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ABSTRACT 

As animals develop, cell differentiation is controlled through the actions 

of numerous signaling pathways. Typically, differentiation signals lead to the regulation 

of various transcription factors, which in turn regulate expression of sets of genes. In 

certain cells incapable of realizing new gene product expression, alternate strategies must 

be used to control development. The transition of a C. elegans spermatid (which has no 

ribosomes) to a spermatozoon is one such example of an atypical developmental event. 

How does the signaling pathway that controls this cell differentiation differ from those 

whose endpoint is gene regulation? Are novel signaling mechanisms used, or are 

ubiquitous signaling strategies merely adjusted to compensate for the inability of these 

cells to make new gene products? Here we describe progress towards understanding how 

the spermiogenesis initiation pathway is organized by using two distinct approaches. We 

have utilized a classical genetics approach to identify and characterize mutants with 

defects in sperm activation. The phenotypic and molecular characterization of two genes, 

the previously described spe-12 and the newly identified spe-29, are described. Based on 

the phenotypes of these mutants, we present a model for sperm activation in which a 

weak hermaphrodite-derived or strong male-derived signal can stimulate sperm 

activation. 

Additionally, we describe a microarray-based large-scale screen for genes 

expressed during spermatogenesis. Over 450 genes expressed only during 

spermatogenesis in the adult were identified. Surprisingly, almost none of these genes 
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are present on the X chromosome, suggesting a difference in transcription between 

autosomes and the sex-chromosome during spermatogenesis. Characterization of select 

sperm genes with predicted molecular functions will further our understanding of sperm 

development and activation. 
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1. INTRODUCTION 

One of the great challenges in biology is to understand how an organism develops 

from a single-celled zygote to a complex functional network of interacting cells, tissues, 

and organs. Ultfastructurally, organismal development has been described in 

considerable detail for some species, but far fewer examples of the molecular 

mechanisms that coordinate development have been described. Biologists have begun to 

address this immensely complex problem by examining specific differentiation events in 

model organisms and have uncovered elaborate signaling pathways that regulate 

development. Several general themes of intercellular signaling have emerged. 

First, many signaling proteins or domains within proteins have been remarkably 

well conserved throughout evolution. For example, ubiquitous signaling proteins such as 

Ras and MAP kinases are found in organisms as diverse as budding yeast, nematodes, 

fruit flies, and humans (reviewed in Herskowitz, 1995; Kayne and Sternberg, 1995; 

Wassarman et aL, 1995). Even non-related signaling proteins can share similar 

enzymatic domains; kinase and phosphatase domains, for instance, are found in many 

functionally diverse signaling proteins. 

Second, in many cases entire signaling pathways are conserved intact, functioning 

as similar units in organisms across phyla. For instance, in various animals many of the 



same proteins function in a Wnt/Wingless signaling pathway that regulates diverse 

developmental processes; these proteins include the Frizzled receptor and downstream 

effectors such as Dishevelled, 2feste-white3/GSK36, Armadillo/B-catenin, and the 

Pangolin/TCF/LEF u-anscription factor (reviewed in Shulman et al., 1998). The MAP 

kinase cascade is another example of a conserved signaling pathway. Typically, 

activated receptor tyrosine kinases (such as the EGF receptor) indirectly activate Ras, 

which activates a sequential cascade of kinases (MEKK or Raf, MEK, and MAP kinase), 

ultimately leading to regulation of transcription factors (for examples see Kayne and 

Sternberg, 1995; Wassarman et al., 1995). This is only a generalization, and there are 

many examples of "atypical" pathways. For example, a recently-described Drosophila 

Frizzled pathway controlling cell polarity requires the Wingless pathway protein 

Dishevelled, but not downstream proteins Zeste-white3, Armadillo, and Pangolin 

(Axelrod ei al., 1998). Also, the MAP kinase pathway can be activated by proteins other 

than receptor tyrosine kinases; in yeast and in mammalian platelets for instance, where 

receptor tyrosine kinases are absent, the MAP kinase cascade is activated by 

heterotrimeric G-protein-coupled serpentine receptors (reviewed in Fox, 1996; 

Herskowitz, 1995). 

Third, a given signaling padiway is often used multiple times during 

development. For example, even in such a simple animal as the ~l(X)0-celled nematode 

C elegans, MAP kinase signaling pathways are known to play a role in vulval cell 

induction (Han and Sternberg, 1990), male spicule development (Chamberiin and 
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Sternberg, 1994), meiotic cell cycle progression (Church et al., 1995) and embryogenesis 

(reviewed in Kayne and Sternberg, 1995). The LIN-12/Notch signaling pathway is used 

multiple times during the development of C. elegans as well. During the four cell stage, 

LIN-12 activity induces one of two sibling cells (ABa and ABp) to follow distinct fates 

(Mango et al., 1994; Mello et al., 1994). Later in development, GLP-1 (a LlN-l2/Notch 

homolog) activity signals germ cells to divide mitotically; in the absence of GLP-1 

signaling, germ cells begin to differentiate and enter meiosis (Austin and Kimble, 1987). 

When signaling pathways are used multiple times in the development of an 

animal, how are appropriate responses generated and kept distinct? In many instances, 

specific outputs are effected via dssue-specitic or even response-specific factors. For 

example, while receptor tyrosine kinases are expressed in many developing Drosophila 

cells, the Sevenless receptor tyrosine kinase functions specifically in the R7 

photoreceptor cells of the eye (reviewed in Perrimon, 1994) to control photoreceptor cell 

fate. In budding yeast, regulation of filamentous growth and pheromone response both 

require multiple members of the same MAP kinase pathway. However unique MAP 

kinases (Fus3 and Kssl) are individually targeted by each response pathway; these MAP 

kinases generate pathway specificity, as evidenced by inappropriate activation of the 

Kssl MAP kinase and genes controlling filamentous growth when mating pheromone is 

added to cells that lack the normal mating pathway MAP kinase, Fus3 (Madhani et al., 

1997). 



Finally, it has recently become apparent that signals from multiple pathways are 

frequently integrated. This integration can be indirect, where separate outputs from 

multiple pathways function in concert to mediate a developmental decision. For 

example, correct specification of vulval cell fate in C. elegans requires an inductive 

signal relayed through the MAP kinase pathway and a lateral inhibitory signal mediated 

by the LIN-12/Notch pathway (Sundaram and Han, 1996). Pathways can also converge 

prior to a final output. For instance, direct interactions between the MAP kinase and 

WNT pathways were recently described in humans and nematodes; in both cases, activity 

of a MAP kinase and B-catenin were coordinately required to activate a TCF transcription 

factor (Ishitani et al., 1999; Meneghini et al., 1999; Rocheleau et al., 1999). Integration 

of signals from multiple inputs allows for more robust signaling networks and provides 

added specificity (discussed in Loomis and Sternberg, 1995). 

How does signaling conu^ol cell differentiation? Typically, the activity or 

localization of one or more transcription factors is altered, resulting in the transcriptional 

regulation of sets of genes. In certain cell types, however, cell differentiation proceeds 

without U-anscriptional regulation of genes. How is differentiation conu-olled in these 

cells? Are ubiquitous signaling proteins used in alternative ways, or have novel proteins 

or pathways evolved? One example of such a cell type is die anucleate platelet. 

Circulating blood platelets are quickly activated when normally hidden subendothelial 

ligands (such as collagen and von Willebrand factor) are exposed by vessel wounding 

(reviewed in Body, 1996; Fox, 1996; Shattil et al., 1994). Upon contact with the 
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subendothelial matrix, signaling cascades are set oft" which effect changes in cell shape 

and adhesiveness. Platelets respond to a diverse set of ligands and, not surprisingly, do 

so through the action of many distinct receptor types. These include a member of the 

immunoglobulin superfamily, several different integrins, leucine-rich glycoproteins, and 

novel receptors. Platelets also respond to several plasma-borne signals, mainly through 

G-protein coupled serpentine receptors. Downstream of both adhesion receptors and G-

protein coupled receptors, many ubiquitous signal transducers are activated, including 

cytoplasmic protein tyrosine kinases, Ras, and MAP kinase. Rather than regulating 

transcription factors, these signaling pathways direct their efforts to other inuracellular 

targets. One target, mediated through the small G-protein Rho, is myosin light chain, 

whose phosphorylation is thought to control cytoskeletal reorganization and platelet 

shape change (Klages et al., 1999). Signaling in platelets is similar in many ways to 

signaling in any cell: many of the same signaling molecules are used that function in 

differentiation of nucleated cells, and signal inputs from multiple pathways (from various 

adhesion receptors and G-protein coupled receptors) are integrated. However, unlike 

signaling in most cells, rather than regulating differentiation indirectly by altering gene 

expression platelet signaling results in direct activation of targets (such as the 

cytoskeleton). 

Another example of a signal-induced differentiation event in a ceil incapable of 

synthesizing new gene products is the startling and rapid conversion of a round immotile 

C. elegans spermatid to a polar crawling spermatozoon, a process termed spermiogenesis. 
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Spermatids are bizarre cells, lacking an actin cytoskeleton and internal membranes such 

as the endoplasmic reticulum or Golgi. They are also devoid of ribosomes, and so have 

no means of realizing new gene product expression. Since C. elegans is a simple, 

genetically-tractable organism and sperm are not vital for the livelihood of the host 

animal (since they can be supplied by mating), spermiogenesis provides an attractive 

model for examining signaling in an atypical cellular environment. 

Before elaborating on the details of spermiogenesis, we must consider the prior 

developmental events that occur to form spermatids, a process known as 

spermatogenesis. C. elegans is normally encountered as a self-fertilizing hermaphrodite, 

though males are produced spontaneously at a low frequency. Germ cells are set aside 

early in development and remain essentially quiescent until the gonad begins to form 

during larval development (reviewed in Schedl, 1997). The bilobed hermaphrodite gonad 

consists of a long tube whose two ends are folded back, much like a dispensed staple; 

both halves are essentially symmetrical in form and function (Figure I.l, A). The center 

of the gonad opens to the exterior through the vulva, a slit where fertilized eggs (and 

unfertilized oocytes) exit and male-derived sperm are introduced during copulation. The 

single-armed male gonad is similar to half of the hermaphrodite gonad. It opens to the 

exterior through the cloaca where ejaculated sperm pass on their way to the 

hermaphrodite uterus (Figure 1.1, B). 
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Figure I.l Hermaphrodite and male reproductive anatomy. Nomarski light micrographs 

of an adult hermaphrodite (A) or male (B) were combined in a montage. A trace of the 

gonad and reproductive u-act inside the body is presented below. The approximate 

location of each spermatheca ("s") and the vulva ("v") are indicated. A male, induced by 

pressure to release spermatids, is shown in the box in B. 
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Figure 1.2 Dissected male gonad. Spermatogenesis is proceeding distal (left) to 

proximal (right). Primary spermatocytes, secondary spermatocytes, and spermatids 

are visible (A). In (B), the same gonad is stained with antitubulin antibodies. Note 

the absence of tubulin, which has been discarded in the residual body, in spermatids. 

Bar= 5 J..Lm. From Ward (1986). 



26 

Germ cells proliferate mitotically in the distal portion (the "arms") of the gonad in a 

syncytium; the central cytoplasmic core of this syncytium (the rachis) runs as a tube 

through the distal gonad. Gametogenesis proceeds much like an assembly line, and as 

germ nuclei progress more proximally in the gonad, they begin meiosis and develop as 

either spermatocytes or oocytes. The switch between mitosis and meiosis is controlled 

through the Notch/LIN-12 pathway by a signal originating from a somatic cell that hugs 

the very distal end of the gonad (the distal tip cell); once the germ nuclei have progressed 

far enough down the gonad and fail to sense this signal, they enter meiosis (reviewed in 

Schedl, 1997). Initially, all cells become spermatocytes; once 40-50 primary 

spermatocytes are produced in each gonad arm, an irreversible switch to oogenesis occurs 

(Kuwabara, 1998). Oocytes are produced continuously well into adulthood. Their 

synthesis, reviewed in Kimble and Ward (1988), will not be considered further here. 

Primary spermatocytes divide twice to yield four haploid spermatids each; tiius 

approximately 300 spermatids are produced. The first nuclear division is often 

accompanied by incomplete cytokinesis, yet the resulting pair of syncytial secondary 

spermatocytes each divides normally to produce a total of four haploid spermatids (Ward 

et al., 1981; Wolf et al., 1978) (Figure 1.2, A). During this final division, most 

unnecessary cellular components are actively dumped into a central cytoplasmic 

depository, die residual body. Discarded items include the endoplasmic reticulum, Golgi, 

ribosomes, actin, all tubulin not associated with the centriole, and at least one ion channel 
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(Machaca et al., 1996; Ward, 1986; Ward et al., 1981) (Figure 1.2, B). Spermatids bud 

away from the residual body completely. 

