541 aaattgaatttatttcagAAAACGTCGAAACTGCGAGAACGGAGAAGTGAAGCACTAAAT 
362 NVETARTEK END 

3601 
3661 
3721 

TGTACTACATTTATTCGATTTTTACTCGTAAATAAAgaattttaatttaaaaatcacttt 
ttttgttggaatatcaataaaaatcaataaaaatgaataaaattcaaaagcggtgcggca 
tgatcgtggcgagacccaacgcctgactactgtagcaggatttacgggcc 
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Figure 2.6, Multiple sequence alignment of SPE-6 with other casein kinase 1 proteins 

Alignment was performed using Clustal X (JEANMOUGIN et al. 1998). Amino acid 

identities or conserved changes are highlighted in color; related amino acids use the same 

color-coding. Universally conserved residues are marked with an asterisk. Gaps 

introduced in sequences to facilitate alignment and regions beyond the N- and C-termini 

are marked on the sequence line with a dash. Below the sequence alignments, some 

positions are marked with amino acid changes represented by various SPE-6 mutant 

alleles. Sequences used for the alignments are: 

Drosophila melanogaster Double-time (discs overgrown protein), PID g6014927 (KLOSS 

et al. 1998); Rat casein kinase 1,5 isoform, PID g547766 (GRAVES et al. 1993); Bovine 

casein kinase I, a isoform, PID g547763 (ROWLES et al. 1991); Bovine casein kinase I, ^ 

isoform, PID g547764 (RoWLES et al. 1991); Yeast HRR25 Protein, PID gl7l706 

(HOEKSTRA et al. 1991); SPE-6; and C. elegans hypothetical protein C09B9.4, PID 

g7495729 (H. Bradshaw, direct GenBank submission). 
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Figure 2.7, Differential PGR analysis of spe-6 expression 

The left lane of each pair 1-3 shows PGR amplification products from a fem-I(hcl7xs) 

(hermaphrodite soma- and oocyte-producing germline-specific) cDNA library ("O"). 

The right lane of each pair is from a fem-3(q23ts) (hermaphrodite soma- and sperm-

producing germline-specific) cDNA library ("S"). The spermatogenesis-specific band at 

~700 basepairs is amplified from spe-I2 primers, and serves as an internal control for 

spermatogenesis-speciHc expression. The common band at 526 basepairs is amplified 

from the F2SH8.1 somatic message. Bands marked with white anowheads are amplified 

with primers targeting spe-6. The spe-6 PGR primers for each pair of reactions are: (1) 

CK.16 and Y66CK.9, (2) CK.16 and ¥66012031), (3) Y66CK.4 and ¥66D12D3'b (see 

Appendix C for a description of the primers). ONA size maricers are phage lambda Pstl 

(X.) digest and phage (|>xl74 HaeUl digest (0x). PCR product sizes, in basepairs, and the 

positions of the control bands, are shown at right. 
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IU.6 Identification of spe-6 mutations 

I identified mutations in all four of the spe-6 sterile alleles and eighteen suppressor 

alleles. The mutations are listed in Table 2.6 and depicted in Figures 2.5,2.6, and 2.8. 

The canonical null allele, hc49, contains a premature stop codon predicted to result in a 

protein truncated at a position in the putative substrate recognition region. hcl46 is 

identical to hc49, and may be a reisolate of the original mutation. Two independently 

isolated sterile alleles, hc92 and hcl43, are both T18S1 substitutions. This is also likely 

to be a null mutation because this residue is universally conserved as a threonine or serine 

in all CKl proteins (and most other protein kinases) examined. Moreover, from sequence 

homology with cyclic AMP-dependent kinase (cAPK) and the mitogen-activated protein 

(MAP) kinase, ERK2, this residue may participate in a hydrogen-bonding network that 

stabilizes the catalytic core of the enzyme (KARLSSON et al. 1993; ZHANG et al. 1994). It 

is in a region known as the "activation loop" or 'T-loop" in other protein kinases, which, 

in many cases, is the site of activating and/or inhibitory phosphorylations. There is no 

direct evidence that this particular residue is phosphorylated in other protein kinases. The 

hrr25-2 mutant allele of a 5. cerevisiae casein kinase 1, which has drastically reduced 

kinase activity, is an identical substitution of the corresponding residue (T176I) 

(MURAKAMI et al. 1999). 

As shown in Table 2.6 and Figures 2.5 and 2.8, SPE-6 mutations that lead to the 

spermiogenesis-defect suppression phenotype are distributed throughout the catalytic 

domain of the protein. Some of the suppressor mutations are predicted to lie in regions of 
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the protein recognized as important for its kinase activity, such as the ATP-binding 

region (e.g., hcl67 (S24P)) and the catalytic cleft (e.g., hcl64, hcl76, hcl87 (all G133E), 

and hcl68 (L135F)). However, no suppressor mutations are in positions known to be 

essential for activity in related protein kinases. Several mutations are in regions of the 

protein whose functions are not well characterized. Sixteen of the eighteen suppressor 

alleles have single amino acid substimtions. hcl90 has a mutation in the conserved S' 

intronic G of the first intron, within the N-terminus, and probably results in a misspliced 

message, he 17I has a disrupted 5' splice donor site in the final intron, predicted to result 

in a substitution of the C-terminal 10 residues of the protein. Beside he 171, the only 

other mutation in the C-terminal tail is heI72 (A322V). 



Table 2.6, Summary of spe-6 mutations 

Summary of sequenced mutations in spe-6. Amino acid numbering position is not 

confirmed; it starts at the putative initiator methionine in the first exon. Predicted 

secondary structural elements were extrapolated by lining up the sequence with those of 

other casein kinase 1 sequences and aligning the consensus with the secondary structure 

elucidated by the crystal structure of manmialian CKI5 (LONGENECKER et al. 1996). 

Hypothesized functional domains were extrapolated from (GROSS and ANDERSON 1998; 

LONGENECKER et al. 1996). 



Table 2.6, Summary of spe-6 mutations 

Allele DNA change 
Amino Acid 

Change 
Predicted 2° 

structure 
Possible functional 
domain Comments 

hc49 (ster.) C-^T Q242Slop Truncated at oF Deletes C-terminus from 
substrate recognition cleft 

Cannonical null spe-6 allele 

hc92 (ster.) C->T T194I Loop L-9D Activation loop Universally conserved T (orS) removed. Part 
of H-bonding network 
Identical to yeast Hrr2S-2 mutation 

hcl43 (ster.) C-^T T194I Loop L-9D Activation loop Identical to hc92 (isolated independently) 

hcl46 (ster.) C->T Q242Stop Truncated at oF Deletes C-terminus from 
substrate recognition cleft 

Probably re-isolate of hc49 

hcl63 (sup.) T-»A V7IE oA N-lerm domain near ATP-
binding region 

Conserved aliphatic residue; charge change 

hcl64 (sup.) G-»A G142E P6 Subs(rate/P04 recognition Universally conserved G; charge change. 
Identical to hcI76, hcl87 

hcl65 (sup.) G-»A R2I1Q aE Substrate/P04 recognition Adjacent to universally conserved DD; Charge 
change 

hcl66 (sup.) G-»A R256Q aG - aH loop Non-conserved region. Charge change 

hcI67 (sup.) T->C S34P pi ATP-binding Adjacent to universally conserved G 

hcl68 (sup.) C->T LI44F p6 Substrate/P04 recognition Universally conserved aliphatic changed to 
aromatic 

hcl69 (sup.) C-»T P283S aH - al loop conserved P. 

Ac/70 (sup.) N.D. 



Allele DNA change 
Amino Acid 

Change 
Predicted 2° 

structure 
Possible functional 
domain Comments 

he 171 (sup,) G->A 10 residue 
subst. 

C-terminus Specificity? Localization? 
Auloinhibilion? 

Mis-spliced mRNA leads to predicted aberrant 
C-terminus 

he 172 (sup.) C->T A331V C-lerminus Specificity? Localization? 
Autoinhibition? 

Non-conserved region. Far C-lerminus. 

he 173 (sup,) C-»T S20IF oD Activation loop Change of non-conservcd S in well conserved 
region. Phosphorylated? 

he 174 (sup,) G-»A G90D P4 Unclear Highly conserved G. Charge change. 

he 175 (sup,) 0->A C98Y P5 Unclear Conserved hydrophobic position 

/)c/76(sup.) G-»A G142E P6 Substrate/P04 recognition Universally conserved G; charge change. 
Identical to hcl64, hcl87 

hcl86 (sup,) G-»A DI06N pS - oB loop Unclear N is common at this position in other CKIs 

hcl87 (sup,) G->A 
also G—»A in 

iniron 3 

GI42E P6 Substrale/P04 recognition Universally conserved G; charge change. 
Identical to he 164, he 176 

hcl88 (sup,) G->A S216N OE Substrale/P04 recognition Conserved S. Phosphorylation target? Weak 
suppressor. 

hcl89 (sup,) C-»T SI20P aC Unclear Highly conserved S/T. Phosphorylation target? 
Weak suppressor. 

hel90 (sup.) 0-»A Unclear 
(mRNA splice 

change) 

Unclcar Unclear Mutation in conserved S' intronic G of first 
intron. Weak suppressor. 



Figure 2.8, A model structure for SPE-6 

An alignment of the predicted SPE-6 polypeptide sequence mapped onto the crystal 

structure of the mammalian casein icinase 1 5 catalytic region (residues 1-317 PDB Id 

ICKI) using the computer program Cn3D 

(http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml). Red segments of the 

polypeptide backbone show amino acid identities; non-identical residues are in blue. P-

sheets are shown as light blue arrows and a-helices are teal pointed cylinders. SPE-6 

mutations are shown as red (sterile alleles) or green (suppressor alleles) spheres. Side 

chains are shown for four universally conserved residues that form the catalytic center in 

virtually all serine-threonine protein kinases (yellow or green sticks). The T194I 

mutation in sterile alleles hc92 and he 143 alters a threonine that normally H-bonds to the 

catalytic aspartic acid. This figure is a likely approximation to the three-dimensional 

structure based on the sUrong conservation between SPE-6 and the manunalian protein. 

Although it may not be conect in detail, it is useful for visualizing the location of 

mutations in SPE-6 in the conserved regions of the protein. 

http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml
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II.3.7 spe-6(hcl63) phenotypes 

The suppression phenotype of spe-6 suppressor alleles indicates that, in mutant 

hermaphrodites, spermatids initiate spermiogenesis without requiring the activation 

signal transduced by the spe-8, -12, -27, -29 signaling pathway. By transmission electron 

microscopy, I found that spermatids from hcl63 mutant virgin males also activate 

precociously to form spermatozoa (Figure 2.9). However, it is clear that only a small 

fraction of the spermatids develop into mature spermatozoa in males. Interspersed 

amongst the spermatozoa are what appear to be the cytoplasmic contents of degraded 

cells. The degraded cells were presumably spermatids, because the zone of degradation 

is restricted to the proximal end of the testis, where spermatids normally accumulate. 

Additionally, nuclei in the degradation zone have the highly compact morphology of 

spermatid nuclei rather than the more typical structure of spermatocyte nuclei (Figure 

2.9). This cellular lysis appears similar to the necrosis-like cell death seen in several C. 

elegans mutants that affect ion transport in sensory neurons (BERGER et al. 1998; CHUNG 

et al. 2000; DRISCOLL 1996; HALL et al. 1997). 

In marked contrast to the sterile spe-6 mutants, whose membranous organelles 

lack fibrous bodies altogether (Figure 2.10), fiiUy developed spermatocytes from hcl63 

mutants have normal looking FB-MO complexes. In early stage spermatocytes, however, 

the developing FB-MO complexes contain E^s with ragged edges, separated from the 

membrane of the MO (Figure 2.11 A). 
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Figure 2.9, spe-6(hcl63) male testis transmission election micrograph 

A portion of the proximal testis of a spe-6(hcl63); him-5(el490) young adult virgin male. 

Note the presence of mature spermatozoa (sz), with extended pseudopods and fused 

membranous organelles (white arrowheads). Also note the abundant cellular debris 

surrounding the spermatozoa, including compact nuclei (black arrowheads). (bais2 ^m). 



100 

Figure 2.10, spe-6(hc49) spermatocyte transmission electron micrograph 

Membranous organelles (arrowheads) are devoid of fibrous bodies. Micrograph courtesy 

of Samuel Ward, (barsl^m). 
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Figure 2.11, Wild-type and spe-6(hcI63) mutant fibrous bodies 

(A) Transmission electron micrograph showing fibrous body-membranous organelles in 

an early-development spermatocyte from a young adult spe-6(hcl63); him-5(el490) 

male. Note the electron-transparent space separating the fibrous bodies from the 

membrane of the membranous organelles (arrowheads) (bar=K).5 ^m). (B) TEM of FB-

MOs in a him-5(el490) young adult male spermatocyte, showing the close contact 

between fibrous bodies and surrounding membranous organelles (bar=K).S ^m). 
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hcl63 appears to affect fertility in males more severely than in hermaphrodites. 

While mutant males copulate normally, their crosses are rarely successful, and those that 

are successful result in very few cross progeny (data not shown). This is consistent with 

the severe ultrastructural defects and reduced number of spermatozoa I observed in 

mutant male testes. Hermaphrodites show minimal signs of sperm degradation by light 

microscopy (not shown). 

Based on their recessive behavior, and their intermediate effects on fertility and 

testis ultrastructure, the spe-6 suppressors appear to be reduction-of-fiinction alleles. I 

asked whether he 163 could be a gain-of-function allele, even though such mutations are 

usually dominant. If hcI63 were a gain-of-fiinction allele, then two doses of the mutation 

should cause a more severe phenotype (i.e., lower fertility) than a single dose, but this is 

not the case (Table 2.7). The recessive nature and partial sterile phenotypes of the other 

spe-6 suppressor mutants, together with the observation that their lesions are widely 

distributed throughout the predicted protein, support the notion that these suppressors are 

also reduction-of-fiinction alleles. 
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Table 2.7, Effect of spe-6(+) or spe-6(hcl63) dose on hennaphrodite self-fertility. 