How is such severe partitioning of cellular contents achieved? Sperm contain a 

novel organelle, the fibrous body-membranous organelle (FB-MO), whose major role is 

in shuttling desired cellular components into budding spermatids (Roberts et al., 1986; 

Ward et al., 1981; Wolf et al., 1978). ra-MOs first appear in spermatogonial cells and 

consist at this point of a round membrane-bound head, collar (or "neck") and a larger 

body whose membrane is contiguous with that of the head. A dense, fibrous material 

composed predominantly of the abundant major sperm protein begins to form in the body 

(the "fibrous body"); as the fibrous body grows, it is encapsulated partially by membrane, 

though it never loses contact with the cytoplasm (Ward and Klass, 1982). During the 

second meiotic division, while many cellular components are discarded into the residual 

body, FB-MOs always segregate to the spermatid (Ward et al., 1981). As spermatids bud 

from the residual body, the fibrous body dissociates, releasing MSP into the cytoplasm 

(Ward and Klass, 1982); the MO heads are juxtaposed with the plasma membrane just 

beneath its surface, and remain so until spermiogenesis begins (see below; Figure 1.4, A). 

Thus the FB-MO serves as an active transporter, ensuring that MSP (which performs a 

crucial role after spermiogenesis begins; see below) is shuttled to the spermatid and not 

discarded in the residual body. Mitochondria are also actively shutded into the 

spermatid, or excluded from the residual body. It is unclear how mitochondria and 
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FB-MOs are transported. One possible mechanism would be association with the meiotic 

spindle which segregates chromosomes to each of the budding spermatids. 

Spermatogenesis proceeds virtually identically in males, with the obvious 

exception that it is not terminated to allow for oogenesis. Consequently, males 

continuously produce spermatids and are capable of synthesizing several thousand during 

their early adult life (Hodgkin, 1983). Male-derived spermatids are significantly larger 

than hermaphrodite-derived ("self') spermatids, however, a trait that likely explains their 

competitive superiority over self-sperm in fertilizing oocytes (LaMunyon and Ward, 

1998; Ward and Carrel, 1979). 

Upon completing meiosis, spermatids find themselves in quite different 

environments within hermaphrodites and males. In the hermaphrodite gonad, a 

specialized fertilization organ, the spermatheca, separates the gonad from the uterus 

(Figure 1.3). Freshly-budded immotile spermatids are pushed into the spermatheca by the 

first oocyte produced (Ward and Carrel, 1979). Soon after entering, spermiogenesis 

("activation") begins. Within minutes, spermatids convert to spermatozoa (described in 

detail below) and begin to crawl. 
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Figure 1.3 Dissected hermaphrodite gonad oriented distal (top left of illustration) to 

proximal (bottom left). The proximal end of the spermatheca (indicated) is constricted 

where it meets the uterus. One oocyte (oocytes are large cells with single circular nuclei) 

is entirely within the spermatheca, while another (pinched) spans the distal end of the 

spermatheca and the adjoining gonad. Spermatozoa (small oblong cells with compact 

nuclei) are present both in the proximal region of the spermatheca and in the uterus 

surrounding fertilized eggs. 
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Spermatozoa have a strong affinity for the spermatheca. As oocytes enter this 

organ, they are quickly fertilized then exit within minutes, squeegeeing many sperm into 

the uterus. These displaced sperm quickly crawl back to the spermatheca and rejoin the 

race (Ward and Carrel, 1979). Newly fertilized eggs develop briefly in utero before they 

are expelled out of the vulva. Sperm must crawl to return to the spermatheca, yet 

surprisingly, immotile spermatids have some affinity for this organ as well (Nance et al., 

1999). Spermatids, however, cannot fertilize oocytes and, if pushed into the uterus, are 

hopelessly swept away and expelled through the vulva (L'Hernault et al., 1988). 

In males, spermatids accumulate in the seminal vesicle and await copulation. 

Male-derived spermatids do not activate before ejaculation into the hermaphrodite, 

presumably because they have no need to crawl within the male. Within minutes after 

ejaculation, male-derived spermatids activate and begin crawling towards either 

spermatheca where they join the hermaphrodite's own self-sperm (Ward and Carrel, 

1979). Activation must occur prompdy since eggs or oocytes can easily expel virtually 

an entire ejaculate of immotile spermatids out of the vulva (Barker, 1994). Thus 

activation of male-derived and hermaphrodite-derived spermatids occurs under two quite 

distinct circumstances—hermaphrodite-derived sperm activate when pushed into the 

spermatheca while male-derived sperm activate near the vulva, battling a parade of 

passing eggs which might expel them from the animal. 
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Once spermatids receive an activation signal (discussed below), they begin a rapid 

morphogenesis to spermatozoa. Studies of spermiogenesis in C. elegans have been aided 

greatly by the identification of several substances that activate spermatids in vitro. These 

include various agents which increase the intracellular pH (pH;) (Nelson and Ward, 

1980), many different proteases (Ward et al., 1983), the calmodulin inhibitor 

trifluoperazine (TFP) (Shakes and Ward, 1989) and the chloride channel inhibitor DIDS 

(Machaca et al., 1996). While the biological relevance of activation initiated by 

proteases, TFP, or DIDS is unclear, pH; regulation appears to be a normal feature of 

spermiogenesis. When Ascaris spermatids are incubated with a vas deferens exuract 

containing the natural spermiogenesis activator, the pHj rises (King et al., 1994). 

Furthermore, LaMunyon and Ward (1994) demonstrated that C. elegans spermatids 

activated in vitro with uiethanolamine (which increases pH) are fertile when artificially 

inseminated into hermaphrodites, indicating that sperm activated in this manner are 

apparently normal. The morphological and biochemical changes associated with 

spermiogenesis have been studied in vitro alter activating spermatids with agents that 

increase pHj. Nelson and Ward (1980) detailed the inuracellular changes that occur in 

monensin-activated spermatids (monensin increases pHj) by scanning and transmission 

elecu'on microscopy. One of the early activation events is fusion of the membranous 

organelles with the plasma membrane . Each fusion creates a stable pore, exposing the 

interior of the MO to the exterior (Figure 1.4). The purpose of this fusion is unknown; 

perhaps the mysterious contents of the MO, which are released outside of the cell upon 

organelle fusion, may aid in aspects of activation, crawling, or fertilization. Plasma 
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membranes begin to rearrange and a dynamic pseudopod rapidly protrudes from the cell 

body (Figure 1.5). The pseudopod is devoid of organelles (MOs and mitochondria) and is 

separated from the cell body at its base by laminar membranes (Figure 1.4, C). Roberts 

and Ward (1982) pulse-labeled spermatozoan membranes with various probes and 

followed their distribution over time, demonstrating that membrane is inserted at the tip 

of the pseudopod and flows towards the rear where it is taken up, creating a fountain-

effect of flowing membranes that pulls the cell body forward and enables the 

spermatozoon to crawl (Nelson et al., 1982; Roberts and Ward, 1982). 

A fine structural analysis of the pseudopod interior reveals a meshwork of 

filaments that begin at the pseudopod tip and extend to the laminar membranes at the 

junction with the ceil body. In Ascaris spermatozoa, these fibers were shown to be 

composed of bundles of major sperm protein filaments (Sepsenwol and Taft, 1990). 

Treadmilling of the MSP cytoskeleton is thought to provide the motive force that drives 

crawling (reviewed in Roberts and Stewart, 1997); MSP filaments in Ascaris 

spermatozoa assemble at the pseudopod leading edge and disassemble at the rear of the 

pseudopod. Significant advances in understanding the regulation of MSP assembly were 

made when Italiano et. al. (1996) developed an in vitro motility system from Ascaris 

sperm extract. They observed that filament growth required the association of single 

inside-out vesicles derived from the leading edge of the pseudopod. These vesicles 

always associated with the growing end of the MSP filament, suggesting that MSP 

fiilament growth is controlled in the spermatozoon by a membrane-associated factor at the 
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Figure 1.4 Electron micrographs (EM) of an activating spermatid and mature 

spermatozoon. A) Transmission EM of a spermatid containing one fused MO (upper 

left corner) and one unfused MO (right of center). B) Scanning EM of spermatozoa 

in various stages of activation. The indicated spermatozoon was crawling prior to 

fixation. Bar= 2 J.Lm. C) Transmission EM of a spermatozoon. Bar= 0.5 J.lm. 

Membranous organelles ("MO"), laminar membranes ("LM") and the centriole ("C") 

are indicated. From Ward (1986). 
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Figure 1.5 Scanning electron micrographs of sperm at various times after treatment 

with monensin. Spermatids in (A) were fixed immediately, before activation could 

occur. Microvilli are visible on the cell surface. In (B) and (C), microvilli begin to 

cluster. Pseudopodia are beginning to extend in (D) and (E). Fully-extended 

pseudopodia covered with projections are evident in the spermatozoa in (F) and (G). 

From Nelson and Ward ( 1980). 
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tip of the pseudopod. The pseudopod maintains a stable pH gradient, higher at the 

pseudopod tip and lower at the junction with the cell body, hinting that pH might play 

role in regulating MSP assembly as well. This is supported by ex vivo studies of MSP 

assembly demonstrating that MSP filaments within spermatozoa can be reversibly 

disassembled by decreasing then raising the pH; (King et al., 1994). 

What are the signals that initiate the dramatic differentiation of a spermatid to a 

spermatozoon, and how are they transduced? Much of what we know has been inferred 

from the phenotypes of mutants with defective sperm. Many spermatoeenesis-defective 

mutants {spe) have been isolated by screening mutagenized hermaphrodites for sterile 

individuals that become fertile when mated to wild-type males (some of these mutants 

were initially named/ffr for fertilization-defective and these names have been retained). 

To date, mutations in over sixty genes have been identified that interfere with various 

stages of spermatogenesis or spermiogenesis (S. Ward, S. L'Hemault, pers. comm.). 

Four mutants that speciHcaily inhibit spermiogenesis initiation have been studied in some 

detail (spe-S, spe-12, spe-27, and spe-29), and have provided much insight into how 

spermiogenesis begins (Minniti et al., 1996; Nance et al., 1999; Shakes and Ward, 1989). 

These mutants have a most unusual Spe phenotype: unlike all other Spe mutants, males 

from any of these four mutants are fertile. Furthermore, mutant hermaphrodites, while 

self-sterile when virgin, become self-fertile when mated by any male. This phenotype 

indicated the presence of a spermiogenesis activator that becomes available only after 
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copulation; mutant self-spermatids fail to activate when exposed only to an endogenous 

hermaphrodite-derived activator, but can respond to this mating-induced activator. 

Mutant male-derived spermatids, exposed to the mating-induced activator during 

copulation, initiate spermiogenesis normally (Shakes and Ward, 1989). A similar activity 

has been purified from the vas deferens of the parasitic nematode, Ascaris, and is passed 

in the ejaculate with unactivated spermatids (Poor and McMahon, 1973). Since it is 

likely that the C. elegans mating-induced activator is also derived from the male and 

transferred in the seminal fluid with freshly-inseminated sperm, it will be referred to as 

"male-derived activator"; it remains formally possible, though, that this activator is 

actually located within the hermaphrodite and is released when mating commences. 

How is it known that spermatids within virgin hermaphrodites actually require an 

activation signal and are not simply prewired to initiate spermiogenesis? An elegant 

experiment performed by Minniti et. ai (Minniti et al., 1996) addresses this directly. 

Spermatids were withdrawn in bulk from virgin males, washed, and artificially 

inseminated into hermaphrodites (LaMunyon and Ward, 1994). When wild-type 

spermatids were used some activated to spermatozoa which fertilized oocytes, indicating 

that an activation-inducing activity is present within hermaphrodites. To ensure that no 

male-derived activator was uransferred with the inseminated sperm, spe-27 mutant 

spermatids, which should not activate unless mating has occurred, were inseminated into 

hermaphrodites. These hermaphrodites never produced progeny, indicating that no male-

derived activator was transferred during the artificial insemination. 
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Thus there is evidence for two spermiogenesis activation signals: one endogenous 

hermaphrodite-derived activator, which is presumably located at least in the spermatheca 

where self-spermatids activate, and a male-derived activator which is passed in the 

ejaculate with inseminated sperm. Self-spermatids and male-derived spermatids have 

been shown to respond to either signal, spe-8, spe-12, spe-27, and spe-29 mutant 

spermatids are hypothesized to respond to male-derived activator (but see Chapter n of 

this dissertation) but not hermaphrodite-derived activator. Note that these two activators 

need not be chemically distinct; male-derived activator could simply be more potent due 

to differences in concentration, amount, or time of exposure to spermatids. 

Little is known about the molecular details of spermiogenesis initiation, which is 

a striking example of an intercellular signaling pathway not resulting in gene regulation. 

It was hoped that by cloning and characterizing mutants that are defective in the 

spermiogenesis initiation signaling pathway, some of the mechanisms employed to 

transduce the activation signal would be revealed, spe-27, whose product functions in the 

spermatid and is necessary for activation, has been cloned; its sequence reveals no 

obvious function of die protein (Minniti et al., 1996). 

Several observations suggest that pH regulation may be an endpoint of the 

initiation pathway. First, pH; increase is observed inAscaris sperm activated in vitro 

with a vas deferens extract. Second, C. elegans spermatids can be activated by increasing 
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pH;, these sperm appear normal and can fertilize oocytes when artilicially-inseminated 

into hermaphrodites. Third, spermatids mutant for any of the spermiogenesis initiation 

genes (spe-S, spe-12, spe-27, and spe-29) are activated by TEA, indicating that if pH 

increase is a normal aspect of spermiogenesis initiation, it occurs after the function of 

these gene products is needed (Minniti et al., 1996; Nance et al., 1999; Shakes and Ward, 

1989). Finally, pH is a potent regulator of MSP assembly, an event that occurs only after 

activation begins. Interestingly, spe-8, spe-12, spe-27, and spe-29 mutants are all 

suppressed by mutations in the spe-6 gene (P. Muhlrad and S. Ward, pers. comm.). spe-6 

mutants also have defects in forming fibrous bodies of MSP within spermatocytes, a 

process thought to be regulated by pH. Conceivably, spe-6 mutation results in alteration 

of cellular pH, which could bypass the need for SPE-8, SPE-12, SPE-27, and SPE-29. 