Genotype Mean Progeny' ± SEM (N) 

spe-6(hc49)/spe-6( h49) 

spe-6(hcl63)/spe-6(he 163) 

spe-6(he 163)/etDf3^ 

spe-6(hel63)/+ 

Wild type (N2) 

0±0(10) 

262 ±9.2 (14)= 

242 ± 12.4 (12r 

358 ±7.7(15) 

306 ±13.5(10) 

Total number of live and dead progeny. The genotype caused signiOcant differences in 

the total numbers of progeny produced (ANOVA: = 22.064, P - 0.000). Except 

where noted below, each mean progeny size differs significantly from the others (P < 

0.05, Tukey Post-hoc test). Data (ot spe-6(he49) were not included in the statistical 

analysis because they lack variance. 

\tDf3 is a deficiency chromosome, which deletes the spe-6 locus. Its complete genotype 

is etl^ [dpy-18(e364); une-25(el56)]m. 

These mean progeny sizes are not significantly different from each other. 
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Table 2.8, Spennatogenesis-enriched jp^-d-related genes 

Gene fem-3^em-l fem-1 
Name Gene ID Chromosome Position expression expression 
F36H12.9 CE09980 IV 5165490 64.0 399 
R13H9.5 CE07449 IV 4984654 61.8 422 
F36H12.8 CE09979 IV 5167176 57.2 570 
Y38H8A.3 CEI8365 IV 13181455 44.0 642 
C27D8.1 CE18539 IV 12514248 37.8 565 
ZK596.2 CE06632 IV 10499182 35.9 481 
C08F8.6 CE05253 IV 10755975 33.0 626 
B0207.7 CE07685 I 5276610 31.8 363 
C55B7.10 CE09021 I 5835293 31.1 496 
M05D6.1 CE03499 n 8465395 28.4 329 
C39H7.1 CE06942 IV 5540648 26.6 797 
F35C11.3 CE02210 n 8238388 26.4 486 
K09E4.1 CE19994 n 13917502 25.1 522 
C34B2.3 CE16891 I 9985127 24.3 258 
T05CI2.1 CE02312 n 8165180 23.8 808 
ZK354.6 CE15320 IV 5204392 23.7 475 
T05A7.6 CE04892 n 4657968 23.1 878 
ZK354.2 CE15314 IV 5221902 23.0 1290 
C50F4.10 CE05474 V 9479104 22.9 439 
RI3H9.6 C:E07450 IV 4986266 22.2 721 
C05C12.1 CE02965 IV 10847185 21.7 763 
W0IB6.2 CE03754 IV 9664467 21.2 715 
F26AI.3 CE02684 in 4262205 21.0 529 
C56C10.6 CE02571 n 6569496 20.5 496 
F59A6.4 CE01982 n 4994383 20.0 564 
C04G2.2 CE05212 IV 9681766 18.9 385 
F33D11.7 C:E09897 I 5180934 18.7 742 
C49C8.1 CE08836 IV 8243888 17.7 437 
K11C4.1 CE12108 V 6883516 17.4 707 
H05L14.I CE16168 I 7305239 17.0 732 
ZC58I.2 CE15237 I 5988314 16.9 619 
D2024.1 CE04290 IV 6898184 15.9 645 
F26A1.4 CE24919 m 4253386 15.5 847 
T09B4.7 CEI3469 I 5490862 15.3 607 
M7.7 CE03487 IV 10683151 15.2 695 
F38E1.3 CE04522 V 8341480 15.1 521 
ZK666.8 CE02393 n 10483180 15.1 430 
C09D4.3 CE08032 I 4810707 14.0 584 
F25F2.1 CE17702 m 3946930 13.9 652 
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Gene fem-3/fem-l fem-1 
Name Gene ID Chromosome Position expression expression 
T11F8.4 CE17237 IV 5382847 13.9 1081 
C09B9.4 CE06796 IV 4950539 13.8 1120 
T15B12.2 CE01404 in 4744324 13.5 694 
K06H7.8 CE25045 in 7537010 12.6 548 
W03G9.5 CE14562 1 4290923 12.3 557 
F54H5.2 CE01965 n 6617276 11.3 668 
B0218.5 CE06688 IV 7770273 10.9 908 
F41G3.5 CE01289 n 6737385 10.8 904 
F53C3.1 CE19439 n 3892225 10.7 819 
C14A4.13 CE02142 n 10609933 10.6 885 
T19D12.5 CE04980 n 6624731 10.3 770 
F32B6.10 CE20743 IV 9901635 10.0 400 
R10D12.10 CE 12690 V 13905824 9.4 878 
AC8.2 CE20437 X 71278 8.7 908 
F59E12.3 CE17143 n 5627615 8.6 393 
C49C3.2 CE19741 TV 16596751 8.0 306 
ZK507.1 CE24727 m 8540148 8.0 1323 
Y39G8C.2 CE20236 n 13875226 7.9 505 
C53A5.4 CE08953 V 14483574 7.6 782 
D2045.5 CE00935 m 9908495 7.2 1711 
C25H3.1 CE02499 n 5689395 6.8 503 
W06F12.3 CE 16557 m 12954510 6.2 1107 
C17C3.11 CE04031 n 5527065 6.0 711 
C45G9.1 CE24851 m 4510277 3.3 930 
K08H2.5 CE06163 X 12986600 3.1 569 

This table lists 64 casein kinase 1-like genes, present on a microarray containing 
approximately 95% of the predicted genes in the C. elegans genome, whose expression 
level in mutants making only sperm (fem-3(q23))is at least three times higher than in 
mutants making only oocytes {fem-l(hcl7)). The fourth column lists the approximate 
nucleotide position for each gene on its chromosome. The fifth column lists the fem-
3/fem-l gene expression ratio for each gene after background subtraction. The last 
column lists the gene expression level in fern-1 mutants for each gene. Microanay data 
were provided by Samuel Ward. Gene ID numbers and positions were taken from 
www.wormbase.org. 

http://www.wormbase.org


n.4 DISCUSSION 

Spermiogenesis is the rapid maturation of a spherical inunotile spermatid to an 

asymmetrical, crawling spermatozoon. The Ward lab had previously identiHed four 

genes that reveal a signaling pathway by which spermatids initiate spermiogenesis in 

response to an extracellular stimulus (L'HERNAULT et al. 1988; MINNITI et al. 1996; 

NANCE et al. 2000; NANCE et al. 1999; SHAKES 1988; SHAKES and WARD 1989a). The 

three cloned spermiogenesis genes, spe-12, -27, and -29, appear unrelated to any other 

genes currently in the gene databases. Therefore, their sequences alone shed little light 

on the nature of their activity. SPE-i2 resides in the spermatid plasma membrane, and 

genetic interactions between spe-12, -27, and -29 suggest their products may act together 

in a complex (NANCE et al. 20(X); NANCE et al. 1999). In this dissertation, I provide 

further evidence that spe-8, -12, -27, and -29 act in a common pathway toward 

spermiogenesis initiation by demonstrating that mutants in these genes interact with 

newly isolated mutants in a fifth gene, spe-6. The sequence similarity of SPE-6 to the 

casein kinase 1 family, and the observation that several SPE-6 mutations lie in the 

putative kinase catalytic region and in other highly conserved residues of protein-

serine/threonine kinases, strongly suggest that SPE-6 is a protein kinase, and that its 

kinase activity is essential to its function both early and late in sperm development. 

II.4.1 The role of spe'6 in spermiogenesis initiation 

Because an apparent reduction of SPE-6 activiQr suppresses spermiogenesis-defective 

mutations, I propose that the normal function of the SPE-6 protein kinase in spermatids is 
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to restrain the spermiogenesis machinery, preventing it from engaging until the SPE-8, -

12, -27, and -29 gene products have relayed the signal to commence spermiogenesis 

(Figure 2.12 A). In this model, SPE-6 maintains phosphorylation of its target protein 

substrate(s), which in turn serves as a brake on spermiogenesis. When stimulated by an 

extracellular signal, the SPE-8, -12, -27, and -29 gene products antagonize the SPE-6 

kinase activity, releasing the brake so that spermiogenesis proceeds, forming the crawling 

spermatozoon (Figure 2.12B). 
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Figure 2.12, A model for the role of SPE-6 in spermiogenesis initiation signaling 

(A) In a spermatid that has not been exposed to the spermiogenesis initiation signal, the 

active SPE-6 protein kinase phosphorylates, and thereby activates, a spermiogenesis 

"brake protein." (B) Upon exposure of the spermatid to the initiation signal, the SPE-8, 

-12, -27, and -29 proteins inhibit SPE-6. A hypothetical phosphatase activity can then 

irreversibly dephosphorylate the spermiogenesis brake protein, rendering it inactive, 

ensuring that spermiogenesis proceeds completely. 
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Casein kinase 1 proteins are ubiquitous and promiscuous regulatory proteins, 

engaged in a wide range of cellular processes, including DNA repair and replication 

(DEMAGGIO et al. 1992; Ho et al. 1997), transcriptional regulation (DEMAGGIO et al. 

1992; Ho et al. 1997; PETERS et al. 1999), cellular morphogenesis, vesicle trafficking 

(MURAKAMI et al. 1999), cell growth and survival (WANG et al. 1996; ZILIAN et al. 1999), 

cell cycle progression, and circadian rhythms (KLOSS et al. 1998; PRICE et al. 1998) 

(reviewed in (GROSS and ANDERSON 1998)). While CKl proteins share a high degree of 

sequence similarity with each other and with other protein-serine/threonine kinases over 

their catalytic domains, many have divergent C-terminal tails. There is evidence that the 

C-terminus is important for these enzymes' regulation, and possibly substrate specificity. 

In mammalian CK15 and CKIE the C-terminus has an autoinhibitory activity, and itself is 

also a target of inhibitory autophosphorylations. CK15 and CKle rapidly 

autophosphorylate their own tails in vitro, inhibiting their activity (CEGIELSKA et al. 

1998; GIETZEN and VIRSHUP 1999). Despite these inhibitory autophosphorylations, the 

enzymes are normally maintained in an active state in vivo by constant dephosphorylation 

by cellular protein phosphatases (RIVERS et al. 1998). It has been proposed that 

regulation of these protein kinases may itself be controlled by regulation of such protein 

phosphatases. 

SPE-6 contains a relatively long C-terminal tail domain of about 70 amino acids, 

which is fairly rich in serines and threonines, potential phosphorylation sites. One 

possible mechanism for SPE-6 regulation in spermatids is, as proposed for mammalian 

CK15 and CKIe regulation, that the C-terminus serves an autoinhibitory function when 
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phospborylated, but that it is nonnally maintained in a hypopbosphorylated, non-

inhibitory state in spermatids by a protein phosphatase. Activation of the SPE-8/12/27/29 

pathway may lead to an inhibition of this phosphatase, leading to phosphorylation of the 

SPE-6 C-terminus and inhibition of SPE-6 activity. Once SPE-6 kinase activity is 

inhibited, a phosphatase activity would be required to dephosphorylate the targets of 

SPE-6. Such phosphatases could be among the noTi-spe-6 suppressors from my screen 

yet to be characterized (Chapter HI). 

It is not clear why many developing sperm in hcl63 mutants appear to be lysed. 

Such necrotic cell degradation is unusual in C. elegans, but can result from mutations in 

genes encoding ion channel components, such as in degenerin mutants (DRISCOLL 1996; 

HALL et al. 1997). In such mutants, ions and water probably enter through 

hyperactivated channels, resulting in cell lysis. Nematode spermiogenesis initiation 

involves opening of ion channels (MACHACA et al. 1996). Perhaps SPE-6 activity 

prevents spermiogenesis initiation by inhibiting these ion channels, and the mutations 

cause lysis because these channels open inappropriately. 

Because spermatids lack translational machinery, spermiogenesis must be 

controlled by post-translational regulation, so it is not surprising that nematode sperm 

employ protein phosphorylation, spe-6 is the Hrst protein kinase gene demonstrated to 

regulate sperm development in C. elegans, but a protein-tyrosine kinase activity is key to 

motility of Ascaris sperm (ITAUANO et al. 1996; ITALIANO et al. 1999). DNA microarray 

analysis of C. elegans germline gene expression indicates that, among spermatogenesis-



112 

enriched genes, the number of protein kinase genes is three times random expectation, 

and protein phosphatase genes almost nine times, suggesting that protein phosphorylation 

may indeed be a prominent mechanism for regulating spermatogenesis (REINKE et al. 

2000). 

N.4.2 The role of spe-6 in early sperm development 

It was surprising to learn that the suppressor mutations are alleles of spe-6, a gene the 

Ward laboratory had previously found to be involved in spermatocyte development 

(VARKEY et al. 1993). The sterile spe-6 mutants appear to have loss-of-fiinction or sbrong 

reduction-of-fiinction alleles based on their genetic behavior and their protein lesions; a 

polypeptide truncation and an alteration at a nearly universally conserved amino acid. 

These strong alleles result in spermatocytes that fail to assemble MSP into fibrous bodies, 

and arrest development prior to forming spermatids. Thus, in contrast to its inhibitory 

role in spermiogenesis. SPE-6 activity is necessary for flbrous body formation and 

spermatocyte development. Because sterile spe-6 mutants make no spermatids, I could 

not determine the effect of these alleles on spermiogenesis iiutiation. However, I did 

examine spermatocyte development in the suppressor mutants. The ultrastructurai 

examination of spe-6(hcl63) males suggests that spe-6 suppressor alleles may affect 

Hbrous body formation in a similar manner as do sterile alleles, though less severely and 

only transiently. Microscopic examination and the low fertility of hcI63 males suggests 

that, like the null alleles, suppressor alleles cause reduced numbers of functional 

spermatids. 