By cloning and studying die function of other genes that are involved in this 

signaling event, we intend to learn what types of signaling proteins are involved and what 

strategies they utilize to induce morphogenesis. It is apparent that conserved signaling 

pathways function in many diverse organisms. Do spermatids rely on these signaling 

proteins? Do these function in a conserved pathway? What is the endpoint of the 

spermiogenesis initiation pathway if not regulation of transcription factors? These are 

some of many questions we are addressing in this model cell. In this dissertation, I 

describe the molecular characterization of two genes required for spermatogenesis 

initiation, spe-12 and spe-29, and discuss how our analysis of these genes adds to our 

understanding of the conceptual and molecular makeup of the spermiogenesis initiation 
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pathway. Additionally, I discuss the weaknesses of the genetic approach we have taken 

to study this signaling pathway and describe our efforts to use DNA microarrays as a tool 

to circumvent some of these problems. Finally I discuss what our microarray-based 

identification of sperm genes might tell us about other aspects of sperm biology, 

gametogenesis, and germ-line gene regulation in C. elegans. 
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n. spe-I2 ENCODES A SPERM CELL SURFACE PROTEIN THAT PROMOTES 

SPERMIOGENESIS IN Caenorhabditis elegans 

n.l INTRODUCTION 

Common sets of signal transduction molecules direct cell differentiation events in 

diverse tissues and organisms. MAP kinase signaling pathways in the nematode 

Caenorhabditis elegans, for example, are known to play a role in vulval cell induction 

(Han and Sternberg, 1990), male spicule development (Chamberlin and Sternberg, 1994), 

meiotic cell cycle progression (Church et al., 1995), and embryogenesis (reviewed in 

Kayne and Sternberg, 1995). In Drosophila melanogaster, similar signaling pathways 

control photoreceptor differentiation (Simon et al., 1991; reviewed in Wassarman et al., 

1995) and other aspects of development (reviewed in Perrimon, 1994). Induction of 

these pathways typically results in the transcriptional regulation of sets of genes which 

direct the new developmental fate. 

Signaling systems which induce the differendation of cells that are incapable of 

synthesizing new gene products may be expected to utilize some novel mechanisms of 

relaying information and rearranging cellular architecture. One such well-studied 

example is the signaling cascade which activates anucleate platelets, leading to their 

morphogenesis and aggregation (reviewed in Body, 1996). The surface of these cells is 

rich in receptors, including the commonly-used integrins and members of the 

immunoglobulin superfamily, but also several specific and novel glycoproteins. Upon 
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binding of receptors to exposed subendothelial ligands, signal transducers (including G-

proteins, phospholipase C and protein kinase C) collaborate to activate the cells. Thus, 

platelet activation is accomplished using a combination of general and more specific 

signaling proteins. 

The initiation of C. elegans spermiogenesis (the final differentiation event of 

spermatids) and subsequent cellular rearrangements also take place in the absence of new 

gene product synthesis, since ribosomes and most mRNA are not segregated to the 

spermatid during the final meiotic division (Pavalko and Roberts, 1989; Ward et al., 

1981). Analysis of the components required to transduce the signal initiating 

spermiogenesis may illustrate how such a specialized signaling pathway differs from the 

many well-characterized pathways that result in transcriptional regulation. 

During spermiogenesis, spermatids activate by converting from immotile, 

symmetrical cells to asymmetrical crawling spermatozoa. Activation is induced only 

when crawling is required and thus, not surprisingly, is temporally and spatially distinct 

in hermaphrodites and males. Hermaphrodites produce spermatids transiently in both 

arms of the bilobed gonad before irreversibly switching to oogenesis. Soon after the 

completion of meiosis, spermatids activate to spermatozoa (reviewed in Kimble and 

Ward, 1988; L'Hemault, 1997; Ward, 1986). During this striking conversion, 

membranous organelles fuse with the plasma membrane and a pseudopod extends from 

the cell body. A novel cytoskeleton composed of major sperm protein (MSP) filaments 
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assembles in the pseudopod; the organized treadmilling of MSP laments is thought to 

provide the motive force that enables spermatozoa to crawl (reviewed in Roberts and 

Stewart, 1997). Spermatozoa crawl to the spermathecae where they position themselves 

for fertilization. Males synthesize spermatids and store them until mating occurs. Once 

ejaculated into the hermaphrodite uterus, spermatids activate in response to an 

unidentified signal that likely originates from male seminal fluid. These freshly-activated 

spermatozoa crawl to the spermathecae where they join hermaphrodite-derived 

spermatozoa in competition for fertilization of her oocytes (Ward and Carrel, 1979). 

Male-derived spermatozoa take nearly complete precedence over hermaphrodite-derived 

spermatozoa, fertilizing the overwhelming majority of oocytes (LaMunyon and Ward, 

1995; Ward and Carrel, 1979) before they are used up. 

How is the dramatic morphogenesis from spermatid to spermatozoon initiated? 

Among the many spermatogenesis-defective mutants is a class which compromises the 

spermatid's ability to initiate spermiogenesis. These mutants, spe-8 , spe-ll (L'Hemault 

et al., 1988), spe-27 (Minniti et al., 1996), and spe-29 (J. Nance and S. Ward, 

unpublished results) are unlike other mutants in that their Spe phenotype is affected by 

mating. Virgin hermaphrodites are self-sterile; their spermatids arrest and never form 

spermatozoa. Males, however, are fertile. Their spermatids are able to initiate and 

complete spermiogenesis after ejaculation. Surprisingly, mating by any male 

"transactivates" mutant hermaphrodite-derived spermatids, initiating spermiogenesis and 

resulting in newly acquired self-fertility. These observations led to a model in which 
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spermatids initiate spermiogenesis in response to either a male-supplied or endogenous 

hermaphrodite "activator" (L'Hemault, 1997; Minniti et al., 1996; Shakes and Ward, 

1989). Mutations in spe-8, spe-12, spe-27, orspe-29 would prevent spermatids from 

properly responding to hermaphrodite activator; male activator would rescue these 

mutant spermatids by bypassing the function of SPE-8, SPE-12, SPE-27, and SPE-29. 

Though these mutations affect spermatids from both sexes, as judged by defects after 

exposure of both hermaphrodite- and male-derived spermatids to the in vitro activator 

pronase (Minniti et al., 1996, J. Nance and S. Ward, unpublished results; Shakes and 

Ward, 1989), the role of the wild-type gene products in male-derived spermatids, if any, 

was unknown. 

Here we analyze the role of SPE-12 in hermaphrodite spermiogenesis initiation and 

present evidence that the gene product functions in male-derived spermatids as well. In a 

continuing molecular characterization of genes that affect this signaling pathway (Minniti 

et al., 1996), we identify the spe-12 gene and show that it encodes a sperm plasma 

membrane protein. 



45 

n.2 MATERIALS AND METHODS 

n.2.1 Worm strains and handling 

Worms were maintained on nematode growth (NG) agar plates spotted with 

Escherichia coll strain OP50 and were manipulated physically and genetically as 

described by Brenner (1974). All strains were stored at 15°; experiments were conducted 

at 24.5°, the restrictive temperature for each temperature-sensitive mutant used in this 

study. The following recessive mutants, derivatives of the wild-type N2 (var. Bristol) 

strain, were utilized: LGI: spe-8(Jhc50, hc53, hcI34ts) (L'Hemault et al., 1988), dpy-

5{e61) (Brenner, 1974), unc-l3{e51) (Brenner, 1974), spe-12(hc76, hcl49, hcl52) 

(L'Hemault et al 1988 and this study),/er-7(/icyJts) (Ward and Miwa, 1978), spe-

9(/ic5Sts) (L'Hemault et al., 1988; Singson et al., 1998). LGIV: fem-l(Jtcl7\s) (Nelson et 

al., 1978), unc-24{el38) (Brenner, 1974),/em-i(^2its) (Hodgkin, 1986), dpy-20(el282ts) 

(Hosono et al., 1982). LGV: him-5{el490) (Hodgkin et al., 1979). hcEx052 is a non-

integrated u-ansgenic array and is described in RESULTS. 

11.2.2 Isolation of new spe-12 alleles 

The canonical spe-l2{hc76) allele was used to isolate new spe-12 alleles in an F, non-

complementation screen. N2 males were mutagenized with ethyl methanesulfonate 

(Brenner, 1974) and mated to spe-l2{hc76) dpy-5(e6I) hermaphrodites. A total of 2060 

non-Dpy hermaphrodite F[ larvae were individually isolated, allowed to mature, and 
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scored for self-fertility at 24.5° by examining plates for eggs or oocytes. Sterile F, were 

rescued by mating to N2 males. Non-Dpy F, sterile hermaphrodites from this Pq cross 

were isolated and backcrossed to N2 multiple times to remove unwanted deleterious 

mutations. Candidate spe-12 alleles were tested for their failure to complement spe-

I2{hc76), each other, and the underlying deficiency nDf25. Linkage to the LGI marker 

unc-13 (0.5 cM from spe-12) was established by /ranj-linkage analysis (Brenner, 1974). 

Two new spe-12 alleles, hcl49 and he J 52, were isolated. 

[1.2.3 Worm synchronization and brood size determination 

Synchronized worms were obtained from gravid hermaphrodites by allowing them to 

lay eggs for a two hour window. Synchronized eggs were grown at 24.5°. To determine 

brood sizes, hermaphrodites were ttansferred to fresh plates daily until no new eggs were 

laid in a 24 hour period; the resulting progeny were counted. 

II.2.4 Sperm counts 

Worms were synchronized by the alkaline hypochlorite method (LHemault and 

Roberts, 1995), grown for 52 hours at 24.5°, picked as late larval hermaphrodites to 

individual plates, and allowed to mature for 18 additional hours. The number of eggs or 

oocytes that each worm laid was recorded. To stain nuclei, worms were fixed in 

Carney's solution and stained with DAPI (4,6-diamidino-2-phenylindol). Sperm nuclei 

were identified by their compactness and position in either the spermatheca or the uterus. 
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The total sperm population was determined by scanning through focal planes and 

summing individual nuclei. 

II.2.5 DNA transformation 

Cosmid or plasmid DNA puritied over a Qiagen (Santa Clarita, CA) column and 

resuspended in TE (/?H 7.4) (Ausubel et al., 1995) was coinjected with the ttansformation 

marker pRF4, which contains the dominant rol-6(sul006) allele (Kramer et al., 1990). 

DNA mixtures were injected into the gonadal syncytium of young adult spe-ll 

hermaphrodites at a concenuration of l(X) ng/^l of tester DNA and LOO ng/^1 of pRF4 

(Mello and Fire, 1995). After recovery, worms were placed with (onr spe-l2(Jtc76) 

males and allowed to mate overnight. Transformed hermaphrodite progeny of injected 

worms were recognized by their Rol phenotype, picked to individual plates as virgins, 

and scored for self-fertility. 

n.2.6 Molecular biology 

Standard techniques were used to isolate and manipulate DNA and RNA (Ausubel et 

al., 1995). Enrichment for Poly(A)* mRNA was performed using the Invitrogen 

(Carlsbad, CA) Fast Track 2.0 kit following the manufacturer's protocol. 

spe-I2 cDNAs were isolated by probing a custom Stratagene (La Jolla, C A) UNI21AP 

library derived from him-5{el490) adult-male-enriched mRNA (Achanzar, 1997; Minniti 

et al., 1996; Varkey et al., 1995) with the rescuing 3.6 kb BstXL fragment of genomic 
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clone pCS 102 using the manufacturer's protocol. Differential Northern blots (containing 

2 |ig of separated poly(A)-enriched RNA per lane) were hybridized (Ausubel et al., 1995) 

with the 503 bp Xhol fragment of spe-12 cDNA cJN1201, which represents the last two-

thirds of the spe-12 Uranscript. Suipped blots were reprobed with the complete spe-29 

cDNA. The spe-29 3' untranslated region (UTR) overlaps the 3' UTR of another 

hermaphrodite-specific gene (J. Nance and S. Ward, unpublished results). Detection of 

this message in the fern-1 {he 17) lane provided a loading conurol. 