113 

11.43 Relating the functions of SPE*6 

How might SPE-6 perform apparently different functions in distinct stages of 

spermatogenesis? The requirement for SPE-6 for Obrous body formation in 

spermatocytes and its inhibitory role in spermiogenesis may reflect different 

phosphorylation targets in these two cells. Alternatively, SPE-6 may phosphorylate the 

same proteins in spermatocytes and spermatids, but these targets could lead to different 

effects based on their distinct cellular contexts. I cannot eliminate a third possibility, that 

the effect of spe-6 mutations on spermiogenesis may only be an indirect consequence of 

its earlier influence in spermatocytes. Defective spermatocytes may simply produce 

spermatids that are incapable of repressing spermiogenesis. However, the sheer number 

of spe-6 alleles that produce the suppression phenotype and the minimal ultrastructural 

defects observed in hcl63 mutant spermatocytes argue against this possibility. 

How is fibrous body formation in spermatocytes related to spermiogenesis 

initiation in spermatids? One common feature of these two processes is that each 

involves MSP polymerization. SPE-6 may regulate the state of MSP polymerization, 

though not by directly phosphorylating it, since MSP is not detectably phosphorylated in 

vivo (BURKE and WARD 1983). Evidence from both C. elegans and Ascaris suggests that 

MSP polymerization is controlled by intracellular pH (ITALIANO et al. 1999; KING et al. 

1994a; ROBERTS and KING 1991; WARD et al. 1983). SPE-6 may influence MSP 

polymerization in both spermatocytes and spermatids by regulating pH. 
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Whatever the roles of SPE-6 in spermatocyte development and in spermiogenesis 

initiation, my analysis of suppressor allele hcl63 illustrates that a single mutation can 

compromise the two processes to dramatically different extents. spe-6(hcl63) 

homozygous hermaphrodites have virtually identical (moderate) fertility as hemizygotes, 

suggesting that the mutation causes only a slight reduction of function in the SPE-6 

protein relative to wild type. Indeed, spe-6(hcl63) exhibits very little effect on 

spermatocyte development. Yet, this allele strongly influences spermiogenesis initiation. 

The large number and widespread distribution of spe-6 suppressor mutations is consistent 

with the hypothesis that a small reduction in SPE-6 activity is sufficient to prevent SPE-6 

from inhibiting spermiogenesis initiation. 

This sensitivity of spermiogenesis initiation to small decreases in SPE-6 activity 

makes good biological sense. Sperm are the limiting gamete in C. elegans, so 

reproductive Htness depends directly on the number of functional sperm (WARD and 

CARREL 1979). Because spermatozoa rely on their pseudopods to adhere to the walls of 

the spermathecae and to crawl back to the spermathecae when passing eggs push them 

out, any spermatids remaining in the reproductive tract after ovulation begins risk being 

expelled as eggs are laid. Therefore, if SPE-6 is the control point preventing 

spermiogenesis initiation, it must be able to disengage quickly and completely in 

response to the spermiogenesis initiation signal to insure that all spermatids mature to 

spermatozoa rapidly. Thus, the sensitivity of spermiogenesis to small decreases in 

activity would ensure maximal utilization of sperm and result in the maximum number of 

progeny. 
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m. SUPPRESSORS OF spe-27(itI32ts) THAT ARE NOT SPE-6 ALLELES 

in.l INTRODUCTION 

As discussed in Chapter n, complementation tests and DNA sequencing indicated that 

most of the mutants isolated in the screen for suppressors of spe-27(itl32i&) are alleles of 

spe-6. Indeed all of the most fertile suppressor mutants are spe-6 alleles. This 

represented such a treasure trove of genetic information that, initially, I aborted my 

efforts to genetically characterize many of the less fertile suppressor strains. After 

learning that most of the suppressor mutations were in spe-6,1 sequenced the spe-6 gene 

from several of the weaker suppressors, and failed to Hnd mutations. This prompted me 

to revisit them genetically, confirming that their defects do not map to the spe-6 locus. In 

this brief chapter I catalog those mutants and outline future plans for their further 

analysis. 
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in.2 MATERIALS AND METHODS 

in.2.1 General nematode and genetic methods 

The mutants discussed here were isolated in the genetic screen for suppressors of spe-

27(itl32ts) discussed in Chapter n, and most general nematode and genetic methods are 

described in the Materials and Methods section of that chapter. 

in.2.2 Outcrosses 

Most of the suppressors that, by DNA sequencing, showed no mutation in spe-6, were 

outcrossed in order to remove secondary mutations that may have been induced by the 

mutagenesis treatment. For outcrossing, suppressor mutant hermaphrodites (of genotype: 

spe-27(itl32ts)IV; '"sup-X") were crossed to dpy-18(e364)ni; spe-27(itI32\s)IV males. 

From crosses that produced about half males in the F, generation (indicating a successful 

mating), F, hermaphrodites were allowed to self at IS'C, and their progeny (the F, 

generation) were incubated at 25°C. Non-Dpy, fertile F, hermaphrodites that produced 

no Dpy progeny were saved for a subsequent round of outcrossing. In addition to 

outcrossing mutagenized chromosomes, this strategy served to assess linkage of the 

suppressor mutation to chromosome HI. If the suppressor were located on chromosome 

m, in the dpy-18 region (where spe-6 is located), then Dpy Fj hermaphrodites would 

almost never be fertile. If the suppressor mutation is not on chromosome IQ, then on 

average one-quarter of the Dpy FiS should be fertile. The dpy-I8(e364); spe-27(itl32ts) 

strain used for outcrosses was itself outcrossed at least six times to wild-type to remove 

any mutations that may have been introduced into it in the past. 



in.2 J Complementation tests 

In most cases, independent segregation of the dpy-18(e364) mutation and the suppressor 

phenotype indicated the suppressor mutations were not alleles of spe-6, as outlined 

above. This was confirmed by complementation tests, either to spe-6(hcl63), or to other 

spe-6 suppressor alleles. Most of the suppressors were then tested in complementation 

crosses to suppressor strain hcl97 (which is not a spe-6 allele) as follows: First, spe-

27(itl32\s); sup hcl97 hermaphrodites were crossed to spe-27(itl32\s) males to produce 

spe-27(itI32ts); sup hcl97/+ F, hermaphrodites and males. The F, males were then 

crossed to a tester hermaphrodite of genotype spe-27(itl32\s) unc-22(e66); "supX." 

Hermaphrodite progeny from this cross were individually incubated at 2S°C and scored 

for fertility. If the two parental suppressor mutations are allelic, approximately half of 

these progeny should be at least partially fertile. Similar complementation tests were 

performed with different combinations of suppressor mutants. In some cases, the results 

of complementation tests were difHcult to interpret, because the parental suppressor 

mutants were weakly fertile on their own. 
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m J RESULTS 

From the screen for suppressors of spe-27(itl32ts), eleven strains with hermaphrodite 

self-fertilities of 5-19 progeny (at 25°C) have suppressor mutations that are not alleles of 

spe-6 (Table 3.1). An additional eleven suppressor strains with 25°C self-fertilities of 

fewer than Hve progeny were saved as frozen stocks, but not characterized further (not 

shown). The low fertility of these latter strains makes them difficult to characterize 

genetically at present; however, they may be more amenable to genetic or molecular 

analysis in the future, once additional information on the spermiogenesis signaling 

pathway accumulates. 

The moderately fertile suppressor strains also proved difHcult to work with. 

Many of the complementation test crosses (Table 3.2) did not result in enough progeny to 

yield high confidence conclusions; either the parental matings produced no or few F, 

progeny, or in the cases of successful matings, the Fj progeny died before reaching 

reproductive maturity. Suppressors hc201 and hc204 proved particularly problematic in 

this respect. Certainly, a more thorough genetic characterization of these mutants is in 

order. It is difficult at present to estimate the number of different genes represented by 

the eleven suppressor strains, but given that suppressors hcl97, hcI96, hc202, and hcl99 

all complement each other and spe-6, these must represent four additional suppressor 

genes. Suppressor hcl98 may represent a fifth distinct gene, though conclusive results 

for its complementation to hcl96 and hcl99 are not yet available. Three of the 

suppressor mutants appear to be at least slighdy semi-dominant. Alleles hcl95 and 
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hc200 showed semi-dominance early in their characterization. Heterozygotes of hcl95 

(while homozygous for the spe-27 mutation) had 25°C brood sizes of 3.7 ± 2.8 (n=l 1); 

hc200 heterozygotes had 25° broods of 3.0 ± 2.7 (n=l 1). Although hc205 showed no 

significant semi-dominance as a heterozygote with wild type, in four different 

complementation tests (with hcI96, hcl97, hcl98, and hc202, which show 

complementation between one other), rran^-heteroalielic F, progeny produced some 

weakly fertile Fj progeny, suggesting that hc205 may also be semi-dominant. 



Table 3.1, Summary of non-5pe-5 suppressor mutants 
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Genotype 25°C brood ± s.d. (n) bet. brood s.d. (n) 
wild type (N2) 210 

spe-27(itl32\s) unc-22(e66) 0 

hcl95; spe-27(itl32x%) unc-22(e66) 17.5 ±7.0(3) 3.7 ±2.8(11) 

hcl96; spe-27(itl32ts) unc-22(e66) 15.5 ± 14.8 (2) 

hcl97; spe-27(itl32ts) unc-22(e66) 12.5 ± 17.7 (2) 

hcl98; spe-27(itl32ts) unc-22(e66) 9.0 ±6.6 (3) 

hcl99; spe-27(itl32ts) unc-22(e66) 9.0 ±5.7(2) 

hc200; spe-27(itl32ts) unc-22(e66) 8.7 ±5.5 (3) 3.0 ±2.7(11) 

hc201; spe-27(itJ32\.s) unc-22(e66) 8.3 ±6.8(4) 

hc202; spe-27(itl32ts) unc-22(e66) in ±3.2 (3) 

hc203; spe-27(itl32ts) unc-22(e66) 6.3 ±6.0 (2) 

hc204; spe-27(itl32ts) unc-22(e66) 6.0 ±5.2 (3) 

hc205; 5pe-27(itI32ts) unc'22(e66) 5.0 ±8.7 (3) 
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Table 3.2, Complementation tests between xim-spe-6 suppressors of spe-27(itl32ts). 

hem hcl97 hem hel99 he20l he202 he203 he204 he205 
hel96 

hcl97 

hcl98 

he 199 

he203 

hc204 

Numbers across the top and left sides of the table are suppressor strain numbers of the 

parents for each cross. A "C" denotes complementation (i.e., non-allelism) between the 

two suppressor alleles; an "F' denotes failure to complement. Question marks denote 

non-conclusive results. Suppressor allele hc205 may be slightly semi-dominant, which 

would explain its apparent failure to complement all the alleles against which it was 

tested. 
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ni.4 DISCUSSION 

What do the Tion-spe-6 suppressor mutants tell us about spermiogenesis initiation 

signaling? At present, admittedly, not much. Many questions remain to be answered to 

understand these mutants and how they relate to spermiogenesis signaling. For example, 

are these bypass suppressors, like the spe-6 mutants, which can suppress all of the other 

spermiogenesis genes, or are they allele-speciflc for spe-27(itI32ts)l What are the 

genes? Where do they map? Are any of the mutations in previously characterized 

genes? What is the nature of the two (or three) semi-dominant mutations? 

What the existence of these suppressors does tell us is that, as discussed in 

Chapter n, spermiogenesis signaling is more complex and involves more genes than our 

current picture indicates. Perhaps some of the mutants represent the genes hypothesized 

in the model proposed for regulation of spermiogenesis by spe-6-the "brake" protein or 

one of the phosphatases, for example. 

An interesting observation about the spe-27 suppressors is the skewed distribution 

of their degree of suppression (i.e., 25°C fertility in the presence of spe-27(itl32ls)) with 

respect to their allelism to spe-6. Eighteen of the twenty most fertile suppressors (90%) 

are alleles of spe-6, while only four of the twelve least fertile suppressors (33%) are spe-6 

alleles. While the sheer number of spe-6 alleles isolated by the screen (including some 

with identical lesions) suggests, on the one hand, that the screen was saturated, the fact 

that at least four of the twelve noxi-spe-6 mutants represent separate genes suggests the 

screen may not have been saturated. 
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It is reassuring to realize that it should be much easier and faster to characterize 

these suppressor mutants than it was for spe-6. The essentially complete C. elegans 

genome sequence, together with more advanced mapping methods and microanay 

technology should be an enormous aide toward identifying and studying these genes. I 

provide an example of this in the following chapter, in which I present the identification 

of the spe-8 gene. 



IV. Tmspe-8 GENE ENCODES AN SH2-DOMAIN-CONTA1NIN6 NON-

RECEPTOR PROTEIN-TYROSINE KINASE. 

IV.l INTRODUCTION 

Perhaps as significant as the new knowledge about spermiogenesis initiation signaling it 

provides, this chapter highlights the cunent uransformation in the way the Ward lab 

identifies and examines spermatogenesis genes in the "post-genome era." The spe-8 gene 

is one of the four genes (along with spe-12, spe-27, and spe-29) whose mutants have the 

unusual phenotype in which virgin hermaphrodites are self-sterile, but mated 

hermaphrodites are both outcross- and self-fertile. Like mutants in the other three genes, 

spe-8 mutants also show a spermatid activation defect in vitro. Hermaphrodite- or male-

derived spermatids activate normally when exposed to triethanolamine, but protease 

treatment causes them to undergo an incomplete spermiogenesis, forming membrane 

spikes rather than pseudopods. These observations led to the model that spe-8 mutants, 

like spe-12, -27, and -29 mutants, are defective in transducing the spermiogenesis 

initiation signal, particularly the signal that originates from hermaphrodites (SHAKES 

1988). 

Although spe-8, along with spe-12, was the first of the mutants with this unusual 

spermiogenesis phenotype to be isolated (L'HERNAULT et al. 1988), it had remained the 

last of these genes to be cloned. Molecular characterization of the other three genes has 

given us only limited insight to their cellular roles. We were therefore eager to identify 

spe-8 in the hope that its sequence, like that of spe-6, might give us a clearer 
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understanding of spermiogenesis signaling. The spe-8 gene is deHned by seven alleles, 

independently isolated in a random mutagenesis screen for spermatogenesis defective 

mutants on chromosome I (L'HERNAULT et al. 1988). It maps to the far left end of 

chromosome I, near mex-3, and was recalcitrant to initial positional cloning efforts by 

former Ward lab members Jeremy Nance and Ryan Green. Subsequently, the completion 

of the C. elegans Genome Project provided invaluable tools to locate and identify the 

gene. Whereas the spe-6 gene lay in a region of the genome that proved difHcult even for 

the genome consortium to clone and sequence, making its identification a toil, spe-8 was 

in a region poised for discovery using our new genomic tools. Identifying spe-8 was an 

"accidental" collaboration of efforts from classical geneticists, molecular biologists, and 

bioinformaticists. After all the pieces fell into place, I happened to be in the right place at 

the right time to drive in the final "golden stake." For this reason, in this chapter I make 

much freer use of the plural "we" than in the previous chapters. I anticipate that, in this 

new genomics age, more and more scientific discoveries will result from such distributed 

collaborations. 
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IV.2 MATERIALS AND METHODS 

IV.2.1 Strains and general nematode methods 

Standard methods for culture and genetic analysis of C. elegans strains were performed 

as described in Chapter II. The following homozygous spe-8 mutant strains were used: 

BA785: spe-8(hc40), BA784: spe-8(hc50), BA786: spe-8(hc53), BA788: spe-8(hc79), 

BA801: spe-8(hc85), BA7S7: spe-8(hcI08), BA797: spe-8(hcI34ts). All of these 

strains are gonochoristic; virgin hermaphrodites are self-sterile, but fertile when mated to 

males. 

IV.2.2 Sequencing spe-S wild-type and mutant alleles 

Determination of spe-8 wild-type and mutant genomic DNA sequences was done as 

described for spe-6 DNA sequencing in Chapter 2. AmpliHcation and sequencing 

primers are listed in Appendix D. 

IV.2.3 Determining the 5' exon structure of the spe-8 transcript 

To determine the exon structure of the S' end of spe-8, we first amplified a 5' cDNA clone 

from a directionally cloned fem-3(q23ts) mutant cDNA library (Harold Smith, personal 

communication) using an 3' primer ("F53G12.6L3'") that anneals within exon 3, and S' 

primer ("Forward 25-mer" 5'-AACGACGGCCAGTGAATTGTAATAC) that anneals to 

the Ubrary vector approximately 50 nucleotides 5' to the cDNA insertion site. The fairly 

homogeneous PCR product was agarose gel purified and sequenced directly using the 5' 

amplification primer as a sequencing primer. 
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iy.2.4 Differential PCR analysis of spe-8 

We used PCR to assay for the presence of spe-8 clones in cDNA libraries constructed 

from either/em-/(/ic/7ts) OTfem-3(q23ts) mutants (kindly provided by Harold Smith) as 

described in section n.2.1 L jpe-5-specific PCR primers were F53Gl2.6Lb and 

FS3G12.6L3' (see Appendix D). In addition to the spe-8 primer pair, for internal controls 

each PCR reaction included jpe-72-specific primers, as a spermatogenesis-specific 

control, and primers for the F25H8.1, as a somatic gene control, (see section n.2.11). 

MIcroiiyection transformation rescue 

We amplified a 3.3 kb fragment from wild-type worms containing the entire spe-8 gene, 

including 394 basepairs 5' of the start codon, and 165 basepairs 3' from the stop codon 

(Figure 4.3). We used TurboPfu polymerase for the PCR, as described in Chapter 2. For 

transformation rescue, a mixture containing 10 ng/^1 of this PCR fragment, along with 10 

ng/|il of the pRF4 plasmid linearized with Smal, and 80 ng/^l of PvuII-digested C. 

elegans genomic DNA were injected mto young adult spe-8(hc40) mutant 

hermaphrodites. Each injected hermaphrodite was paired with three males of the same 

mutant genotype, and individual F, hermaphrodite rollers were scored for self-fertility at 

25°C. For negative controls we injected DNA mixes lacking the spe-8 PCR fragment 

into spe-8(hc40) mutants. 

iy.2.6 Sequence and database analysis 

Several software packages and web-based sequence analysis tools were used to analyze 

the spe-8 gene and its product. These include the following: Basic Local Alignment 



Search Tool (BLAST), available at www.ncbi.nlm.nih.gov/BLAST/ was used for DNA 

and protein sequence comparisons (ALTSCHUL et al. 1990; ALTSCHUL et al. 1997). C. 

elegans paralogs of spe-8 were compiled using the Sanger Centre C. elegans BLAST 

server, at www.sanger.ac.uk/Projects/C_elegans/blast_server.shtml, to compare the SPE-

8 sequence with the WormpepSl database, containing 19,781 C. elegans protein 

sequences. The Conserved Domain Database Search Service, available at 

www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml, the Simple Modular Architecture 

Research Tool (SMART, smart.embl-heidelberg.de/), and the Domain Architecture 

Retrieval Tool (DART, www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi) were 

used for determining protein domain architectures of SPE-8 and related proteins 

(SCHULTZ et al. 2000; SCHULTZ et al. 1998). Cn3D version 3.0, 

(www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml) was used for modeling the SPE-8 

sequence onto the three dimensional structures of SH2 and protein tyrosine kinase 

domains. Clustal X (JEANMOUGIN et al. 1998) was used for creating multiple sequence 

alignments. Microarray data were imported into a FileMaker Pro database created by 

Jeremy Nance and Samuel Ward (personal communication). 

http://www.sanger.ac.uk/Projects/C_elegans/blast_server.shtml
http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi
http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml
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IVJ RESULTS 

IV.3.1 Genetic position and spermatogenesis-specific expression of spe-8 

spe-8 had been mapped previously to the left end of chromosome I, approximately 8.7 

cM to the left of lin-I7 (L'HERNAULT et al. 1988) and (www.wormbase.org). Subsequent 

high-resolution genetic mapping placed spe-8 extremely close (inseparable) to mex-3 

(www.wormbase.org), a cloned gene located on cosmid F2SG12 (DRAPER et al. 1996) 

(Figure 4.1). Reasoning that spe-8 expression would probably be specific to 

spermatogenesis, we surveyed the predicted genes close to mex-3 for their expression 

patterns using microarray data describing the spermatogenesis-speciHcity of expression 

of the majority of predicted C. elegans genes (REINKE et al. 20(X)). Microarrays 

containing PGR products representing most of the predicted genes from the C. elegans 

genome were hybridized with cDNA probes prepared from either fem-I(hcl7ts) or fem-

3(q23ts) mutants grown at the restrictive temperature. The/em-/ mutant worms are 

somatic hermaphrodites that produce exclusively oocyte gametes, while the fem-3 

mutants are hermaphrodites that produce exclusively sperm gametes. Therefore, cDNA 

from the fem-I worms represents genes expressed in the hermaphrodite soma and oocyte-

producing germline, and is devoid of spermatogenesis-speciHc cDNA clones, while 

cDNA from the fem-3 worms contains hermaphrodite soma and sperm-producing 

germline clones, and is devoid of oogenesis-specific clones. By pre-labeling the two sets 

of cDNA probes with different fluorescent dyes and simultaneously hybridizing the 

probes to the microarray, it was possible to determine the relative hybridization signal of 

http://www.wormbase.org
http://www.wormbase.org
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each gene on the microarray. This relative hybridization signal for a particular gene is 

proportional to the abundance of cDNA clones for that gene in each library. Thus, a high 

fem-3 hybridization signal relative to the fem-I hybridization signal indicates that a gene 

has a higher expression level in spermatogenesis than in oogenesis. Of the predicted 

genes on F2SG12 and its three nearest neighboring cosmids, only two, F53G12.6 and 

FS3G12.8, appeared to have a spermatogenesis-specific expression pattern (Table 4.1, 

Figure 4.1). FS3G12.8 had akeady been tested and found not to be spe-8 (Jeremy Nance, 

personal communication). We conHrmed that the FS3G12.6 transcript is spermatogenesis 

specific by attempting to amplify its cDNA from fem-1 or fem-3 cDNA libraries 

(provided by Harold Smith). Only the fem-3 library yielded any detectible PGR product 

(Figure 4.2). In agreement with die genetic mapping data, FS3G12.6 is adjacent to mex-

3, which is also known as F53G12.5. Molecular analysis (described below) confirmed 

that F53G12.6 is the spe-8 gene. 
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Figure 4.1, Locating the spe-8 gene 

Shown along the top are cosmid and yeast artificial chromosome clones representing the 

far left end of chromosome I, to which spe-8 nups. mex-3, a cloned gene that is 

genetically inseparable from spe-8, is located on FS3G12. The graph shows all the 

predicted genes in this region that are represented on a DNA microarray plotted against 

their degree of spermatogenesis-specific gene expression measured as fem-3(q23)lfem-

l(hcl7) microarray signal intensity (see Materials and Methods). Two genes in the 

region, F53G12.6 and F53G12.8, appear spermatogenesis-speciflc. F53G12.8 had 

previously been found not to be spe-8 (Jeremy Nance, personal communication). 

FS3G12.6, which is adjacent to mex-3, was found to be spe-8. 
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Figure 4.2, Differential PGR analysis of spe-8 expression 

The lane marked "O" shows PGR amplification products from afem-l(hcI7ts) 

(hermaphrodite soma- and opcyte-producing germline-specific) cDNA library. The lane 

marked "S" is from a fem-3(q23ts) (hermaphrodite soma- and sperm-producing germline-

specific) cDNA library. The spermatogenesis-specific band at ~7(X) basepairs is 

amplified from 5pe-/2-specific primers, and serves as an internal control for 

spermatogenesis-specific expression. The common band at 526 basepairs is a control, 

amplified from the F2SH8.1 somatic message. The band marked with a white arrowhead 

was amplified with primers targeting spe-8 (FS3G12.6). The ^pe-5-specific PGR primers 

were F53G12.6Lb and F53G12.6L3' (see Appendix D for a description of the primers). 

The DNA size marker ("<|>x") is a bacteriophage 0x174 HaeTH digest. DNA band sizes, 

in basepairs, and the positions of the control bands, are shown at right. 
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IV.3.2 spe-8 gene structure 

The Genefinder prediction algorithm used by the C. elegans Sequencing Consortium 

predicts F53G12.6 to contain seven exons. Except for the first predicted exon, for which 

cDNA clones do not appear in any databases, the predicted exon structure is corroborated 

by alignment of the genomic sequence with two published cDNA clones, ykS40b6 

(GenBank accession numbers AV201686, AV199086) and yk264hlO (GenBank 

accession number C67199). Both of these clones were isolated from male-enriched C. 

elegans libraries, which contain spermatogenesis-speciHc cDNAs. To test whether the 

Genefinder-predicted flrst exon was correct, we designed an upstream oligonucleotide 

primer to this exon and, in combination with a downstream primer complementary to 

exon 3, attempted to PGR amplify a cDNA from the fem-3 spermatogenesis gene-

enriched cDNA library. We were unable to amplify a cDNA, but this primer 

combination did amplify the correct sized product from genomic DNA, suggesting that 

the sequence targeted by the S' primer is not present in the spe-8 cDNA. To determine 

the actual exon structure, we amplified a S'-cDNA clone from the fem-3 library using the 

exon 3 primer and a primer targeting vector sequence just upstream of the insertion point 

in the library (Harold Smith, personal communication). We gel-puriHed and sequenced 

the E>CR product, and found that the actual first exon lies just upstream of the predicted 

exon, which is actually in an intron. This exon structure was correctly predicted by the 

Intronerator algorithm (www.cse.ucsc.edu/~kentAntronerator/) (KENT and ZAHLER 2000). 

The spe-8 gene sequence and that of the 512-amino acid polypeptide it is predicted to 

encode are shown in Figure 4.3. 

http://www.cse.ucsc.edu/~kentAntronerator/


136 

Figure 4.3, Sequence of the spe-8 gene and protein 

The nucleotide changes of mutant alleles are shown in italic above the DNA sequence; 

their predicted protein alterations are shown below the sequence in bold italic. The 

predicted protein-coding sequence is shown in uppercase; non-coding sequence is in 

lowercase. Nucleotide and amino acid positions (italic) are numbered at left. The 

underlined portion of the polypeptide sequence corresponds to an SH2 domain, and the 

shaded portion corresponds to a protein-tyrosine kinase domain (SCHULTZ et al. 1998). 