DNA was sequenced as detailed by the manufacturer using the USB (Cleveland, OH) 

Sequenase reagent kit. Original cDNA sequence was initially generated by sequencing 

into clone cJN1201 from both ends of the insert using T3 and T7 vector primers; the 

remainder of the cDNA and the genomic sequence (using pCS102 as template) was 

generated by the primer walking technique (Ausubel et al., 1995). Both the cJN1201 

cDNA and corresponding exons and intervening sequences from the genomic clone 

pCS102 were sequenced completely on both strands to ensure accuracy (Genbank 

accession U57624). The genomic sequence from pCS102 is identical to a region of 

cosmid T02E1 (which overlaps rescuing cosmid ZK260) representing the predicted gene 

T02E1.1, which was sequenced and analyzed by the C. elegans Genome Project (Wilson 

etal., 1994). 
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n.2.7 Identification of the spe-12 molecular lesions 

Overlapping genomic fragments, ampliHed by PCR from single wild-type or spe-12 

worms (Williams, 1995), were sequenced using the USB (Cleveland, OH) Sequenase 

PCR product sequencing kit. To contirm a lesion, new genomic DNA spanning the 

mutated base was amplified and sequenced. Mutations from all three spe-12 alleles were 

predicted to create RFLPs ihc76 and hcl49 each introduce an Apol site; hcl52 introduces 

an Xbal site). The presence of these RFLPs was verified by amplifying genomic DNA 

flanking the predicted site from single mutant worms, digesting with the appropriate 

resuiction enzyme, and analyzing the digested products in direct comparison to similarly-

prepared N2 DNA. 

II.2.8 Antibody production and Western analysis 

The peptide acetyl-CEVKEDFERTVEDLD, representing the last 14 amino acids of 

the predicted spe-12 translation product (serine 241 was changed to cysteine), was 

synthesized (QCB; Hopkinton, MA) and coupled to maleimide-activated KLH (Pierce; 

Rockford, IL) via the cysteine sulfhydryl group (as detailed by the manufacturer). 

Conjugated carrier protein was purified and injected into rabbits (Pocono Rabbit Farm 

and Laboratory; Canadensis, PA) using the company's standard protocol. Polyclonal 

serum #12756 was produced in this manner and will be referred to as anti-SPE-12 serum. 
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For Western analysis, spermatid proteins were separated by SDS-PAGE (12.5% 

acrylamide) and electroblotted as described by the electroblotting chamber manufacturer 

(Hoefer Scientific Instruments; San Francisco, CA). Integrity of samples was monitored 

by staining blots with Ponceau S (0.1% in 5% acetic acid) and examining protein bands. 

After rinsing off Ponceau S with water, blots were blocked in 5% powdered milk, 1% 

bovine serum albumin in Tween tris-buffered saline (TTBS) (Ausubel et al., 1995) and 

incubated first widi a 1:1000 dilution (in blocking buffer) of anti-SPE-l2 serum, then a 

1:20,000 dilution of HRP-conjugated donkey-anti-rabbit antibody (Amersham 

International; Buckinghamshire, U.K.). Blots were washed in TTBS three times (15 min, 

10 min, 5 min) after incubation with each antibody. Supersignal substrate (Pierce; 

Rockford, IL) was used to generate HRP-catalyzed chemiluminescence as described by 

the manufacturer; film was exposed to the blots for varying times and developed. MSP 

was detected (in addition to Ponceau S visualization) by incubating and developing 

insufficiently blocked blots where all common sperm proteins were visible. The protein 

was recognized by its distinctive low molecular weight and abundance (Burke and Ward, 

1983). 

11.2.9 Spermatid isolation and surface proteolysis 

Spermatids isolated from him-5{el490) males were purified as described by 

L'Hemault (1995) using the alternative method for large-scale sperm isolation. To 

increase yields, worms were grown on peptone-enriched plates (Lewis and Reming, 
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spermatids. Spermatids were kept on ice until treated (see below). 
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Spermatid surface proteins were digested as described by Pavalko and Roberts 

(1989). Briefly, 10^ freshly-isolated spermatids in sperm medium (SM) containing 10 

xaM sodium azide (sodium azide prevents the protease-initiated conversion of spermatids 

into spermatozoa) were treated with either 0.66 mg/ml or 6.6 ng/ml of Streptomyces 

griseus protease (Sigma Chemical Company product P-6911; St. Louis, MO) or buffer 

alone, for 5 min at room temperature. Spermatids were pelleted in a microcentrifuge, 

treated with 10 |il of 2 x sample buffer (Ausubel et al., 1995), boiled for 5 min, respun 

briefly, then loaded onto a 12.5% polyacylamide gel. Western analysis to detect SPE-12 

and MSP was performed as described above. 
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n.3 RESULTS 

II.3.1 Mating induces a partial functional bypass of SPE-12 

Hermaphrodite-derived spermatids from spe-8, spe-12, spe-27, otspe-29 mutants can 

become spermatozoa that yield self-progeny following mating with any male. The extent 

of this male-mediated activation of hermaphrodite-derived spermatids (referred to as 

U*ansactivation) differs for various mutants. We compared the effectiveness of 

transactivaiion among various spe-12 and spe-8 mutants to determine if this difference is 

a consequence of varying levels of loss of function among the mutants (Figure II. 1). 

While all mutants exhibited an increase in self-fertility after mating, each spe-8 mutant 

displayed a different level of transactivation. The spe-8 mutants hc53 and he 134 

produced self-broods of over 30 after mating, while the least self-fertile spe-8 mutant, 

hc50, averaged less than five self-progeny after U'ansactivation. A brood of five after spe-

8{hc50) transactivation is similar to that observed for spe-12{hc76) and spe-12(hcl52) 

mutants. Since these spe-12 mutants are predicted to behave as nulls (see molecular 

characterization below), this suggests that the null phenotype of spe-8 and spe-12 mutants 

is similar and the more efficiently transactivated spe-8 mutants {hc53 and hcl34) are 

hypomorphic. 
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Figure II. 1 Self-fertility of virgin and mated spe-8 and spe-12 hermaphrodites. Late 

larval hermaphrodites (24.5'') were kept as virgins or were mated to four late larval fer-

l{hcl3); him-5{el49G) males. Self-progeny broods were counted. Virgin wild-type 

hermaphrodites produced 202 +/-12 (nsIO) progeny; when mated to fer-I{hcl3)\ him-

5{el490) males, wild-type hermaphrodites produced 206 -(-/-8.3 self-progeny (n=l3). 

Error bars represent the SEM. Sample size = 18-20. 
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Figure U.2 Sperm retention of wild-type, spe-8(hcl34), and spe-12{hc76) 

hermaphrodites. Synchronized young adult virgin hermaphrodites were fixed and 

stained as described in MATERIALS AND METHODS. The number of eggs or 

oocytes that each individual laid before fixation was detennined: N2 (ns7) laid an 

average of 31 +/-5 eggs; spe-8{hcl34) (n=l3) laid O.I +/-0.I eggs, 24 +/-3 oocytes; 

spe-12(hc76) (n=l5) laid no eggs, 24 +/-2 oocytes. Sperm nuclei present in the 

spermathecae and uterus were counted. Error bars represent the SEM. 
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Differing levels of transacdvadon between mutants could be due to sperm defects that 

occur either during spermiogenesis or fertilization. Alternatively, since oocytes are 

produced in excess of sperm in C.elegans (Ward and Carrel, 1979), the number of 

spermatids present within the mutant hermaphrodite at the dme of mating could account 

for this level of self-ferdlity. We compared spermatid populations in spe-12{hc76), spe-

8(hcl34) and wild-type virgin hermaphrodites to determine if fewer spermatids were 

present in spe-12 mutants at the time of mating. Fewer sperm remained in spe-12(hc76) 

and spe-8(hcl34) than in wild type since oocytes squeegee non-crawling spermatids into 

the uterus and out the vulva (Figure II.2) (L'Hemault et al., 1988; Minniti et al., 1996). 

spe-8 and spe-12 mutants, however, retained equivalent numbers of spermatids. 

Moreover, there were roughly 25 times more spermatids present in spe-12 

hermaphrodites than the average number of self-progeny observed in the transactivation 

assays (shown in Figure n.l). Thus, poor transactivation likely reflects a property of the 

spermatids themselves: only about 4% of spe-l2{hc76) hermaphrodite-derived spermatids 

and 30% of spe-8{hcl34) hermaphrodite-derived spermatids proceed to fertilize oocytes 

after mating, whereas nearly every hermaphrodite-derived spermatozoon in wild type 

successfully fertilizes an oocyte (Ward and Carrel, 1979). 

Comparison of the transactivation phenotype of spe-8 and spe-12 mutants, in addition 

to molecular evidence presented below, suggests that spe-12 mutants are genetically null 

and have no functional spe-12 gene product. Yet mutant seif-spermatids can still be 
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transactivated, indicating that mating results in a functional bypass of the spe-12 gene 

product. However, spe-12 transactivation is invariably poor, and this inefficiency 

appears to be a property of the mutant sperm themselves. Thus after mating, only some 

spe-ll self-spermatids succesfuUy activate and fertilize oocytes, implying that the 

functional bypass of SPE-12 is only partial and is not an adequate substitute for the wild-

type gene product. 

Q.3.2 spe-12 male-derived spermatids are partially defective 

Since only a fraction of spe-12 hermaphrodite-derived spermatids can be 

transactivated to fertilize oocytes after mating occurs, we suspected that spe-12 male-

derived spermatids might also be compromised. If mutant male-derived spermatids were 

impaired in their ability to activate, only a fraction of inseminated spermatids might 

activate, resulting in fewer outcross sperm reaching their necessary destination, the 

spermatheca. Such an activation impairment would result in males that are fertile yet 

incapable of siring the number of progeny that wild-type males can sire. Alternatively, 

reduced mutant male fertility could result from spermatids that activate normally after 

insemination, but form impaired spermatozoa that are less likely than wild-type to 

fertilize oocytes. 

We examined the competency of spe-I2{hc76) male-derived sperm by comparing the 

fertility of wild-type, spe-8(hcl34) and spe-12 males in single-male mating assays. To 

avoid overlooking subtle defects in spermatozoon function, we tested the ability of sperm 



to fertilize oocytes in increasingly competitive sperrathecal environments. Wild-type and 

spe-12 male fertility was examined m fern-1 {he 17) hermaphrodites, which make no 

interfering self-sperm (Nelson el al., \91%),fer-l{hcl3) hermaphrodites, which produce 

defective self-sperm that cannot crawl and are swept out of the spermatheca (Argon and 

Ward, 1980; Ward and Miwa, 1978); and spe-9{hc88) hermaphrodites, which make 

crawling spermatozoa that localize to the spermatheca but cannot fertilize oocytes 

(L'Hemault et al., 1988; Singson et al., 1998). As shown in Figure 11.3, spe-12 males 

were as fertile as wild-type or spe-8(hcl34) males when mated to fem-l(hcl7) orfer-

l(hcl3) hermaphrodites, but spe-12 male fertility was gready reduced in comparison to 

wild-type or spe-Sihcl34) males when mated to spe-9{hc88) hermaphrodites. 

n.3.3 spe'12 male-derived spermatozoa outcompete wild-type hermaphrodite-

derived spermatozoa 

spe-12 male fertility is clearly compromised, but why is this effect influenced by the 

hermaphrodite genotype? spe-9 hermaphrodites were the only mutants utilized in the 

single-male mating assays that produce crawling spermatozoa. Could spe-9 

hermaphrodite-derived spermatozoa interfere directly with the success of spe-12 male-

derived spermatozoa, resulting in lower fertility? Normally, wild-type male-derived 

spermatozoa take nearly complete precedence over hermaphrodite-derived spermatozoa 

and sire a disproportionate number of progeny (Ward and Carrel, 1979). If spe-12 male-

derived spermatozoa were abnormal after activation so that they were unable to compete 

with hermaphrodite-derived spermatozoa and were lost, male fertility would be lower. 
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Figure II.3 Fertility of wild-type, spe-8(hcl34) and spe-l2{hc76) males when mated 

to fem-Iihcl7),fer-lihcl3) or spe-9ihc88) sterile hermaphrodites. Both males and 

hermaphrodites were synchronized and maintained as virgins until 64 +/-1 hour after 

being laid at 24.5°. Each hermaphrodite was mated with one male for 24 hours 

before hermaphrodites were removed to fresh plsUes. Progeny from each cross were 

counted; individuals that laid no progeny were judged to be unmated and were not 

factored into determining male fertility. Error bars represent the SEM. Sample size s 

18-50. 
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Figure II.4 Competitiveness of wild-type oTspe-12 male-derived spermatozoa 

versus wild-type hermaphrodite-derived spermatozoa. Three males and oxmnc-24 dpy-20 

hermaphrodite, all synchronized to the adult molt +/-2 hours (24.5*'), were allowed to mate 

for 12 hours. Hermaphrodites were transferred twice daily until their death or until no 

more progeny were laid. The number of self (Unc Dpy) and outcross (wild-type) progeny 

laid in each interval was determined; the percentage of progeny that were outcross is 

shown. Error bars represent the SEM; where not visible, error was smaller than the 

symbol. Sample size = 10 (wild type) or 20 (^pe-12). 
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To test the competitiveness of 5pe-/2(/ic76)maIe-derived sperm, we placed them in 

competition with wild-type hermaphrodite-derived sperm (Figure n.4). Control wild-

type male-derived spermatozoa clearly outcompeted hermaphrodite-derived spermatozoa, 

siring nearly 100% of the progeny, spe-12 male-derived spermatozoa also took 

precedence over hermaphrodite-derived spermatozoa since their outcross progeny were 

produced in a burst following mating, spe-12 male-derived spermatozoa failed to take 

complete precedence presumably because so few total outcross progeny were sired (mean 

= 19; SEM = 2.7) when compared to wild-type males (mean = 175; SEM = 7.3). Similar 

incomplete precedence has been observed in wild-type when males transfer few sperm 

(S. Ward, unpublished observation). It is likely that a minimum number of male-derived 

spermatozoa must reach each spermatheca before taking complete precedence, as is the 

case in the closely related hermaphroditic nematode Caenorhabditis briggsae, where 

about 50 male-derived spermatozoa are required per spermatheca for this to occur 

(LaMunyon and Ward, 1997). These results again demonstrate the lack of fertility of 

spe-12 males but show that once spermatozoa form, they are normal and outcompete 

hermaphrodite-derived spermatozoa like wild-type. 