Nucleotide numbering starts from the first basepair and ends with the last basepair of the 

PGR product used for transformation rescue of spe-8 mutants. This corresponds to the 

complement of nucleotide positions 282I9-31S19 incosmidFS3G12, GenBank accession 

number AF003139.1. "amb" denotes an amber nonsense codon in allele hc50. 
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aagctccgcccacgatttcatttgcactgcgttgagtcggccgtattgttattcaaacat 
gaatgaatatactggtgaagtttaaaaaattgggtgtttagttttgaagaaaataatttt 
tttggaattttgaataaagcacaattggcagctgaaactggactttcagacaaattttga 
acggtggttgttgatgctttgagtttatattgttattcaaacatgtatgaacttgtaaag 
tgcttgtaaaacttgtaagttgcttgttcgctcattctgaaataaaatttaaattaaata 
aaagttcacgtgatacaaaaaagccaacttattgattgaaatcgataaaatcgataagaa 
attcattcatttaatagtttttaacaaacaacaaATGCGATCAAAAAGTTCGGAAGGTGA 

M R S K S S E G D  

TTTACAACCAGAGGACACCCAATCCAGAGAAGATAAAGAGACGACTGCTACGTATAGTGA 
L Q P E D T Q S R E D K E T T A T Y S E  

GGATACAAAGCCAGgtaaatacagtagtcctaccttaaaattacagtaacccagctgact 
D T K P E 

aaatatcataataaaacttgcaaaaaaatgatgtaaaatcttagtttttagtcttttgaa 
ctggtagaaactgtgttagcgccactttttgactctaaatagaaaaatttcccattttaa 
aagagttgtattatgatacactgcgtggcgtgtaaaataccaaaaaataagcgcggtttt 
ttttttcgtaaaatcacagggaaaaatccgaaatcggaactccaatcagccgccaacatc 
ccacgggcccaataacttctgggttttgtttcaacaatctcatttactccaattccagAA 

ACCCAAAAGGAGAGAAACGCGGCACTGGACAATCTTGCCAAGACCCCAATCCAGTTAGTC 
T Q K E R N A A L D N L A K T P I Q L V  

GTCCAACCAACTCCTCTCACACCAGCCATCACGCCATGCGAAGCACCACCACCACCACCT 
V Q P T P L T P A I T P C E A P P P P P  

CCACCAAAACCCTCTAGCGATAATAACAACTCGAAACGATTGAAAGTGAAAGATCAACTG 
P P K P S S D N N N S K R L K V K D Q L  

ATTGAAGTGCCCAGCGATGAAGTAGGCCGAGTTGAGAATAATATAGACAATTTCCCGTTC 
l E V P S D E V G R V E N N I D N P  P  F  

TATCATGGATTCATGGGAAGGAACGAGTGTGAGGCGATGTTGAGCAATCATGGAGACTTT 
Y H G F M G R N E C E A M L S N H G D F  

A hcl34ts 
TTGATTCGAATGACGGAAATTGGGAAGAGGGTCGCCTATGTGATTAGTATCAAGTGGAAG 
L I R M T E I G K R V A Y V I S I K W K  

H 

TATCAAAATATTCATGTTCTAGTGAAACGGACCAAGACGgtgagagttgtttggtattat 
Y Q N I H V L V K R T K T  

catttagtttcgtttcaaatcagaccgagatacatacaaatattgaagttcaaatttaga 
acatgttgcatcgcaatgtgttcattgtgctccctgaagcattatgcggacatcacgaat 
tacataaattattttaaccaatggtgggcggcaaattgacaaattgccgatttgccgaat 
ttgccaaaaattttcggaaaattgtatttttgcacattttttttaaatttcaaaatttca 
aattttatcggcaaaattgtatgcatcctatgaatatttctacatctgtttcgaaaagta 
agcaaattatatgaaaatatctaaagaaaaggggaaaaaattcgaaaaggcacagttttc 
agtgtttccgtcttacaaaaaaaacctcgaaaaactttcggcaaataagcaaaccggcaa 
attgccggaaattatagtttcaggcaaatcggcaaaccggctatttgccgaatttgccga 
acggcagtagcctctcacccctgatttgaacaCggtgcattgcatcaccgctcctcgact 
tggaaagtttatatcggtagatatttgcagcagatgtaatttactgatattttcagAAAA 

K K 
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1861 AGCTCTACTGGACCAAAAAGTACGCCTTCAAATCCATCTGTGAGCTTATTGCCTATCACA 
170 L Y W T K K Y A F K S I C E L I A Y H K  

1921 AGCGAAATCACAAGCCGATTTATGAGGGCATGACGTTGATCTGTGGCCTGGCACGACATG 
190 R  N  H  K  P  l Y E G M T L I C G L A R H G  

A hc79 
1981 GATGGCAGCTGAACAACGAGCAGGTCACATTGAATAAGAAGTTGGGAGAGGGACAGTTTG 
210 W Q L N N E Q V T IT K K n G :B G ft r G 

M 
A hc53 

2041 GAGAAGTGCACAAAGGATCGCTGAAGACATCTGTATTTGCAGCCCCGGTCACTGTTGCCG 
230 E: V H K G S L K T S V F A A P V T V A V 

M 
2101 TGAAGACCTTGCACCAGAACCATCTATCCGCCAATGAGAAGATCTTGTTCCTAAGAGAGG 
250 K T L H Q W H L S A N B K I L P L R E A 

2161 CCAATGTGATGCTCACCCTGTCTCATgtaagctacctgtttcaagttgaactaaactaaa 
270 N V M D T I. S H 

2221 attaatttcagCCAAATGTGATAAAATTCTACGGAGTATGCACCATGAAGGAGCCCATCA 
278 P N V X K- F Y G V C 1? M K E P I M 

2281 TGATTGTCATGGAGTTTTGCGACGGGAAATCCCTGGAGGACGCTCTACTCTCCAAGGAAG 
295 r y: M E F C D G K S L E D A L L S K, E E 

2341 AAAAAGTGTCAGCTGAGGACAAGATTCTCTACCTTTTCCACGCCGCCTGCGGTATTGATT 
315 K V S A E D K I L Y L F H A A C G I D Y 

2401 ATTTGCACGGAAAGCAGGTTATTCACAGGGATATTGCGGCGAGAAATTGTTTGTTGAATT 
335 L K G K Q V r H R D  I A A R N C L L N S  

2461 CCAAAAAGATCgtgagtttgtttttcaaaaatttctgaatctatgtgaatgaaaaaataa 
355 K K I 

2521 atttcagCTGAAAATCTCCGACTTTGGATTGTCGGTCAAAGGAGTTGCTATAAAGGAGCG 
358 L K r S P F G L S: V K G V A I K E R 

2581 AAAGGGAGGATGTCTGCCGGTCAAGTACATGGCTCCGGAGACATTGAAGAAGGGGTTGTA 
376 K  G  G  C L P  V  K  Y  M  .  A  P  E  T  L  K  K  6  L  Y  

2641 CAGTACTGCCTCTGATATTTATAGgtgagcctacgagcatacatagacattggtagtggc 
396 S T A S D I Y S 

2701 gtcagcggtggcctagaaaccttatccgcgtctgaaggttaatcaacctcacacaagtct 

A bcl08 
2161 ctatgatttccagCTACGGCGCTCTAATGTACGAAGTCTACACGGACGGAAAGACGCCAT 
404 Y; lis & L IC Y E y Y- T . Di G: K T P= F 

D 

2821 TCGAAACGTGCGGGCTACGTGGAAATGAGCTCCGAAAAGCGATCATCGGGAAGAGAATCA 
420 E: iT- :C 6 L .-R G » EL; R. , K A I I G K R • I S 
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2881 GCTTGGCCGTTGAGGTAGAGCTAC^GTGTTCATTGCCAACATTTTCGAGCAAAGCAGGC 
440 

A hc40 T hc50 
2941 AGTACGAGACCGAAGATCGCATAAGCTCCAAGCAAATTATTCAGATTTTTAAGGAGgttt 
460 K E 

H mab 

3001 gtgaagcattttatcggttttttgttcaaaaaattagtaattttccagGAAGTCGGATTC 
478 E V G F 

3061 CATGAAATTGAGACAAGTGGGATACTGCATAAGCTTGTCAATTCTCTTCCGAGAATTCAC 
4 8 2  H E I E T S G I L H K L V N S L P R I H  

3121 AATAAGGAAAGAAAACCCGCGGCGGTGGCAGTGTAAtaaatatctgaaaatccccccacc 
5 0 2  N K E R K P A A V A V *  

3181 cctgaaaatatttgactgtattttttaaatcaaacacacaacgcacacaaacagacagac 
3241 agaaagcctaagtacacagagaaaatgtttgaggtgaggtgcgaaagggaggaggctaga 
3301 acacctactttacgccaacaa 
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IV.3.3 SPE-8 is a predicted non-receptor tyrosine kinase containing an SH2 domain. 

Analysis of the predicted SPE-8 protein sequence using the Domain Architecture 

Retrieval Tool (DART) reveals that the protein is composed of two major functional 

domains. Toward the N-terminus is a Src homology 2 (SH2) domain. SH2 is a large 

family of protein domains, found widely among many phyla, which bind particular 

phosphorylated tyrosine residues on other proteins, and are key regulators of tyrosine 

phosphorylation signaling cascades (SAWYER 1998). Closely following the SH2 domain 

is a non-receptor protein-tyrosine kinase catalytic domain whose sequence is most closely 

related to the protein-tyrosine kinase family containing Fes/Fps avian sarcoma 

oncoproteins (SMUHGALL et al. 1998). A BLAST? search of SPE-8 against the non-

redundant set of protein databases produces many high scoring matches, the highest of 

which (E values 9 x 10"*^ - 2 x 10"**) are to other predicted C. elegans proteins. Most 

have domain architectures similar to that of SPE-8, an N-terminal SH2 domain followed 

by a protein tyrosine kinase domain. At least 39 such predicted proteins with this domain 

structure are present in the Wormpep database (Figure 4.4, Table 4.1). Strikingly, an 

examination of the germline expression pattern of the genes encoding these proteins 

reveals that almost all of them are highly enriched, if not specific, in spermatogenesis 

(Table 4.1). 

A third striking feature of the predicted SPE-8 protein is a proline rich region N-

terminal to the SH2 domain, including one stretch containing seven prolines in a row. 



Proline-rich regions in proteins are often recognition targets for binding domains 

common to signaling molecules (KAY et al. 2000). 
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Figure 4.4, Multiple sequence alignment of SPE-8 with related C. elegans proteins 

The alignment was performed using Clustal X (JEANMOUGIN et al. 1998). Amino acid 

identities or conserved changes are highlighted in color; related amino acids use the same 

color-coding. Universally conserved residues are marked along the top with an asterisk. 

Gaps introduced in sequences to facilitate alignment, and regions beyond the C- and N-

termini are marked on the sequence line with a dash. Below the sequence alignments, 

SPE-8 mutant alleles are marked. The approximate boundaries of the SH2 and tyrosine-

protein kinase catalytic domains are marked at the bottom of the figure by black bars. 

Roman numerals mark the approximate locations of kinase subdomains according to the 

classification system of Hanks, et al (HANKS et al. 1988). 
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Table 4.1, C. elegans spe-8 paralogs 

spe-8 and its 39 paralogs present on a microarray containing approximately 95% of the 

predicted genes in the C. elegans genome. Column 4 lists the approximate nucleotide 

position for each gene. Column 5 lists the fem-3ffem-l gene expression ratio for each 

gene after background subtraction. Column 6 lists the gene expression level in fem-l 

mutants for each gene. Microarray data were provided by Samuel Ward. Gene ID 

numbers and positions were taken from www.wormbase.org. 

http://www.wormbase.org
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Gene Name Gene ID Chromosome Position 
fem-3/fem-l 
expression 

fem-1 
expression 

F53612.6 CE11016 I 104017 10.4 912 
F26E4.5 CE09689 I 9100678 11.8 424 
F23C8.7 CE20716 I 2340904 10.4 1012 
C25A8.5 CE08385 IV 6648735 21.0 761 
T13H10.1 CE06444 IV 9558137 20.5 585 
T06C10.6 CE04904 IV 7513389 18.7 359 
T06C10.3 CE04901 IV 7508502 19.5 491 
C55C3.4 CE06991 IV 5584879 26.6 1275 
T04B2.2 CE03609 IV 9635295 18.0 487 
C35E7.10 CE17523 I 10736860 NA NA 
ZK622.I CE05098 n 5283184 18.8 510 
T25B9.4 CE06503 IV 10346792 19.1 500 
F22B3.8 CE03259 IV 11015868 10.8 878 
R11E3.1 CEI9543 IV 4712056 29.8 486 
F01D4.3 CE09155 IV 10064671 7.4 478 
M 176.9 CEI8899 n 9400807 15.6 634 
F22D6.1 CE05682 I 6408648 6.0 729 
F57B9.8 CE01343 m 6392138 19.2 579 
F59A3.8 CE11430 I 4845156 9.0 719 
W03F8.2 CE 17272 IV 5109030 9.6 1024 
ZK593.9 CE06630 IV 10531989 8.5 1208 
B0523.1 CE02438 m 8112021 10.3 618 
R05H5.4 CE02291 n 10189794 3.7 2967 
F46F5.2 CE20822 n 783697 13.1 658 
ZC581.7 CE15247 I 5993086 19.5 569 
C18H7.4 CE 17429 IV 549533 15.2 540 
YII6A8C.24 CE23332 IV 17027900 19.9 612 
YI16A8C.38 CE23343 IV 17088618 25.7 716 
W0IB6.5 CE03757 IV 9667357 11.6 595 
Y69E1A.3 CE22810 IV 10964042 14.3 1073 
T25B9.5 CE06504 IV 10343462 10.2 1091 
W08D2.8 CE06563 IV 9423969 6.8 655 
Y52D5A.2 CE26155 IV 5476382 NA NA 
K07F5.4 CE06119 IV 9430143 9.2 804 
Y4C6A.I CE24395 IV 5470473 NA NA 
R151.4 CE00747 m 6678398 1.0 1022 
W02A2.4 CE21234 I 13318418 18.3 749 
Y43C5B.2 CE19157 IV 9942477 18.4 547 
C30F8.4 CE25798 I 5002186 NA NA 
C34F11.5 CE04165 n 5185146 32.1 870 
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IV3.4 spe-8 mutations 

We amplified and sequenced the spe-8 gene from wild-type and homozygous spe-8 

mutant worms, and found mutations in six of the seven mutants but not in wild type, 

indicating that F53G12.6 is the spe-8 gene. As further confirmation that this gene is spe-

8, microinjection transformation of spe-8(hc40) mutant hermaphrodites by a PGR 

fragment containing only this gene efficiently rescued their self-sterility phenotype. The 

spe-8 mutations are shown in Figures 4.3 and 4.4 and Table 4.2. All are G to A or C to T 

transitions, as expected for EMS-induced mutations (ANDERSON 1995). Five mutations 

lie within the protein kinase domain. Of these, all but one result in single amino acid 

substitutions. In hc50, a glutamine at the far C-terminal region of the kinase 

domain-forty residues from the C-terminus of the protein-is converted to an amber 

nonsense codon. hc79 and hc53 are both changes of nearly invariant residues (G229E 

and V231M, respectively) within the glycine-rich subdomain I, which is a key portion of 

the ATP-binding site of all known protein kinases (HANKS et al. 1988). hcl08 (G405D) 

is an alteration of a nearly invariant residue in subdomain DC. The Hnal point mutation 

within the kinase catalytic domain is hc40 (R465H), in subdomain XI, which, like the 

other mutations, is in a position that is nearly invariant among all protein kinases. One 

mutation, hcl34ts, is not in the protein kinase domain, but is a substitution of a highly 

conserved serine (S150N) in the predicted pc strand of the SH2 domain (SAWYER 1998). 
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Table 4.2, Summary of spe-8 mutations 

Sequenced mutations in spe-8. Amino acid numbering starts at the putative initiator 

methionine in the first exon. Predicted secondary structural elements were extrapolated 

by lining up the sequence with those of other protein-tyrosine kinase or SH2 domain 

sequences and aligning the consensus with the secondary structure elucidated by the 

crystal structures of the human tyrosine phosphatase Shp-2 SH2 domain (HOFet al. 1998) 

or the human fibroblast growth factor receptor 1 protein idnase domain (MOHAMMADI et 

al. 1996). PTK subdomains and hypothesized functional domains are extrapolated from 

(HANKS et al. 1988). 
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DNA Amino Acid Predicted 2° 
Allele change Change structure Possible function Comments 

hc40 G-^A R465H PTK domain, 
subdomain XI 

forms salt bridge 
with invariant E 

in subdomain 
vin 

Invariant R 

hc50 C-»T Q473Stop PTK domain, 
end of PTK 

domain 

Truncates 
PTK 

domain and 
C-terminus 

hc53 G-»A V23IM PTK domain, 
subdomain I 

ATP-binding Invariant V 
among all 

protein 
kinases 

hc79 G-^A G229E PTK domain, 
subdomain I 

ATP-binding Highly 
conserved G 

hc85 ND - - - -

hclOS G-»A G405D PTK domain, 
subdomain IX 

Hydrophobic 
core of C-

terminal lobe 

Nearly 
invariant G; 

steric 
constraint 

hcI34ts G-»A S150N SH2 domain, 
pc strand 

Phosphotyrosine 
binding pocket 

Only 
mutation in 

SH2 domain 
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Figure 4.5, Model structures for the key domains of SPE-8 

(A) Multiple sequence alignment of the predicted SPE-8 SH2 domain with those of nine 

SH2 domains whose 3-dimensional structures have been determined. The multiple 

sequence alignment was then mapped onto the crystal structure of the human tyrosine 

phosphatase Shp-2 SH2 domain (HOFet al. 1998) using the computer program Cn3D. 

Red segments of the polypeptide backbone show amino acid identities, non-identical 

aligned residues are in blue, and unaligned residues are drawn in gray, p-sheets are 

shown as light blue arrows and a-helices are teal pointed cylinders. SPE-8 mutation 

hcI34is, which resides in the |3C strand, is shown as a yellow sphere. The ocA and oB 

helices are labeled. SH2 domains (and their PDB identification numbers) used for the 

multiple sequence alignment are from the following protein sequences; human tyrosine 

phosphatase Shp-2 (2SHP), human Xlp protein Sap (1I>4T), human P56-Lck tyrosine 

kinase (ILKK), chicken Src tyrosine kinase (2PTK), human Syk tyrosine kinase (ICSY), 

bull phospholipase C-Gamma-1 (2PLD), mouse tyrosine phosphatase Syp (IAYA), 

human Grp2 growth factor receptor binding protein (IQGI). (B) Multiple sequence 

alignment of the predicted SPE-8 protein tyrosine kinase domain with those of eight other 

protein-tyrosine kinase domains. The multiple sequence alignment was then mapped 

onto the crystal structure of the human fibroblast growth factor receptor I protein kinase 

domain (MOHAMMADI et al. 1996) using the computer program Cn3D. Color-coding is 

the same as in panel A. SPE-8 mutations are shown as yellow spheres, and the 

approximate locations of the ATP binding pocket, catalytic cleft, and T-loop are noted. 

Protein-tyrosine kinase domains (and their PDB identification numbers) used for the 
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multiple sequence alignment are from the following protein sequences; human fibroblast 

growth factor receptor 1 (IFGl), mouse Abl protein (IFPU), human C-terminal Src 

kinase (Csk) (IBYG), human insulin receptor (lIRK), Drosophila Dret proto-oncogene 

homolog (g2340824), C. elegans hypothetical protein R09D1.12, (g7506507), human 

epidermal growth factor receptor precursor (g2811086), Drosophila PR2 gene product 

(gl0727S84). These figures are likely approximations of the actual three-dimensional 

structures based on the strong conservation between SPE-8 and these highly conserved 

protein domains. Although they may not be correct in detail, they are useful for 

visualizing the location of mutations in SPE-8 within the SH2 and protein kinase 

domains. 
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IV.4 DISCUSSION 

spe-8 was the first of the four spermiogenesis initiation genes (spe-8, -12, -27, and -29) to 

be identified by mutation, and is now the final member of this group of genes to be 

identified molecularly. In contrast to the other three genes, whose sequences reveal little 

about their activity, SPE-8's sequence yields a number of testable predictions about its 

role in spermiogenesis signaling, and offers some clues for possible roles of the other 

proteins in the pathway. By sequence similarity, SPE-8 belongs to one of the most 

prominent families of signaling molecules, the protein-tyrosine kinases (PTKs) 

(HUBBARD and TILL 2(XX)). These proteins route information through cells by 

phosphorylating specific tyrosine residues on their substrate proteins, thereby altering 

their substrates' chemical activities and/or binding properties. The Src homology 2 (SH2) 

domain, a compact domain that recognizes and binds to specific phosphotyrosine-

containing proteins, is a conunon protein module that is often associated with PTKs, and 

is present in SPE-8. Beside the strong sequence similarity to these two domains 

exhibited by SPE-8, the fact that all seven of the identified mutations lie in conserved 

residues of the SH2 or PTK domain underscores the importance of these domains in SPE-

8 function. Thus, the studies presented in this chapter extend the studies on SPE-6, 

presented in Chapter II, which point to a prominent role for protein phosphorylation in 

spermiogenesis initiation signaling. 



IV.4.1 Protein tyrosine kinase signaling and regulation 

PTKs are, in most cases, bound to the plasma membrane, either through their own 

transmembrane-spanning domains in the case of receptor tyrosine kinases (RTKs), or 

through associations with co-receptor proteins for non-receptor tyrosine kinases 

(NRTKs). As monomers, PTKs have low intrinsic kinase activity. Activation is typically 

achieved through dimerization or oligomerization of monomers upon binding an 

extracellular ligand. The close proximity of kinase domains in oligomers results in trans-

autophosphorylation of tyrosine residues within the kinase domains themselves, usually 

in a region of the protein termed the activation-loop, or T-loop. This phosphorylation of 

the T-loop induces a conformational change that opens the kinase catalytic core region, 

making it more accessible to ATP and substrate, resulting in greatly enhanced activity. 

Then the kinase can readily phosphorylate other downstream targets in the signaling 

pathway. PTKs can also function in signaling pathways without phosphorylating 

downstream targets. In addition to autophosphorylation of tyrosine residues in their T-

loop, PTKs often phosphorylate tyrosines in noncatalytic regions of the protein. These 

can then serve as binding sites for other protein modules, such as SH2 or PTB 

(phosphotyrosine binding) domains. Thus, activated PTKs can serve as docking 

platforms for the recruitment of other signaling protein assemblies. Most PTKs contain 

at least one SH2 domain, and many contain additional protein-binding modules such as 

SH3 domains. These domains may participate in intermolecular or intramolecular 

interactions with regulatory consequences. For example, in the downregulated 

conformation of the Src NRTK, the SH2 domain binds a phosphotyrosine residue in the 
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C-terminal regulatory tail, bringing the two lobes of the kinase domain into a 

conformation that is unfavorable to catalysis. Oncogenic alleles of Src have truncations, 

which remove the tyrosine in the regulatory tail. Consequently, their SH2 domains 

cannot inhibit kinase activity, and the protein is constitutively active (HUBBARD and TILL 

2000; Xuetal. 1997). 

Of the characterized PTKs, SPE-8 is most related to the fer and fes/^s family of 

NRTKs (SMITHGALL et al. 1998), both in protein domain architecture and in percent 

similarity in the kinase domain. Human fes is a proto-oncogene related to the viral fes 

oncogenes found in mammals and birds. Fer is widely expressed in most mammalian 

tissues, and is implicated as participating in signaling pathways flowing from several 

growth factor receptors. Fer may also regulate cell adhesion and the actin cytoskeleton. 

Fer, in humans, is expressed primarily in myeloid, vascular endothelial, and some 

epithelial and neuronal cell types, and is associated primarily with signaling from several 

cytokine receptors. A testis-speciflc isoform of fer, FerT, has a distinct, shorter N-

terminus than the full-length fer protein. Both fer and fes have, in addition to their SH2 

and kinase domains, several coiled-coil domains in their N-termini, which appear 

responsible for oligomerization and subsequent autophosphorylation of these proteins. 

While PTK signaling has many common themes, such as activation by 

oligomerization, autophosphorylation, and regulation by phosphorylation and association 

with various protein-binding domains, there seems to be endless variation in the way 

individual PTKs play on these themes. One cannot determine with certainty by sequence 
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conservation alone, whether a residue in a particular PTK will be phosphorylated, 

whether a particular phosphorylation will lead to activation or inhibition of the kinase, or 

which regions of the protein will bind other proteins. All of these important 

characteristics must be arrived at empirically. Fortunately, many biochemical and 

genetic tools are available to do this. 

IV.4.2 The role of spe-S in spermiogenesis initiation signaling 

Recessive loss-of-function mutations in spe-8 lead to the inability of spermatids to 

undergo spermiogenesis in response to stimulation by an external activation signal. 

Therefore, the wild-type SPE-8 protein must positively regulate the signaling pathway 

that initiates spermiogenesis. While we do not yet have direct biochemical evidence, the 

SPE-8 sequence and the nature of its lesions make it clear that SPE-8 is a protein tyrosine 

kinase whose SH2 domain binds a phosphotyrosine containing peptide, either on itself or 

in another protein. SPE-8 could fit any of a number of roles in the spermiogenesis 

initiation pathway. As discussed in Chapter n, the SPE-6 protein-serine/threonine kinase 

may serve as an inhibitor of spermiogenesis until its kinase activity is inhibited through 

the action of the SPE-8, -12, -27, and -29 proteins upon their activation by an external 

activation signal (Figure 2.12). One possible mechanism for SPE-6 inhibition is through 

tyrosine phosphorylation. Indeed, a computer phosphorylation prediction algorithm 

(NetPhos 2.0 (BLOM et al. 1999)) identifies four of the tyrosine residues in SPE-6 as high 

probability candidates for phosphorylation (data not shown). The SPE-8 protein tyrosine 

kinase could catalyze this inhibitory phosphorylation of SPE-6. How might the 
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activation signal induce SPE-8 to phosphorylate SPE-6? Perhaps, like other PTKs, SPE-

8 becomes activated when monomers, brought into proximity by binding the activator 

ligand, rra/t5-autophosphorylate one another. Because SPE-8 has no transmembrane 

domain, it would have to attach to the plasma membrane through an intermediary; 

perhaps SPE-12 or SPE-29 serve this function. 

Alternatively, SPE-8 could serve as an activating protein kinase for one of the 

positive spermiogenesis regulators, such as SPE-12, -27, -29, or as yet undiscovered 

proteins. SPE-12 and -27 each contain several tyrosine residues predicted to be strong 

candidates for phosphorylation, though SPE-29 has none (data not shown). While the 

fmdings from this study do not elucidate how SPE-8 regulates spermiogenesis initiation, 

they suggest a number of questions whose answers should help us determine the precise 

roles of SPE-8 and the other spermiogenesis proteins in this signaling pathway. Among 

these questions are: Which residues of SPE-8, -12, -27, -29, and -6 are phosphorylated, 

and are the phosphorylation patterns altered in mutants or in different cell types (e.g., 

spermatids vs. spermatozoa)? What is the subcellular localization of these proteins, and 

is this altered in different mutants or cell types? Can any of these proteins be 

demonstrated to bind one another (or other proteins)? With the genes in hand, it should 

now be fairly straightforward to address all of these questions experimentally. 

iy.4 J A spermatogenesis-specific family of SPE*8 paralogs? 