Since spe-12 male-derived spermatozoa compete effectively, the sterilizing effect of 

hermaphrodite-derived sperm on spe-12 male-derived sperm must take place prior to 

activation and is likely indirect One indirect effect of sperm in the spermathecae is a 

stimulation of oocyte maturation (Ward and Carrel, 1979, J. McCarter, B. Bardett, T. 

Dang, and T. Schedl, personal communication). Thus spe-9 hermaphrodites might be 
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expected to lay more oocytes in the mating interval than either/er-i or fem-I 

hermaphrodites since they retain sperm. This is indeed the case. During the 64-88 hour 

(24.5°) developmental window, which corresponds to the age of hermaphrodites when 

mated in the single-male mating assays, spe-9 hermaphrodites laid more oocytes (125 +/-

8; n=22) \hanfer-I hermaphrodites (86 +/-9; n=22) and many more than fern-1 

hermaphrodites (15 +/-2; n=29). Male-derived sperm are deposited into the 

hermaphrodite as immotile spermatids which can be expelled out of die vulva by eggs or 

oocytes as they are laid (Barker, 1994), If spe-12 male-derived spermatids activated too 

slowly after deposition in the hermaphrodite, they would be swept out before they could 

crawl, especially within a hermaphrodite that laid oocytes at a high rate. Thus, an 

activation defect in spe-12 male-derived spermatids could contribute to their poor success 

following mating. 

n.3.4 spe-12 encodes a predicted novel transmembrane protein 

To determine the nature of the spe-12 gene product, we identified and sequenced the 

spe-12 gene. Prior genetic mapping placed spe-12 very near lin-lO on LGI (L'Hemault et 

al., 1988). Genetic transformation of spe-12 hermaphrodites with genomic DNA from 

this region identiHed ZK260 as a cosmid that restored self-fertility to mutant 

hermaphrodites. Both a subcloned 7.1 kb Sad fragment (pCS102) and a 3.6 kb 

fragment contained within this subclone rescued spe-12 hermaphrodites. One line of 

transgenic spe-12{hc76) hermaphrodites {hcEx052), transformed with pCS102 and the 

dominant roller transformation marker pRF4, produced 177 +/-11 (n=ll) self-progeny at 
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20°; untransformed virgin animals rarely produced any self-progeny, while wild type 

produced 257 +/-i4 (n=IO) self-progeny. The presence of the transgenic array in the 

germ line was essential for rescue since we always observed rollers in broods from 

transgenic spe-12; hcEx052 hermaphrodites, even if the transgenic parent was not 

obviously rolling (n=36 rollers, n=9 non-rollers). Consistent with observed inheritance 

patterns of transgenic arrays (Mello et al., 1991), some roller hermaphrodites were half-

sterile, producing eggs in one half of the bilobed reproductive u-act and oocytes in the 

other (2 of 38), while other rollers were completely sterile (2 of 38); these animals were 

presumed to be mosaics that were missing the array in half or all of the germ line, 

respectively. The hcEx052 transgenic array also restores self-fertility tohcl49 and hcl52 

hermaphrodites, confirming that members of the spe-12 complementation group are 

allelic (data not shown). 

To identify the gene responsible for the rescuing activity, we probed a phage cDNA 

library synthesized from him-5{el490) adult male-enriched RNA with the rescuing 3.6 kb 

BstXl fragment. Screening 5x10^ plaques, we identified eight isogenic clones; the 

longest, CJN1201 (839 bp), encodes a full-length cDNA as judged by the presence of an 

initiator methionine preceded by an inframe stop codon near the insert S' end and a 

poly(A) tail at the insert 3' end. Alignment of the cJN1201 cDNA and pCS102 genomic 

sequences revealed a single gene containing five introns (Figure II.5, A and B). The fiiU-

length cDNA encodes a predicted 255 amino acid translation product which is novel. 

While no regions of the protein are similar to known proteins or fiinctional domains, the 



63 

presence of a putative N-terminai signal sequence and a potential membrane-spanning 

domain near the C-terminus indicate that SPE-I2 is likely an integral membrane protein 

(Figure II.5, A). 

We compared the sequences of mutant and wild-type cDNA and genomic PGR 

fragments to identify the molecular lesions associated with spe-l2 (Figure II.5, B). The 

hc76 and he 152 alleles each contain nonsense codons which are predicted to terminate 

translation upstream of the transmembrane domain and C-terminus. hcl49 harbors a 

change in a conserved 5' intronic splice site. To confirm that this lesion alters the normal 

splicing pattern, we examined hcl49 transcript lengths by RT-PCR. spe-12(hcl49) 

cDNAs were smaller than those from the other alleles and wild type, and lacked exon EH; 

this changes the downsuream reading frame, resulting in a premature stop codon that 

prevents translation of the transmembrane domain and C-terminus (data not shown). 

Since all three alleles are predicted to make truncated proteins that lack the 

transmembrane domain, mutant SPE-12, if synthesized, would likely be mislocalized or 

topologically altered. In addition, mutant hermaphrodites are equally sterile as 

homozygotes and rran^-heterozygotes in all allelic combinations and show no additional 

abnormalities when in trans to the underlying deficiencies nDf24 or nDj25 (L'Hemault et 

al., 1988, and data not shown). These results suggest that all spe-12 mutants are 

genetically null. 
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Figure II.5 The spe-12 locus and mutations. (A) Genomic sequence of the spe-12 gene 

from the first base of the longest cDNA isolated, cJN1201, to the site of polyadenylation. 

5' and 3' untranslated regions and introns are in lower case, predicted translated regions 

are in caps. Amino acids of the putative signal sequence and proposed membrane 

spanning region are underlined. These regions were strongly predicted using the SignalP 

(Nielsen et al., 1997) and TMpred (Hofmaim and Stoffel, 1993) database comparison 

programs. Bases mutated in the various spe-12 alleles are boldfaced. (B) Graphical 

representation of spe-12. Exons are represented by boxes, introns and untranslated 

regions by thin lines. The translational start site is marked as ATG. Molecular lesions 

associated with individual spe-12 alleles are indicated. The regions encoding the 

predicted signal sequence and putative transmembrane domain are hatched. 
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A 
gttcaaactatatttaaaatATGAATACGAGCACATTTTACATAGTTTTGTTGTGTTTTTT 61 

M N T S T F Y I V L L C F L  1 4  

GAGTCGAAACTTGTTAAATGCGGAGCACAGCGAGGAAAAAAATAATCAAGATCTTGAAGAC 122 

S R N L L N A E H S E E K N N Q D L E D  3 4  

AGACGTTATAAAATGTTTGGAAACGAGACTGATGATAAGgtaattttatattactttcaga 183 

R R Y K M F G N E T D D K  4 7  

gaattcagagactgttctggccaatcgaaagttagtgaatcattttataaatgaaattttc 244 

gagttccttgattttttaaaatttttctcggttcattaagaactaccaccgtaaccaagaa 305 

tctataacagaaaaacgcagaaaatatatatatatatatatatatatatatatatatatat 366 

atatatatatatatttatatatatgtttttaaacatttcaaagtgacaccgtacatctcca 427 

gtaacctcttttctagCGTTGCATCCATGGAGATCTAATTTCAATTACGTCGAAAACTTTT 488 

R C I H G D L I S I T S K T F  6 2  

TACGCGACTGAAAAATACTATTACACCGAATGTCATACTCGAGCCCCAAGTTGCGGTTTTC 549 

Y A T E K Y Y Y T E C H T R A P S C G F Q 8 3  

AAATGATGCCGATTATGATTAATGGATTGAATACGTCCAACAAAGTTGTACGCTTTGGATG 610 

M M P I M I N G L N T S N K V V R F G C 1 0 3  

CTTTCCAACTCGAGATATTTTGGGAAATCAGTTTTgtgagtactctagtattcaggggcat 671 

FPTRDILGNQFF 115 

aaggcaatcatttttgccaatgctataaacagaccgattgcggcatgttgttccaatattt 732 

tttgtgtcgaaattcagagaaaatatttaatggtcagaaaagaaaatggcatttgtttcag 793 

attaaaagtgcggaaaaattgccaccaaaagtttgacggcaaca1111taaactgaaacga 854 

ttgttaatttcagatcaataaaatatttttctatattttgtcactaaattttaataaaaat 915 

attgcaacaacatgccgcaatcggccaatttgtataatcgccaaaaataattgccgcacac 976 

acaggatagtcttactgttgatgaaaaaccttattgtaagatttaataactttttttttca 1037 

attttgagtctataaaagggccttttctttagaatatctgagaaatcaattcgaaatatca 1098 

cagTTCTAAACAAGCGATATTACTCGAATTCTTTTGATGGAATATACAGTATGTTTgtaag 1159 

L N K R Y Y S N S F D G I Y S M F  1 3 2  

CttaaacttaaatttttaagtttagaaaacaagatCtaatcaaaaattttagGACTACTTT 1220 

D Y F 135 

GCATTCGAGAATACTGGTATTGCTGATTATTTAATTTATTACAAACCGACAGgtaact tga 1281 

AFENTGIADYLIYYKPTA 153 

cattttttgaaaactaaagttatatgttttttcagCGGAAGAACTAAAAGCAGTTAGATAT 1342 

E E L K A V R Y  1 6 1  

GTTCATGAAAACAGATGGGTTGAAAATCCACAGGAATTCATAGTCCAGAAGAAAAATGAGA 1403 

VHENRWVENPQEFIVQKKNES 182 
GTAGCGCAGAAGCTCATTCGGATGgtaagtctctCcttgttgtgactaaCcatttttatac 1464 

S A E A H S D G  1 9 0  

catttaagGTCTCAATGCATACTTCCGCCATAAAAAGATTACCCCACTCATGATAATTTAC 1525 

L N A Y F R H K K  T T P T .  M T T Y  207 

ATTCTATTCATTTGCTTTTCTGTCATTTTCAAGCTTATCTGGCTTGTACATACAGCATGGA 1586 

ILFICFSVIF KLIWLVHTAWK 228 

AGAATATGAAGCAGGGATATGCACCAATTGCAAAAATGAGCGAAGTGAAAGAAGACTTTGA 1647 

N M K Q G Y A P I A K M S E V K E D F E  2 4 8  

ACGAACTGTAGAAGATCTCGATTGAacagaaattccgcataaatagacctaaaaattgctg 17 0 8 

R T V E D L D Stop 255 
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II.3.5 spe-12 is expressed in the sperm-producing germ line 

We and others have failed to detect any differences between spe-12 and wild-type 

worms except in the sperm (L'Hemault et al., 1988; Shakes and Ward, 1989), suggesting 

that the spe-12 gene product is essential only in the sperm-producing germ line. To 

determine H spe-12 is expressed in the sperm and their germ-line precursors, we looked 

for spe-12 mRNA by differential Northern analysis. mRNA from worms with a male 

soma and sperm-producing germ line ihim5(el490) males), a hermaphrodite soma and 

oocyte-producing germ line (fern-1 {he 17)), or a hermaphrodite soma and sperm-

producing germ line {fem-3{q23gr)) was probed with the spe-12 cDNA cJN1201. A 1.0 

kb transcript was evident only in worms containing a sperm-producing germ line and 

conspicuously absent in worms containing an oocyte-producing germ line (Figure II.6, A; 

compare him-5 and /em-igf lanes to fern-1); fern-1 mRNA was loaded properly and 

remained intact since a control hermaphrodite-speci^c message was readily detected 

(Figure n.6, and /cm-Jgf lanes). Thus spe-12 is expressed in the sperm-

producing germ line in adult animals, as expected. 
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Figure II.6 Differential Northern analysis of the spe-12 transcript. Poly-A* RNA from 

purified him-5{el490) males (male soma, sperm-producing germ ]xa&),fem-l{hcl7) 

hermaphrodites (hermaphrodite soma, oocyte-producing germ line), and fem-3{q23gi) 

hermaphrodites (hermaphrodite soma, sperm-producing germ line) was probed with (A) 

spe-12 cDNA. (B) Blots were stripped and hybridized with a hermaphrodite-specific 

probe as a loading control for lanes containing hermaphrodites (see MATERIALS AND 

METHODS). 
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Figure II.7 Localization of SPE-12. (A) Protein from 3.6 x 106 spermatids purified 

from him-5(el490) or spe-12(hc76) males was separated and immunoblotted with 

anti-SPE-12 antibodies. As a loading control, blots were stripped and MSP was 

detected (shown below). (B) 1.0 x 106 intact spermatids from purified males were 

treated as indicated. Spermatids in lane three were incubated in a 1:100 dilution of 

the protease used for samples in lane two. Sodium azide was added to prevent cells 

from activating. Western analysis was performed using anti-SPE-12 antibodies. As a 

control to demonstrate the inability of protease to penetrate the spermatid plasma 

membrane, blots were stripped and cytoplasmic MSP was detected (shown below). 