A surprising result from our genomic analysis of SPE-8 is that the protein shares both 

primary sequence and protein domain architecture similarity with at least 39 other 
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predicted proteins in C. elegans. Even more intriguing, microarray experiments suggest 

that gene expression for most of these proteins appears to be either specific or highly 

enriched for spermatogenesis. While there is a possibiliQr that such broad apparent 

sperm-specificity may be an artifact of cross-hybridization on the microarray, sequence 

analysis of the degree of sequence homology between family members suggests there is 

probably little cross hybridization between these genes (Eric Shen and Samuel Ward, 

unpublished results). Furthermore, cross-hybridization between non-spermatogenesis-

specific family members should lead to an underestimate, not an overestimate, of sperm-

speciHc genes. Why do C. elegans sperm have so many PTKs? The Ward lab has asked 

similar questions from the very beginning, when it discovered that a large multigene 

family encodes the major sperm protein (BURKE and WARD 1983; WARD et al. 1988), and 

soon after, discovered other multigene families involved in sperm development (Samuel 

Ward, personal communication). Certainly, in the cases of spe-8 and spe-6, the clear 

phenotypes of mutants tell us these genes are not redundant. How many additional 

protein kinases participate in the spermiogenesis initiation kinase cascade? If there were 

many more (and they were non-redundant) one would think we would have isolated 

mutations in them by now (and, indeed, the collection of non-spe-6 suppressors could 

include additional protein kinase genes). Phosphorylation could be a prominent 

regulatory mechanism in other aspects of spermatozoon biology beside spermiogenesis 

initiation, such as motility and fertilization. Di Ascaris, there is evidence for protein 

phosphorylation at several points in MSP assembly (ITALIANO et al. 1996) (and Shawnna 

Buttery, Thomas Roberts personal conununication). Certainly there are other earlier 



processes, in spermatocyte development and spermatid formation, in which protein 

phosphorylation must play a role. 
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V. SUMMARY: CONCLUSIONS, RETROSPECT, PROSPECTS AND 

PERSPECTIVES 

V.L GENERAL CONCLUSIONS 

Prior to this investigation, our knowledge of spenniogenesis initiation signaling in C. 

elegans came primarily from the analysis of mutations in four genes, spe-8, spe-l2, spe-

27, and spe-29. The unusual phenotype shared by all these mutants-virgin 

hermaphrodites are self-sterile, mated hermaphrodites are self- and outcross-fertile, males 

are fertile, and spermatids from males and hermaphrodites have in vitro activation 

defects-led to our hypothesis that these genes encode part of the machinery that receives 

or processes the spenniogenesis initiation signal in spermatids. The fact that all of these 

mutants have practically identical phenotypes confounded efforts to order the genes in a 

formal pathway, although elegant genetic analyses by both Minniti (MINNFTI et al. 1996) 

and Nance (NANCE et al. 20(X); NANCE et al. 1999) confirmed that at least some of these 

genes functionally interact with each other. Another factor that hindered our progress in 

understanding the role of these genes in spenniogenesis signaling was the fact that the 

three then-cloned genes, spe-I2, -27, and -29, bore no resemblance to any other genes, so 

their sequences suggested little about their functions. 

When I began my suppressor analysis of spe-271 had modest hopes of perhaps 

identifying mutations in one of the other three spenniogenesis genes, confirming a 

genetic interaction between it and spe-27. Or, perhaps I might identify a new gene in the 

pathway. What I found surprised me and exceeded all my expectations. The observation 
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that almost all the suppressor mutations were in a single gene suggested that this gene 

encodes an important component of the spermiogenesis signaling machinery. That the 

new mutations suppressed mutations in all four of the other spermiogenesis genes, 

including null alleles, suggested that they represent a cenUral player of the pathway, into 

which information flows from all of the other four genes. 

The most surprising and exciting result of all was that the suppressor mutations 

are in the spe-6 gene, a gene whose previous characterization offered no suggestion 

whatsoever that it is involved in spermiogenesis signaling, spe-6 null alleles cause 

numerous defects in spermatocytes, leading them to arrest development before forming 

spermatids. The most obvious subcellular defect is an absence of fibrous bodies, the 

paracrystalline arrays of major sperm protein normally associated with membranous 

organelles. This phenotype led to the hypothesis that spe-6 is required for assembling 

MSP into the filaments that form fibrous bodies. Extending this hypothesis to the 

newfound role of spe-6 in spermiogenesis initiation, spe-6 may be the nexus between the 

signal transduction machinery and the MSP polymerization machinery in activating 

spermatids. From this investigation we now know that spe-6 encodes a protein kinase, 

and that mutants affecting both spermatocytes and spermatids have lesions predicted to 

compromise kinase activity. Therefore, if spe-6 does directly influence MSP 

polymerization, it probably does so through a regulatory role, rather than a structural role, 

as offered by one hypothesis proposed in the initial studies of the gene (VARKEY et al. 

1993). Why SPE-6 is required for MSP polymerization in spermatocytes, but seems 

necessary to prevent precocious MSP polymerization in spermatids remains a paradox. 



168 

Analysis of spe-6 provides the first piece of evidence that spermiogenesis 

initiation signaling involves protein phosphorylation. The molecular identification of 

SPE-8, an SH2-domain-containing protein-tyrosine kinase, suggests that spermiogenesis 

initiation, like many other signal transduction pathways, involves a cascade of protein 

phosphorylations. It should come as no surprise that this is the case for a cell that has 

only post-translational regulatory modes at its disposal. What is surprising is the extent 

to which protein phosphorylation apparently plays a role in sperm development, as 

suggested by the multitude of spermatogenesis-specific protein kinases (including many 

SPE-6 and SPE-8 paralogs) and protein phosphatases highlighted by microarray studies. 

V.2 RETROSPECT 

Every researcher must feel, rightly so, that he or she is working in the most exciting time 

in the history of science. The state of the art, after all, is always at present. Still, I Hnd it 

breathtaking to reflect upon the technological advances that have occurred in just the time 

since I began this dissertation work. Surely the most important technological advance, 

which has revolutionized not only how we conduct research and communicate with our 

colleagues, but also how we live our daily lives, is the world wide web. It seems hard to 

believe that the first graphical web browser. Mosaic, was released in 1993, only one year 

before I started my dissertation project. Netscape Navigator, a more advanced web 

browser, spun off from Mosaic, was first released in 1995, introducing the web to the 

masses. In 1997, just four years ago, a second generation of the popular BLAST 

sequence comparison computer algorithm was developed, allowing rapid and easy web-
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based sequence database searches that could keep pace with the ever expanding volume 

of sequence records (ALTSCHUL et al. 1997). In 1994 there were no completed genome 

sequences for any organism. At present count, essentially complete genomes have been 

sequenced for seven archaea, approximately thirty-two eubacteria, 3 metazoans (C. 

elegans, D. melanogaster, humans), one fungus (5. cerevisiae), and one plant (A 

thaliana), and many more whole genome sequencing projects are in progress. 

One of my first projects upon joining the Ward lab staff in 1990 was sequencing 

the spe-26 gene (VARKEY et al. 1995). I often spent entire days just entering sequencing 

gel reads-perhaps 2S0 nucleotides per reaction-into the computer for analysis. With 

today's automated sequencing technology, it costs less to run a sequencing reaction 

(which routinely produces around 600 nucleotides of high quality data) than it cost in 

those days just for the primer, much less the labor for digitizing sequencing gels. Now 

the data arrives fully digitized to my computer-via the web. So much tedium has been 

eliminated from molecular biology, freeing researchers to concentrate on biology. 

Two advances from C. elegans labs have revolutionized molecular and cellular 

biology research across species. Green Fluorescent Protein, introduced by the Chalfie 

laboratory in 1994 (CHALFIE et al. 1994), permits researchers to watch the dynamic 

movements of molecular machinery in living cells and in real time. Double-stranded 

RNA mediated gene interference (RNAi), introduced by Craig Mello and Andrew Fire in 

1998 (FIRE et al. 1998), enables one to, at least transiently, determine the null phenotype 

of ahnost any worm gene (and increasingly, genes in other organisms) simply by 
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exposing the animal to double-stranded RNA encoding the gene. For more heritable 

genetic knockouts, a method that combines classic chemical mutagenesis with PGR and 

genomics was developed in 1998 to select deletions in any C. elegans gene (DERNBURG 

et al. 1998), and an international team of laboratories (including the Ward lab) is 

attempting to systematically knock out every predicted C. elegans gene. 

DNA microarray technology, introduced by the research groups of Patrick Brown 

and Ronald Davis in 1995 (SCHENA et al. 1995) is perhaps the most revolutionary trend in 

molecular biology research to emerge in the past decade. Using this approach, biologists 

can compare the gene expression patterns of two cell or tissue types on a whole genome 

scale, identifying entire pathways and gene networks in a single experiment. This 

technique has enabled the Ward lab to identify practically all of the spermatogenesis-

(and oogenesis-) specific genes in C. elegans (REINKE et al. 2(XX)) (and Samuel Ward, 

personal conununication). 

The research presented in this dissertation not only proceeded during this 

technological revolution, but progressed (and sometimes retrogressed) with it. The C. 

elegans genome sequencing project was well on the way to completion when spe-6 

became My Favorite Gene. With the impending finished sequence (1998), it would 

surely be trivial to pinpoint spe-6 using the recently devised PGR mapping tools at my 

disposal (WILLIAMS et al. 1992). I leamed the hard way that a "completed" scientific 

work (even when published in Science), is not necessarily as complete as it seems, spe-6 

lay in an uncharted genomic Grand Canyon within the published sequence. In this case. 
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technology cost me, in time and in a fair amount of mental anguish. But eventually the 

same technology enabled me (with signiHcant help by others) to descend the Canyon, 

finding spe-6 at the bottom, spe-8 was a different story altogether. Based on other lab 

members' failed attempts to clone the gene, I had hardly given thought to looidng for it 

when new microarray data of spermatogenesis-specific genes in the spe-8 region (Figure 

4.1) essentially told us exactly which gene it was. Some quick sequencing and 

transformation rescue experiments confirmed that the technology was speaking the truth 

this time. 

V.3 PROSPECTS AND PERSPECTIVES 

As is often the case, the studies in this dissertation elicit many more questions than 

answers. What do SPE-6 and SPE-8 phosphorylate? Are they themselves regulated by 

phosphorylations (as are most protein kinases)? How exactly does this pathway effect 

the major cellular changes that accompany spermiogenesis? How is SPE-6's role in 

spermatocyte development related to its function in spermiogenesis initiation? Why do 

spe-6 sterile alleles and suppressor alleles have such different effects? How do SPE-6 

and SPE-8 connect to the other spermiogenesis genes? What are the non-spe-6 

suppressor mutants? Why do sperm have so many different (but highly similar) protein 

kinases and phosphatases? Some long-standing questions also remain unanswered: 

What is the activator? What do spe-I2, -27, and -29 do? Why do the spermiogenesis 

mutations affect hermaphrodites and males so differently? 
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Knowing that SPE-6 and SPE-8 are protein kinases allows us to ask pointed 

questions about the other proteins in the signaling pathway. We can Hrst ask if any of the 

known spermiogenesis proteins are phosphorylated by first purifying them by 

immunoaffinity methods and then assaying for phosphorylation with anti-

phosphotyrosine, -phosphoserine, or -phosphothreonine specific antibodies. With this 

information, we can then assay whether any of the phosphorylation patterns di^er in 

spermatids compared to spermatozoa or in any of the spermiogenesis mutant strains. On 

a more global level, using two-dimensional electrophoresis methods, we should be able to 

survey all the phosphoproteins in spermatids and/or spermatozoa from the various 

mutants to identify proteins whose phosphorylation patterns are affected by this pathway. 

Microsequencing methods have advanced in recent years so that we should be able to 

directly identify these proteins after excising them from gels. With all of the (known) 

spermiogenesis proteins in hand, we will also be able to analyze their interactions through 

in vitro binding and phosphorylation assays, using purified recombinant proteins. An 

alternative approach for assaying binding interactions is the yeast two-hybrid assay. This 

may enable us to precisely identify the parts of each protein that interact with one 

another. This approach may be particularly well suited toward elucidating the ligand for 

the SH2 (and possibly the polyproline) domain of SPE-8. An exciting prospect for the 

near future is that some of these questions may be addressed for us by proteome-wide 

experiments that are akeady underway. 

Where in the cell do the spermiogenesis signaling proteins reside? Are they all 

clustered at the plasma membrane, where they can cooperate to receive the activation 
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signal from outside of the cell? Or are some of the proteins located in the cytoplasm, 

closer to the membrane and cytoskeletal machinery that they must ultimately regulate? 

Inununofluorescence or GFP-tagging experiments should answer these important 

questions. 

The genetic approach has so far been our most successful strategy for unraveling 

the spermiogenesis signaling pathway, and genetics may still be the best way to probe 

further into the pathway. Because we may now be able to define precise molecular 

phenotypes for some of the spermiogenesis mutants (e.g., the altered phosphorylation 

state of pathway participants), we may finally be in a position to apply epistasis analysts 

to order the proteins in the pathway. There is a wealth of information in the non-spe-6 

suppressors remaining to be characterized, and mapping experiments leading toward the 

identification of their mutated genes are akeady underway, spe-6, and particularly spe-8, 

may be well suited for a molecular genetic approach that we have not yet used-dominant 

negative analysis. For example, if the SH2 domain of SPE-8 is required to bind to one of 

the other spermiogenesis proteins, then transformation and overexpression of wild-type 

worms with a construct encoding only the SH2 domain may achieve a dominant negative 

effect, which could be an additional powerful tool for further genetic experiments. 

Indeed, although the new questions raised in this dissertation are many, the 

prospects for addressing them are excellent. And because each new answer can lead to 

more questions and more tools, I am optimistic that we are now poised to work out 

spermiogenesis signaling in great detail. As we have seen, at first glance it seems that 
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spermiogenesis in C. elegans is a completely novel phenomenon, not relevant to biology 

in other organisms. Until recently, MSP was thought to be unique to nematode sperm. 

We know now that, not only can the mechanism of MSP-based motility teach us about 

more conventional motility systems (without the complications of the myriad cellular 

roles of actin), but that there are actually MSP homologs in other organisms, including 

humans. FER-1, at first thought to be a unique protein regulating a bizarre phenomenon 

of an even more bizarre organelle in C. elegans sperm, is now the canonical member of a 

family of genes that cause debilitating diseases in humans (BASHIR et al. 1998). 

Similarly, although several of the spermiogenesis proteins appear to be totally unique in 

the "proteosphere" we now know firom this investigation that they talk to proteins that are 

members of perhaps the most cosmopolitan protein family-the protein kinases. Perhaps, 

like the many other C. elegans proteins that have given us clues about human diseases 

(CULETTO and SATTELLE 2000), SPE-12, -27, and -29 will reveal secrets about 

phosphorylation regulation in beasts less humble than worms. 

A long-standing debate and joke in the Ward lab has been whether it is more 

desirable to leam that one's favorite gene is novel, or rather that it is related to previously 

characterized genes. For me, this had long been only a theoretical question. Studying a 

novel gene allows you to make a completely original contribution to the biological 

knowledge base. But as members of the Ward lab know well, arriving at that 

contribution is not an easy task when you have few leads to pursue. On the other hand, if 

your favorite protein tums out to be a well-characterized entity (such as a protein kinase), 

you immediately have many directions to follow, but your results may not be so ground
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breaking. It comes down to a question of what is more satisfying, a chance at deferred 

scientific fame or immediate scientific fortune. A solution offered by one key member of 

the lab is that it would be ideal to have Your Favorite Gene be the second member of a 

gene family to be identified. In this case, you benefit from all that is known about the 

first gene and glory of assimilating that information into the knowledge base of your 

newly discovered gene family. 

Having now experienced both situations, I can say it is more satisfying to receive 

immediate (as immediate as seven years of research can be) scientific fortune than a 

chance at deferred scientific fame. One frustrating aspect of research is working hard to 

arrive at a result, and then finding that you have no handle to pursue the result any 

further. Learning that SPE-6 and SPE-8 are protein kinases immediately blazed many 

trails for pursuing spermiogenesis initiation. But the spermiogenesis initiation pathway 

may afford the best of both worlds. I don't think that the scientific fortune must 

necessarily come at the expense of deferred scientific glory. Three of the genes in the 

spermiogenesis pathway are still novel, and what we learn from here will surely aide in 

our understanding of how those genes work in worms, and maybe even in ourselves. 



APPENDIX A. OLIGONUCLEOTIDE PRIMERS USED FOR MAPPING tDf7 AND ctDf3 BREAKPOINTS. 

Band 
Pair' Primer Name Sequence (S' to 3') 5' end (f) or 3' end (r)^ size tPfT ctDfS'' 

1(0 
(r) 

3T28D6LEFT 
5T28D6LEFT "A" 

CACATTTTAACAATTGACAACCTTTTG 
ATGTGAGTTATCTTGGCTGGAGAG 

T28D6^ 39659 
T28D6; 39856 220 bp deletes retains 

2(0 
(r) 

5Y47D3BMID "B" 
3Y47D3BMID 

GGATTCGAGCAAGTGGGGATACT 
CTCGGGATACTTTTTACGAAGAGC 

Y47D3B^: 61529 
Y47D3B: 61773 267 bp deletes retains 

3(0 
(r) 

5Y47D3BRIGHT "C" 
3Y47D3BRIGHT 

TTTAGGCAGTAOAAACGCAGAGTC 
AATCATTCGGCACGCCGATCCC 

Y47D3B: 93945 
Y47D3B: 94223 299 bp deletes retains 

4(0 
(r) 

SPE-6REG10N G5' 
SPE-6REGION G3' 

CATGGGACACTCTGACAGCACTTG 
GACTCGAACCCGTGACCTTTTGA 

Y66A7AL*: 5488 
Y66A7AL; 5814 348 bp deletes retains 

5(0 
(r) 

SPE-6REGION H5' 
SPE-6REGION H3' 

CATGCCTACAGCACGCCTTCTG 
CACGTATTTGCGTAGGTAGGCGAAG 

Y66A7AL: 13252 
Y66A7AL: 13431 125 bp deletes retains 

6(0 
(r) 

SPE-6REGION M5' 
SPE-6REGION M3' 

TGAGCATTCGAATCACGTAGTAGCG 
GTGCGCGTCAAATATGTTGTGC 

Y66A7AL: 15586 
Y66D12A^ 59 230 bp deletes retains 

7(0 
(r) 

spe6gapE 
spe6gapP 

GTCCTCGCCTCCGCATCT 
CGATCTTTGTCACCCACTACC 

Y66D12A: 1,091 
Y66DI2A: 1.268 198 bp deletes retains 

8(0 
(r) 

Y66D12C5' 
Y66D12C3' 

CACCGCCCTGTCATAAGTGAG 
ACCGTAATGGGACCGCCTGAG 

Y66D12A: 9,250 
Y66D12A: 9.544 315 bp deletes retains 

9(0 
(r) 

Y66D12K5' 
Y66DI2K3" 

TGCCATTTGTGCGTCCGTC 
CGTTCTACACCTGCGATGGAT 

Y66DI2A; 15.377 
Y66DI2A: 15,604 248 bp nd retains 

10(0 Y66DI2D5' TGCCCACTCTCACAAGGACCA Y66D12A: 20,848 



Pair' Primer Name Sequence (5' to 3') 5' end (f) or 3' end (r)^ 
Band 
size tpfT^ ctDf^ 

Y66DI2D3'a 

Y66DI2D3'b (allemale) 

Y66D12L5' 
Y66D12L3' 

Y66DI2M5' 
Y66DI2M3' 

Y66DI2E5' 
Y66D12E3' 

Y66DI2F5' 
Y66D12F3' 

Y66D12I5' 
Y66DI2I3" 

Y66DI2B5' 
Y66DI2B3' 

yk72al2.A 
yk72al2.J 

spc6gapG 
spe6gapH 

SPE-6REGION N5' 
SPE-6REGION N3' 

GACTTTCGCCTCTCCAATCTG 

GTACACGATTTCTCCGCACTG 

GCGCTCAATCGAACAAATCCA 
CTCCTTGACAGTCGGCAGCAC 

ATGCGTACCCTGATATTCACT 
GTTTGGGAAACAGAAGAATGA 

CCTTCTCCCGCACCTGATAAG 
CGATTCATACGGCCTACGGAC 

GTCTCCCGCCAAATCTGAAAG 
CGTGAGGTGCCGCATACATCT 

TTGGGCTTAGGCTGAGGCTAT 
ATCTGGTCGTGATTCGGGTTG 

CGGGCAACCTTGACGAGATTC 
TTCTCCGCCTAAACCATTCCA 

AATGGCGAGCAAGTGACAGAA 
TTCACGGCCACCTCTTCCATT 

AAACTTCCAGTGCCCGATTCT 
CCGAGTATGACGTGGCGATGA 

CCTGTGGTTGCTGACTGTTCGG 
ACAAAACTTGCGCGTCAAATCG 

Y66D12A: 20,969 

Y66DI2A: 21,331 

Y66D12A: 22,907 
Y66DI2A: 23,328 

Y66DI2A: 25,137 
Y66DI2A: 25,270 

Y66DI2A: 28,041 
Y66D12A; 28,194 

Y66DI2A; 37,310 
Y66D12A: 37,437 

Y66D12A: 77,224 
Y66D12A: 77,780 

Y66D12A: 100,324 
Y66DI2A: 100,468 

Y66D12A: 102596 
Y66D12A: 103392 

Y66DI2A: 103,669 
Y66DI2A: 104,269 

Y66A7AR': 812 
Y66A7AR: 947 

142 bp deletes deletes 

504 bp deletes deletes 

442 bp deletes nd 

154 bp deletes nd 

174 bp retains nd 

148 bp retains deletes 

577 bp retains deletes 

164 bp retains deletes 

776 bp retains deletes 

621 bp retains deletes 

136 bp retains deletes 



Pair' Primer Name Sequence (5' to 3') 5' end (f) or 3' end (r)^ 
Band 
size top" ctDfi" 

20(0 
(r) 

SPE-6REGION L5' 
SPE-6REGION L3' 

GCCGCTACCACATAACTACCTTTCGT 
GGAATCTGAGAATTGGAACACGTGG 

Y66A7AR; 1696 
Y66A7AR: 2062 390 bp retains deletes 

21(0 
(r) 

SPE-6REGION J5" 
SPE-6REGION J3' 

TGATGTTTGATGGAACCGGCAG 
GACGCATTTATCACGGGGCTC 

Y66A7AR: 3201 
Y66A7AR: 3577 390 bp retains deletes 

22(0 
(r) 

SPE-6REGION KS' 
SPE-6REG10N K3' 

CAGAAACCCAGCAACGACGC 
CTGCGTCTCAAAGTATCCATGATCCC 

Y66A7AR: 6144 
Y66A7AR: 6565 442 bp retains deletes 

23(0 
(r) 

5C37G2RIGHT "E" 
3C37G2RIOHT 

GGAGTCCGGCAGGCGATTGTC 
GGCTCAAGTAATGGTCCATGTGG 

Y66A7AR: 9486 
Y66A7AR: 9861 397 bp retains deletes 

'Primer pair target locations are depicted graphically in Figure 2.3. (0 denotes a forward priming oligonucleotide; (r) denotes 
a reverse primer, 

^Nucleotide position of the GenBank sequence file for the 5'-most primer nucleotide (for forward primers) or for the 3'-most 
nucleotide (for reverse primers). 

^cosmid T28D6 (GenBank Accession Number Z81134.1). 
Yeast Artificial Chromosome (YAC) clone Y47D3B (GenBank Accession NumberA'ersion AL031635.1). 

'YAC clone Y66A7AL (GenBank Accession NumberA'ersion AL590343.1). 
^YAC clone Y66D12A (GenBank Accession Number/Version AL16I712.2). 
'YAC clone Y66A7AR (GenBank Accession NumberA'ersion AL590342.1). 
^These columns report whether (dead) embryos homozygous for tOp or ctDf3 retain or lack the PCR target sequence, nd; not 

determined. 

00 
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APPENDIX B. OLIGONUCLEOTIDE PRIMERS FOR AMPLIFYING AND 

SEQUENCING spe-6 GENOMIC DNA 

Primer Name' Sequence (5' to 3') 5' end (f) or 3' end (r)" 
Y66CK.I (f) GGCCCTCCTCGTGTCTTCTGT 18571 
Y66CK.2 (r) CTCCTTAAAGGCGCACACTCA 19766 
Y66CK.3 (f) GCCGAATTTCTGCATTGG 19623 
Y66D12D3'b (r) GTACACGATTTCTCCGCACTG 21331 
Y66CK.4 (f) GTATGCGATGAAATGTGAGAG 19095 
Y66CK.5 (f) GTCGAGACCCGCTACC 19943 
Y66CK.6 (r) TTTCGCCTCTCCAATCTGCTT 20966 
Y66CK.7 (r) AGCGGTTCTCGGCGGGATGAT 20789 
Y66CK.8 (r) AAGATCCGGTCCGACGAGTTG 19474 
Y66CK.9 (r) CTGCCTGCCGCCACAAAGTTC 19194 
Y66CK.10(0 CTTGGCGCGACTACACGA 18274 
Y66CK.ll(r) GGCCCGTAAATCCTGCTACAG 21593 
Y66CK.12 (f) CTAGAATTCCAGCCAAAAACT 20740 
Y66CK.13 (0 TTCCGCCTCAAATTCTCGTT 17425 
Y66CK.14 (0 TTTTCAATATTGTGCAGTTTC 20827 
Y66CK.15 (0 GCAAGTGCGCTCCATTGGACA 17969 

'(f) or (r) denotes oligo primes toward the 3' end (f) or S' end (r) of the Y66D12 sequence 
position on Y66D12A sequence (GenBank accession number AL161712) 

9 8 2 76 03'b 11 4 4 4 44 4 4 
13 15 10 1 4 3 5 12U 

I II III IV V VI 
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APPENDIX C. OLIGONUCLEOTIDE PRIMERS FOR DIFFERENTIAL PCR 

ANALYSIS OF spe-6 EXPRESSION 

Pair' Primer Name" Sequence (5' to 3') Band size 
1(f) 
(r) 

CK.16 
Y66CK.9 

GCGATTCTCGTGGAATG 
CTGCCTGCCGCCACAAAGTTC 263 bp 

2(f) 
(r) 

CK.16 
Y66D12D3T5 

GCGATTCTCGTGGAATG 
GTACACGATTTCTCCGCACTG 1092 bp 

3(f) 
(r) 

Y66CK.4 
Y66D12031) 

GTATGCGATGAAATGTGAGAG 
GTACACGATTTCTCCGCACTG 953 bp 

spe-12(1) 
(r) 

S 12.21 
S 12.24 

GTTAAATGCGGAGCACAGCGAG 
TCAATCGAGATCTTCTACAGTTCG 714 bp 

F25H8.l(f) 
(r) 

F25H8.1.3 
F25H8.1.6 

TTGCTTTGGACATGTCATTTGACG 
CAATTGAGCATTCTTCCGTTCTGG 526 bp 

'(f) denotes a forward priming oligonucleotide; (r) denotes a reverse primer. 
-spe-12 and F25H8.1 primers were designed and provided by Jeremy Nance. 
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APPENDIX D. OLIGONUCLEOTIDE PRIMERS FOR AMPLIFYING AND 

SEQUENCING SPE-A 

Primer Name' Sequence (5' to 3') 
5' end (f) or 
3' end (r)* Conunent 

F53G 12.65' (0 
F53G 12.63' (r) 

TTGTTGGCGTAAAGTAGGTGT 

AAGCTCCGCCCACGATTTCAT 

28199 
31499 

For PCR amplifying entire spe-8 
gene for transformation rescue 
(3321 bp PCR product) 

F53G12.6R5' (0 
F53G12.6R3' (r) 

GTACGCCTTCAAATCCATCTG 

TCTGTTTGTGTGCGTTGTGTG 

29620 
28285 

For amplifying right spe-8 
genomic fragment for sequencing 
template (1356 bp PCR product) 

F53G12.6L5'(0 
F53G12.6L3'(r) 

GAAACTGTGTTAGCGCCACTT 

CAACGTCATGCCCTCATAAAT 

30893 
29562 

For amplifying left spe-8 
genomic fragment for sequencing 
template (1352 bp PCR product) 

F53G12.6Ra(f) TGTACTTGACCGGCAGACATC 28911 Internal sequencing primer for 
right fragment 

F53Gl2.6Rb(r) GGATTGTCGGTCAAAGGAGTT 28954 Internal sequencing primer for 
right fragment 

F53G12.6La(f) TCCGCATAATGCTTCAGGGAG 30150 Internal sequencing primer for 
left fragment 

F53GI2.6Lb (r) CGCCTATGTGATTAGTATCAA 30327 Internal sequencing primer for 
left fragment 

'(0 denotes a forward priming oligonucleotide; (r) denotes a reverse primer, 
position on F53G12 sequence (GenBank accession number AF003139.1) 
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