See MATERIALS AND METHODS for details. 
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II.3.6 SPE-12 is localized to the spermatid plasma membrane 

As a tool to determine the localization of the SPE-12 protein, we raised polyclonal 

antibodies against a C-terminal spe-12 peptide representing the last 14 amino acids of the 

protein. By Western analysis, we were able to detect a protein of the predicted size of 

SPE-12 (-35 kD) present in purified him-5 spermatids only when probing with 

anti-SPE-12 immune serum; preimmune serum failed to recognize this protein (data not 

shown). To determine if this protein was SPE-12, we compared protein from similarly-

prepared spe-12{hc76) spermatids and him-5 spermatids by Western analysis, probing 

with anti-SPE-12 immune serum (Figure II.7, A). Although Ponceau S staining of the 

blot prior to incubation with antibody revealed that the spe-12 sperm protein samples 

were intact, and levels of the major sperm protein (MSP) were similar between samples 

(Figure 11.7, A, bottom), we detected an antigenic band only in the him-5 sperm sample. 

Since spe-l2{hc76) mutants have an early nonsense codon predicted to prevent 

translation of the antigenic C-terminal region, the Uiincated mutant protein, even if stable, 

should not be recognized by anti-SPE-12 serum. 

Since SPE-12 contains a predicted internal transmembrane domain, we wondered if it 

was indeed inserted into a spermatid membrane. To determine if SPE-12 is present in the 

spermatid plasma membrane, we purifled intact him-5 spermatids, digested away surface 

proteins with proteases, and analyzed remaining proteins by Western analysis (Figure 

II.7, B). Though most proteins including the cytosoiic major sperm protein appeared 
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similar in intensity in both treated and untreated spermatid samples (Figure 11.7, B, 

bottom), full-size SPE-12 almost completely disappeared in surface-digested spermatids 

(Figure II.7, B, compare lane 2 to lane 1). SPE-12 was not degraded when spermatids 

were treated with diluted (1:100) protease, indicating that the protein is not simply 

unstable (Figure II.7, B, lane 3). A smaller fragment (~25kD) of widely varying intensity 

is often visible only in digested spermatid samples (faintly visible in lane 2); since this 

band is never as robust as the full-length SPE-12 band, we believe this represents an 

unstable degradation intermediate. Interestingly, this band is significantly larger than 

would be expected if SPE-12 were cleaved at or near the transmembrane domain. 

Perhaps all degradation products except this higher molecular weight intermediate are 

destroyed before samples are processed entirely. 

These experiments strongly suggest that within spermatids, SPE-12 is predominantly 

localized to the plasma membrane. Residual full-size SPE-12 seen in the digested 

samples is not likely due to incomplete digestion, since longer protease incubation times 

did not diminish its su^ngth (data not shown). Although there could be a small protected 

pool of protein within spermatids, we feel it is more likely that this faint band is due to 

SPE-12 within spermatocytes (which comprise <5 % of purified spermatid samples), 

where the protein is probably synthesized. 
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n.4 DISCUSSION 

II.4.1 The Spe*12 phenotype and spermiogenesis initiation 

The Spe-12 phenotype is common to a set of genes that, when mutated, compromise 

the ability of spermatids to initiate spermiogenesis, or activate. Rather than complete this 

final differentiation, spe-8, spe-12, spe-27 or spe-29 hermaphrodite-derived spermatids 

arrest their development and remain impotent Previous studies established that once a 

hermaphrodite is mated, male- and hermaphrodite-derived mutant spermatids can activate 

and form functional spermatozoa (L'Hemault et al., 1988; Shakes and Ward, 1989). 

Therefore, these mutant spermatids have the components necessary for the morphological 

rearrangements that occur during spermiogenesis, but lack some constituent(s) required 

for activation in the absence of mating. 

Our experiments demonstrate that transactivation of spe-12 hermaphrodite-derived 

spermatids by male seminal fluid is never efficient, since the number of spermatids 

present within a mutant virgin hermaphrodite (-100) greatly exceeds the number of self-

progeny that are produced after mating (~4). Genetically, all spe-12 mutants appear to be 

null so it is likely that inefficient transactivation, rather than no transactivation, is the null 

phenotype. These observations suggest ihaX spe-12 hermaphrodite-derived spermatids are 

partly compromised in their ability to activate after mating takes place. This partial 
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incapacitation is also observed in spe-12 males, which exhibit defects in fertility that are 

best explained by a similar defective-activation phenotype. 

We propose a model for spermatid activation in which SPE-12, perhaps in 

conjunction with SPE-8, SPE-27, and SPE-29, functions in reception or transduction of a 

spermiogenesis initiation signal, or "activator", that originates from either the 

hermaphrodite or male somatic gonad, spe-12 mutations would prevent effective 

signaling if spermatids were exposed only to the hermaphrodite activator (explaining 

virgin hermaphrodite sterility), and would compromise signaling if spermatids were 

exposed to the male activator (explaining inefficient transactivation and partial male 

sterility). SPE-12 localization to the sperm cell surface suggests that it is not an extiinsic 

activator, but more likely a receptor or a member of the reception pathway. 

Though neither the hermaphrodite nor male activators have been identified, there is 

evidence for their existence. When Minniti el al (1996) successfully artificially-

inseminated hermaphrodites with washed wild-type male-derived spermatids, they 

demonstrated that hermaphrodites contain an activation signal; since outcross progeny 

were produced, the artificially-inseminated spermatids must have received a signal once 

inside the hermaphrodite to initiate and complete spermiogenesis. Inseminations with 

spe-27 male-derived spermatids repeatedly failed to yield progeny, consistent with these 

mutant sperm being incapable of responding to hermaphrodite activator. Male activator, 

likely a component of the seminal fluid as is the case in the parasitic nematode Ascaris 
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suum (Sepsenwol and Taft, 1990), represents the activity responsible for transactivadng 

spe-12 hermaphrodite-derived spermatids. 

Several observations described in this study conflict with a prior model of 

spermiogenesis initiation proposed by Shakes and Ward (1989). In this initial model, 

spermatids from either sex could utilize one of two pathways to begin activation. In one 

pathway, hermaphrodite activator would signal spermatids to begin activation. SPE-8, 

SPE-12, SPE-27, and SPE-29 would be necessary components of this pathway, so mutant 

spermatids could not activate when exposed only to hermaphrodite activator. A distinct 

male-supplied activator would signal spermatids to begin activation via an independent 

pathway. SPE-8, SPE-12, SPE-27 and SPE-29 would not be required for response to 

male activator, explaining why mutant spermatids could be transactivated and why males 

were fertile. These two functionally redundant pathways would differ only in the signals 

that initiated them and in at least some of the components (SPE-8, SPE-12, SPE-27 and 

SPE-29) required for their execution. Our observations that spe-12 hermaphrodite- and 

male-derived spermatids activate inefficiently after mating occurs demonstrate that SPE-

12 functions irrespectively of the source of the activation signal and is therefore not 

restricted to the hermaphrodite pathway. Moreover, these observations eliminate the 

requirement for two separate activators and two distinct pathways. The Spe-12 

phenotype could be explained if male and hermaphrodite activators were chemically 

identical yet male activator were more potent due to higher concentration or longer 

duration of exposure to spermatids. In this revised model, hermaphrodite activator would 
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be too weak to activate spe-12 spermatids, but male activator would be effective enough 

to accomplish this at least some of the time. 

Biologically, a stronger male-supplied activation signal might be expected. Male-

derived spermatids must activate quickly since eggs can expel immotile freshly-

inseminated spermatids out of the vulva (Barker, 1994). On the contrary, most 

hermaphrodite-derived sperm are synthesized before there are oocytes present in the 

reproductive tract that might displace them. The urgency to activate hermaphrodite-

derived spermatids is likely not as pressing as it is with inseminated male-derived 

spermatids. The peculiar effects we observed that hermaphrodite genotype plays on 

mutant male fertility could be explained by the time constraint placed on male-derived 

spermatid activation, spe-12 males were significantly less fertile than wild-type when 

mated to spe-9 hermaphrodites, which laid the most oocytes during the mating interval. 

These oocytes could easily expel most freshly-inseminated spermatids that have not yet 

formed the pseudopod that allows them to crawl upstream to the spermathecae. Perhaps 

spe-12 spermatids activate more slowly than wild-type, spending more time in this 

vulnerable state and increasing their chances of expulsion, spe-12 males were nearly as 

fertile as wild-type when mated to hermaphrodites that laid very few oocytes ifem-1) in 

the mating interval, supporting this hypothesis, but were not significantly less fertile 

when mated to hermaphrodites that laid intermediate numbers of oocytes (fer-1), contrary 

to what might be expected. This could be explained if the average time between oocyte 

expulsions (out of the vulva) were shorter than the amount of time required by male-



77 

derived spermatids to initiate and complete spermiogenesis only in spe-9 hermaphrodites 

and not in fem-1 and fer-1 hermaphrodites. 

Alternatively, direct interaction between hermaphrodite-derived spermatozoa and spe-

12 male-derived spermatozoa could lower fertility. Our observation thatspe-12 male-

derived spermatozoa outcompete wild-type hermaphrodite-derived spermatozoa makes 

this possibility unlikely. Their competitiveness also suggests that once activated, spe-12 

spermatozoa function normally. 

II.4.2 Possible roles of SPE-12 in a spermatid signaling pathway 

In vitro, spermatids can be activated by increasing the intracellular pH or by digesting 

the surface of the cells with proteases. pH is tightly controlled during spermatogenesis in 

the parasitic nematode Ascaris suum, and has been demonstrated to directly affect the 

assembly state of MSP (King et al., 1994). Activation of Ascaris spermatids results in a 

rise in intracellular pH. This increase is followed by the assembly of the MSP 

cytoskeleton. It is likely that pH regulation is a key step in activation of C. elegans 

spermatids as well, since increasing the intracellular pH of spermatids with 

triethanolamine (TEA) results in their activation and conversion to functional 

spermatozoa (LaMunyon and Ward, 1994; Ward et al., 1983). Functional SPE-12 is not 

requited for activation of spermatids in TEA (Shakes and Ward, 1989), so apH increase, 

if a normal feature of spermiogenesis, occurs after initiation has begun. Perhaps a rise in 

pH, as simulated by TEA treatment, is an endpoint of the spenniogenesis initiation 
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signaling pathway. When treated with proteases, however, spe-12 (and spe-8, spe-27, 

spe-29) spermatids arrest after extending immotile spiky projections while wild-type 

spermatids form crawling spermatozoa (Shakes and Ward, 1989). In vitro protease 

activation could have little relevance to normal mechanisms of spermatid activation, but 

it is clearly abnormal when spe-12 is mutated. Since SPE-12 is positioned on the cell 

surface, perhaps it is a direct target of an activating protease in vivo. Such a protease-

dependent activation of cell-surface receptors has been documented; the human G-

protein-coupled receptors PARI, PAR-2, and PAR-3 are activated only after specific 

extracellular proteases cleave away the inhibitory amino-terminus, allowing a region of 

the receptor itself to act as a tethered ligand in cis (reviewed by Macey, 1998; Olivier et 

al., 1998). A simple test of this hypothesis would be to examine spermatozoa that were 

activated in vivo for any changes in SPE-12 molecular weight that might indicate a 

proteolytic cleavage. Unfortunately, anti-SPE-12 serum is not sufficiently sensitive to 

detect the protein on Western blots unless purified male-derived spermatid proteins are 

probed, so we currently cannot examine the state of the protein in in vivo activated 

spermatozoa, which cannot be purified in bulk. 

Though it shares no sequence similarity with known receptors, SPE-12 resembles 

many receptor types, such as the receptor tyrosine kinases (reviewed in White, 1991) or 

the cytokine receptors (reviewed in Dile, 1995), both in its topology and its cell-surface 

localization. However, SPE-12 could not function as the sole receptor of all activation 

signals since null mutant spermatids can still activate, though inefficiently, after mating 
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occurs. SPE-12 could also play less glamorous roles in this signaling pathway, 

potentially functioning as a signal amplifying coreceptor, much like the CD4 or CDS 

proteins in T lymphocytes (reviewed in Weiss and Littman, 1994), transporting or 

anchoring other signaling components, or transducing the activation signal downstream 

from its reception. As more components of this distinctive signaling pathway are 

identified genetically and molecularly, we will be more likely to assign roles to the novel 

members, such as SPE-12, and perhaps identify the special features of a pathway that 

operates solely by rearranging pre-existing components. 
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in. spe-29 ENCODES A SMALL PREDICTED MEMBRANE PROTEIN 

REQUIRED FOR SPERMIOGENESISINITLVTION IN Caenorhabdids elegam 

in.l INTRODUCTION 

As cells develop, most differentiation events are controlled by regulating the 

expression of sets of genes. Typically, this is accomplished through the action of various 

signaling pathways which respond to differentiation cues and regulate gene expression. 

Many well-characterized signaling cascades, such as the Notch/LIN12 (Artavanis-

Tsakonas et al., 1995; Greenwald, 1998), EOF (reviewed in Kayne and Sternberg, 1995; 

Perrimon, 1994; Wassarman et al., 1995), and Wingless/Wnt (reviewed in Dale, 1998) 

pathways, are used at multiple stages of animal development and are remarkably 

conserved among phyla. The endpoint of each of these pathways is usually regulation of 

a specific transcription factor, which in turn regulates expression of the genes essential 

for development to proceed. 

Certain cells respond to their enviroimient and differentiate without synthesizing new 

gene products, often because they are missing one or more elements requited for realizing 

gene expression. Regulating transcription factors would have no obvious effect in such 

cells, therefore it is important to establish whether traditional signaling pathways function 

in unusual ways in these cells to induce differentiation or whether novel pathways are 

used. One well-studied example is the activation of anucleate blood platelets in response 
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to a wound (reviewed in Body, 1996; Brass et al., 1997). After a wound exposes the 

vascular subendothelium, platelets contact basement membrane ligands such as von 

Willebrand factor and fibronectin. These normally concealed ligands interact with 

receptors on the platelet plasma membrane; these include integrins, proteins of the 

immunoglobulin superfamily, leucine-rich glycoproteins, and novel glycoproteins. 

Integrated signals from these activated receptors, many of which act through 

heterotrimeric G-proteins, lead to pseudopod extension, cell shape change, and 

aggregation. Much of the change in cell shape is attributed to direct regulation of the 

actin cytoskeieton. Thus, dirough the combined action of both novel and ubiquitous 

signaling proteins, activation signals regulate the platelet cytoskeieton independent of 

new gene product synthesis. 

C elegans spermiogenesis is another example of signal-induced differentiation that 

occurs without gene regulation and provides a useful model system in a genetically-

amenable organism. During spermiogenesis, round spermatids receive a signal and 

rapidly differentiate; membranous organelles fuse with the plasma membrane, a polar 

pseudopod extends, and major sperm protein polymerizes and organizes into a 

pseudopodial cytoskeieton (Nelson and Ward, 1980; Ward and Klass, 1982). All of these 

changes are needed for newly-formed spermatozoa to crawl and fertilize oocytes. 

Amazingly, this drastic morphogenesis occurs within minutes and, since spermatids have 

no ribosomes, is accomplished solely by altering and rearranging pre-existing 

components (Pavalko and Roberts, 1989; Ward et al., 1981). 
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Spermiogenesis initiates within the hermaphrodite when spermatids are first pushed 

into the spermatheca by oocytes and perceive an unidentined endogenous activator 

(Ward and Carrel, 1979). The complex phenotype of several mutants whose self-

spermatids fail to activate within virgin hermaphrodites (spe-8, spe-12, and spe-27) 

revealed the source of anodier activator. Mutant spermatids, either from the male or the 

hermaphrodite, can activate to normal spermatozoa after copulation occurs, suggesting 

that males U'ansfer a functionally distinct spermiogenesis activator in their ejaculate that 

circumvents the need for SPE-8, SPE-12, and SPE-27 function (Minniti et al., 1996; 

Nance et al., 1999; Shakes and Ward, 1989). 

By dissecting this signaling pathway, we hope to understand how signals that control 

an atypical developmental event, one that occurs without gene regulation, are transduced. 

Both spe-12 and spe-27 have been cloned, and each encodes a novel protein. Both are 

present in the spermatid, and SPE-12 passes through the plasma membrane on the cell 

surface (Minniti et al., 1996; Nance et al., 1999). Here we present the initial phenotypic 

and molecular characterization of another spermiogenesis initiation mutant, spe-29, and 

suggest that SPE-29 functions in concert with SPE-27 and SPE-12 to transduce the 

spermiogenesis initiation signal. 
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ni.2 MATERIALS AND METHODS 

in.2.1 Worm manipulation and strains 

Worms were cultured and crossed as described by Brenner (1974). The following 

mutant alleles, derivatives of the wild-type N2 (var. Bristol) strain, were utilized in this 

study: LGI: unc-I3(e5I) (Brenner, 1974), spe-12(hc76) (L'Hemaultet al., 1988),/er-

lihclSts) (Ward and Miwa, 1978); LGIW: fern-lihclJts) (Nelson etal., 1978), spe-

27iitl32xs) (Minniti et al., 1996), unc-24iel38) (Brenner, 1974), elt-lizul80), egl-

20(n585) (Maloof etal., 1999), eDfl9,fem-3(jq23\s) (Barton et al., 1987), mDfJ, spe-

29(itl27) (this study), egl-38{sl775) (Chamberlin et al., 1997), dpy-20(el282ls) (Hosono 

et al., 1982); LGV: him-5{el490) (Hodgkin et al., 1979). ThepKP614 Tel transposable 

element insertion is present in the Bergerac-derived strain RW7000, version NL 

(Korswagen et al., 1996). 

III.2.2 Genetic mapping 

Genetic mapping experiments were performed as described by Brenner (1974). 

Table m.l contains a summary of recombinational mapping results that were 

instrumental in genetically positioning spe-29. 

To map spe-29 with respect to the Tel insertionpKP614 (Table III.1), individual 

recombinants were scored for the pKP614 insertion by PGR (Korswagen et al., 1996; 

Williams et al., 1992). A Tcl-specific oligonucleotide, 'Tcl.r" 
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„ _ „ L . . I Recombinations and inferred gene 
Fi genotype F2 recombmant class order 

non-Let elt-1 (10) spe-29 (65) dpy-20 

unq-24 egl-?8 non-Let unc-24 (46) spe-29 (6) egl-38 
spe-Jy 

unc 24 ^Py Unc non-Spe non-Dpy unc-24 (44) egl-20 (1) spe-29 

unc-24 spe-29 dpy-20 Unc Spe j 
PKP614 non-D^ 

Table in. 1 Summary of spe-29 recombinational mapping experiments. In all 

experiments, the position of the boldfaced gene relative to non-boldfaced genes was 

determined. The indicated phenotypes were scored in the F,. Note that elt-1 and egl-38 

mutants both have a lethal (Let) phenotype. Typically, the presence of spe-29 in a given 

F, was inferred by analyzing >12 of its progeny for the Spe phenotype. To score for the 

presence of the pKP614 insertion, Fi recombinants were individually genotyped by rcR 

(see MATERIALS AND METHODS). 
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(5'- TCACAAGCTGATCGACTCGATGC-3'), and a flanking genomic oligonucleotide, 

'Tcl.614r" (5'-ACGAAAGGACACTAACGGGCGG-3'), were paired in all PGR reactions. 

In the strategy used, the presence of a PGR product indicated a rare recombination 

between spe-29 and pKP6J4. 

III.2.3 Double mutant construction 

All double spe mutants were constructed in a him-5iel490) background to aid in 

the generation of mutant males. To combine the unlinked spe mutations spe-l2{hc76) 

and spe-27{itl32), Pq homozygous for each mutation were crossed as described below. 

Each Po was also homozygous for a recessive morphological marker diat mapped near the 

other spe gene; this marker served to identify the chromosomes which should not carry a 

spe mutation. spe-l2(hc76) I; dpy-20{el282) IV; him-5(,el490) males were mated to unc-

I3{e51) I; spe-27{itl32) FV; him-5{eI490) hermaphrodites. Outcross F1 males (non-Unc) 

were backcrossed to unc-13(e51) I; spe-27(itl32) IV; him-5{el490) hermaphrodites. 

Non-Unc hermaphrodite progeny from this cross were selfed at 15°. Sibling progeny 

from parents that were slightly fertile {spe-27 homozygotes are slightly fertile at 15°; spe-

12 homozygotes are completely sterile) were individually paired and allowed to mate (we 

assumed that double mutant males would be fertile, as is the case with single mutant 

males). When pairings yielded lines where no Uncs were evident in subsequent 

generations, multiple hermaphrodites were mated to either spe-12 or spe-27 males to test 

for complementation against these mutants. One line was isolated in which both 
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morphological markers (dpy-20 and unc-13) were lost and which failed to complement 

both spe-12(hc76) and spe-27(itl32); it was named spe-12{hc76)\ spe-27(itl32); him-5. 

Homozygous double mutant males were fertile, allowing the strain to be maintained 

unbalanced. 

To combine the linked mutations spe-27{itl32) and spe-29{itl27), morphological 

markers were used to identify chromosomes where recombination occurred between the 

two mutations. spe-27{itl32) dpy-20(el282) FV; him-5iel490) V males were mated to 

unc-24(el38) spe-29{itl27) IV; him-5{el490) hermaphrodites. Outcross males (non-

Unc) were mated to unc-24{el38) spe-29{itl27) clpy-20{eI38) IV; him-5{el490) V 

hermaphrodites. Desired recombinant progeny (non-Unc non-Dpy Spe) were mated to 

sterile fer-lihcl3) males at 24.5°. Seminal fluid from these males rescued the mutant 

self-sperm and allowed the production of small numbers of self-progeny (see RESULTS). 

non-Unc non-Dpy siblings were crossed to isolate the recombinant chromosome 

containing both spe mutations. One line was obtained from these matings which 

segregated no Unc or Dpy progeny in subsequent generations and which failed to 

complement both spe-27 and spe-29\ this line was named spe-27{itl32) spe-29(itl27)', 

him-5{el490). As with spe-l2; spe-27; him-5, homozygous double mutant males were 

fertile, allowing the su-ain to be maintained unbalanced. 

in.2.4 Worm synchronization and progeny counts 
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Synchronized virgin hermaphrodites were obtained by placing gravid 

hermaphrodites on a seeded plate, removing the hermaphrodites after 5 hours of egg-

laying, growing these eggs at 24.5° until they neared adulthood, then hand-picking 

similarly-staged L4 hermaphrodite larvae to individual plates. 

For all experiments in which brood sizes were determined, hermaphrodites that died 

with unlaid fertilized eggs were excluded from the experimenL To determine self-brood 

sizes, hermaphrodites were individually picked to seeded plates and allowed to self at the 

indicated temperature. If few progeny were laid (Spe mutants) F1 were recorded and 

removed from the plate before they matured. Fertile hermaphrodites were transferred to 

new plates daily until no new eggs were laid in a 24 hour interval. Progeny were 

recorded as they were removed by aspiration. All errors are the standard error of the 

mean (SEM). 

in.2.5 Sperm counts 

Synchronized virgin hermaphrodites grown at 24.5° (see above) were picked at the 

fourth larval stage to individual plates. After maturing to adults and laying eggs or 

oocytes for 3-5 hours, each was fixed and stained with DAPI (4,6-diamidino-2-

phenylindol) and the sperm nuclei present in the spermathecae and uterus were recorded 

(Nance et al., 1999). For him-5 controls, the number of fertilized eggs laid before 

Hxation was added to the sperm count. To reduce variability in sperm number that could 

be due to differences in the number of oocytes that animals laid, only hermaphrodites that 
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laid between 17 and 30 oocytes (Spe hermaphrodites) or 13-48 eggs {him-5 controls) 

were scored. 

in.2.6 DNA transformation 

Cosmid or plasmid DNA purified as described (Mello and Fire, 1995) was 

coinjected with transformation marker pRF4, which contains the dominant rol-6{sul006) 

allele (Kramer et al., 1990). DNA mixtures were injected into the gonad syncytium of 

young adult spe-29 hermaphrodites at a concentration of 20 ng/^1 of tester DNA and 100 

ng/^l of pRF4. After recovery, injectees were mated overnight with four spe-29 males. 

Transformed hermaphrodite F1 progeny of injected worms were recognized by their Rol 

phenotype, picked to individual plates as virgins, and scored for self-fertility. Fertility 

was always assayed in the F1 generation to minimize germ-line silencing effects (Kelly 

and Fire, 1998; Kelly et al., 1997). 

in.2.7 Molecular Biology 

Standard techniques were used to isolate and manipulate DNA (Ausubel et al., 

1995). RNA was isolated as described (Nance et al., 1999). Enrichment for poly(A)'" 

mRNA was performed using the Invitrogen (Carlsbad, CA) Fast Track 2.0 kit following 

the manufacturer's protocol. All sequencing reactions were performed by the University 

of Arizona LMSE sequencing facility using an Afil Prism sequencer and the 

manufacturer's protocol. 
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The spe-29{itl27) lesion was identified by comparing the sequences of genomic 

DNA amplified by PCR from individual wild-type and spe-29{itl27) worms (Williams, 

1995). OUgonucleotides "s29.5" (5'-CCGAATTTGGTTCATCTGCAGCTG-3') and 

"s29.8" (5'-CATTCCCTCAATCACCTAACACTAGG-3') were used in the 

amplification and sequencing reactions. A single G to A base change was detected in this 

interval. To ensure that this mutation was present in the genomic template and was not 

established during amplification, new genomic DNA was amplified from spe-29 {itl27) 

worms and sequenced. 

spe-29 cDNAs were isolated by PCR from iifem-3(,q23) cDNA library 

directionally cloned into a pBluescript-derived (Stratagene) plasmid vector (library 

courtesy of H. Smith). To amplify the 5' end of spe-29, PCR was performed with a 

vector-specific oligonucleotide ("forward XT'; 5'-ACGTTGTAAAACGACGGCCAGTGA-3') 

and a spe-29 oligonucleotide from exon n ("s29.10"; 5'-

GACTCCGACGAGAAGAACTGAG-3'). The 3' end of the spe-29 transcript was amplified 

with an oligonucleotide from exon I ("s29.5"; 5'-CCGAATTTGGTTCATCTGCAGCTG-3') 

and a vector-specific oligonucleotide ("reverse 25mer"; 5'-

GAAACAGCTATGACCATGATTACGC-3'). PCR products were cloned into pCR2.1 

(Invitrogen). Three clones from the 5' end of the gene and three clones from the 3' end 

of the gene (which partially overlapped the 5' end clones) were sequenced. 
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Northern blots and hybridizations were performed as described in Ausubel 

(1995). Four |ig of poly(A)-enriched RNA (rom fern-1 (he17) and fem-3(q23) was 

separated. A spe-29 probe was prepared by cloning, purifying, and labeling a full-length 

spe-29 cDNA. To obtain a cloned full-length spe-29 cDNA, an oligonucleotide with an 

overhanging EcoEU site i"spe-29£coRl.fot"; 

5'-GTCAGAATTCAAAATGACGAATAGTCATACTCACAAC-3': cDNA sequence is 

underlined and start codon is boldfaced) and the T3 vector-specific oligonucleotide 

(Stratagene) were paired to amplify cDNA from the aforementioned fem-3{q23) cDNA 

library. PCR-products were digested with EcoRI and Nod (unique site engineered into 

the 3' end of each clone during library construction; H. Smith, pers. comm.), then cloned 

into pBluescript SKII* (Stratagene). This 333bp EcoRI to Notl fragment was purified 

from the cloned cDNA plasmid and radioactively labeled by the random-priming method 

(Ausubel et al., 1995). 

Plasmid pJN136, a version of pJNl 15 in which the open reading frame of gene 

F25H8.2 is frameshifted, was constructed by an inverse ECR-based site-directed 

mutagenesis procedure. Briefly, oligonucleotides were synthesized from opposite strands 

such that their 5' bases were abutting, save an additional base that was added to the 5' 

end of one oligonucleotide ("s29.5fl/Iibr": 5'-CAAATCTGGATGATTCAATTGTATG-3'; 

"s29.5a/I.rev": 5'-TCGACTTTAATTGTTTCTTCCTCC-3'; boldfaced C is the added base). 

Using these oligonucleotides and pJNllS as template, a linear version of pJNl 15 with an 



91 

additional nucleotide at one terminus was amplitied. PGR product was phosphorylated 

with T4 polynucleotide kinase and circularized with DNA ligase before transforming into 

bacteria and recovering. Clone integrity was assessed by sequencing. The inserted 

basepair is predicted to result in a frameshift early in the first exon of F25H8.2 which 

would terminate uranslation after the twelfth codon. 
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in.3 RESULTS 

in.3.1 spe-29 mutants are defective in spermiogenesis initiation 

III.3.1.1 Most spe-29 hermaphrodite-derived spermatids fail to differentiate into 

spermatozoa 

itl27 was identified serendipiiously in an unrelated mutant screen as a Spe mutant 

since hermaphrodites were sterile yet could produce outcross progeny following mating 

to a wild-type male (D. Shakes, personal communication). After complementation tests 

with nearby LGIV Spe mutants (data not shown) and mapping experiments (see 

MATERIALS AND METHODS) demonstrated that it 127 defined a new locus, we 

assigned it the gene designation spe-29. spe-29 is completely recessive, as heterozygous 

hermaphrodites produced normal brood sizes (see below). Inspection of live and 

dissected young adult spe-29 hermaphrodites revealed that normal numbers of spermatids 

were produced, but almost none of these completed differentiation to spermatozoa (data 

not shown). Consequently, many of these immotile spermatids were pushed into the 

uterus and out of the vulva as oocytes swept through the spermathecae (Figure HI. I). 

This sweeping phenotype is observed in all Spe mutants that make spermatids which fail 

to form spermatozoa (L'Hemault et al., 1988; Minniti et al., 1996). 
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spe-29 self-sterility was not absolute and was somewhat temperature-dependent: 

virgin hermaphrodites laid only occasional eggs at 15° and 24.5°, but produced more 

eggs at 20° (6.9 +/-1.2 progeny, n=15; wild type produced 257 +/- 13.6 progeny at 20°; 

n=10). These eggs developed into Spe hermaphrodites and displayed no other 

developmental defects. Surprisingly, the few progeny laid by mutant hermaphrodites are 

usually scattered over a several day period (data not shown). Since nearly every 

spermatozoon in C. elegans fertilizes an oocyte and oocytes continuously pass through 

the spermatheca, this suggests that spe-29 spermatids that differentiate to spermatozoa do 

not do so promptly upon their arrival at the spermatheca, but rather may differentiate 

sporadically at later times. If the few spermatozoa did form early, eggs fertilized by them 

would be laid early as is observed in most other leaky Spe mutants (L'Hemault et al., 

1988). 

in.3.1.2 spe-29 male-derived spermatids exhibit in vitro activation defects similar to 

those observed in spe-S, spe-27y and spe-12 spermatids 

spe-8, spe-12, or spe-27 spermatids exhibit defects in an in vitro activation assay; 

while wild-type spermatids activate to form normal spermatozoa when the intracellular 

pH is increased with triethanolamine (TEA) or when incubated with proteases (Ward et 

al., 1983, and Figure 111.2: A, B, C), mutant spermatids form normal spermatozoa when 

the intracellular pH is increased, but extend characteristic spiky projections and fail to 

form spermatozoa when u^ated with proteases (Shakes and Ward, 1989, and Figure in.2: 

D, E, F). We suspected that5pe-29 mutation also specifically disrupted spermiogenesis 
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initiation (as do spe-8, spe-12, and spe-27 mutations) when it was observed that spe-29 

spermatids formed normal spermatozoa when incubated in TEA but arrested with spiky 

projections when exposed to proteases in vitro (P. Muhlrad, pers. comm. and Figure TTT 2-

G, H,I). 

in.3.1.3 spe-29 self-spermatids can be efficiently rescued by mating 

To determine if the spe-29{itl27) mutation specifically disrupts the in vivo 

initiation of spermatid activation and not the rearrangements that follow, we compared 

the mutant phenotype to that of spermiogenesis initiation null mutant spe-l2{hc76). 

spe-8, spe-12, and spe-27 self-spermatids can be induced to differentiate into functional 

spermatozoa after copulation occurs presumably by exposure to a male-derived activator 

introduced in the ejaculate.; we will refer to this phenomenon as "transactivation". We 

assessed the ability of males to transactivate spe-29 self-spermatids by mating virgin 

hermaphrodites with sterile fer-l(hcl3); him-5 males and examining brood sizes (Table 

in.2). Virgin spe-29 dpy-20 hermaphrodites produced very few self-progeny. However, 

when spe-29 dpy-20 hermaphrodites were mated to sterile/er-/ males, their self-fertility 

jumped to an average of 116 progeny per hermaphrodite, indicating that spe-29 

spermatids are easily transactivated by males. Since transactivated spe-29 spermatids 

form functional fertile spermatozoa, spe-29 mutation must specifically impair the 

initiation of spermiogenesis and not subsequent cellular rearrangements. 



Figure 111.1 Spermatids in the uterus of a spe-29 hermaphrodite. A spe-29;him-5 

adult hermaphrodite that had just begun laying oocytes was fixed and its nuclei 

stained with DAPI (see MATERIALS AND METHODS). The depicted 

photomicrograph is a combination of transmitted (Nomarski optics) and fluorescent 

light. Unfertilized oocytes within the reproductive tract are individually labeled as 

"o". The spermatheca, which contains numerous sperm (concentrated blue dots), and 

vulva (vertical slit) are indicated. Sperm swept away from the spermatheca towards 

the vulva by passing oocytes are evident as punctate fluorescent nuclei sandwiched 

between oocytes. Several examples are indicated with arrows. 
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Figure in.2 Activation of wild-type, spe-12, and spe-29 spermatids in vitro. Male-

derived spermatids were dissected in SM buffer ("Buffer"; A, D, G) (Ward et al., 1983), 

uiethanolamine ('TEA"; B, E, H) (LaMunyon and Ward, 1994), or proteases (C, F, I) 

(Shakes and Ward, 1989) as described. Panels A, B, and C are wild type ("wt"); D, E, 

and F are spe-12(hc76); and G, H, and I are spe-29{itl27). 
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Several spe-29 dpy-20 hermaphrodites produced wild-type brood sizes upon 

uransactivation, suggesting that nearly all available spermatids can differentiate into 

spermatozoa. Smaller transactivation-induced broods likely originate from animals that 

have lost many of their immotile spermatids to passing oocytes. spe-l2(jhc76) 

hermaphrodites, in conurast, produce far fewer self-progeny upon transactivation (Nance 

et al., 1999). To verify that the spe-29 U'ansactivation phenotype differs from the 

phenotype observed in spe-12ihc76) null mutants (Nance et al., 1999), we compared the 

transactivation efficiency of these mutants directly. As seen in Table in.2, transactivated 

spe-29{itl27); him-5{el490) hermaphrodites produced broods that were on average 20 

times larger than those of transactivated spe-I2{hc76)-, him-5{el490) hermaphrodites (49 

and 2.4, respectively). Note that brood sizes in this experiment were lowered by the 

presence of the him-5{el490) mutation. Again, and in contrast to spe-l2{hc76), some 

transactivated spe-29 hermaphrodites produced as many self-progeny as the non-Spe 

conu-ol him-5 (Table III.2). 

Spermatozoa are the limiting gamete in C. elegans and nearly each one successfully 

fertilizes an oocyte. Consequendy, the disparity in transactivation efficiency between 

spe-l2{hc76) and spe-29{itl27) mutants could be simply explained if spe-12 

hermaphrodites had far fewer self-spermatids than spe-29 hermaphrodites. To investigate 

this possibility, we counted sperm present within young adult virgin hermaphrodites at 

the age when mating would have occurred had males been present (see MATERIALS 
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AND METHODS), spe-29 and spe-12 hermaphrodites contained equivalent numbers of 

sperm: spe-29',him-5 hermaphrodites averaged 88 +/- 5.4 (n=15) sperm, while spe-

12;him-5 hermaphrodites averaged 97 +/-12.5 (n=l 1). Thus, the superior transactivation 

efficiency of spe-29 hermaphrodites is not due to a relative increase in the number of 

self-spermatids present, but rather implies that spe-29 self-spermatids are simply more 

responsive to male sciuinal iluiu ilian spe-12 self-spermatids. Since spe-l2(Jtc76) is a 

null allele, the relative efficiency with which spe-29 spermatids transactivate could reflect 

a hypomorphic rather than null phenotype. Similar ttansactivation experiments 

performed on spe-8 mutants support this idea; spermatids from some spe-8 alleles 

transactivate efficiently while at least one allele displays a poor, spe-12-[ike response 

(Nance et al., 1999). 

ni.3.1.4 spe-29 male-derived sperm activate and function normally 

Some spermatids derived from spe-8, spe-12, and spe-27 males are capable of 

differentiating after their ejaculation into the hermaphrodite uterus; thus, unlike any other 

Spe mutants, these mutant males are fertile, spe-12 males, however, are much less fertile 

than wild-type, an effect again attributed to poor response to activator present in the male 

ejaculate (Nance et al., 1999). Thus we hypothesized that spe-29 males would be more 

fertile than spe-12 males since spe-29 self-spermatids were transactivated more 

efficiently than spe-12 self-spermatids. We examined male fertility by mating three 

mutant males with a morphologically-marked hermaphrodite {unc-24 dpy-20) and 

counted outcross (wild-type) progeny. Self-progeny (Unc Dpy) were scored 
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simultaneously. As illustrated in Figure in.3 (A), spe-29 males were as fertile as wild-

type. In contrast, spe-12 males sired about one-seventh as many progeny as wild-type or 

spe-29 males. After activation, both spe-29 and spe-12 male-derived sperm behaved like 

wild-type male-derived sperm, outcompeting hermaphrodite-derived sperm for 

fertilizations with oocytes (Figure III.3 (B); see Nance (1999) for discussion of spe-12 

sperm competitiveness). Thus, while nearly defunct in virgin hermaphrodites, spe-29 

spermatids (both and male-derived and self) appear to be fully functional in mated 

hermaphrodites. 

1II.3.2 spe-29 interacts genetically with spe-27 

The similarity in phenotype between spe-29 and the other three spermiogenesis 

initiation mutants suggested the products of these genes might function in a common 

pathway to initiate spermiogenesis. In many cases, genes whose products function in a 

common signaling pathway exhibit genetic interactions with each other. The phenotype 

of one conditional allele of spe-27{itI32) made it possible to test other non-conditional 

mutants for such synergistic genetic interactions. Virgin spe-27{itl32) hermaphrodites 

are only slightly fertile at 15°, implying that the spermiogenesis initiation signaling 

pathway is only partially active in these mutants. Perturbations in the levels of other 

necessary components of the same signaling pathway that have no obvious phenotype 

alone might have phenotypic effects in this sensitized genetic background. Accordingly, 

we tested whether normally recessive spe-29{itl27) (see below) was a dominant enhancer 

of spe-27{itl32) at 15°. As seen in Figure in.4, adding one mutant allele of spe-29 to a 
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Genotype Average Self-progeny Range N 

Virgin M?te4 Virgin Mated Virgin Mated 

wild type 156 +/- 39 NA 97 to 206 NA 9 NA 

spe-29 dpy-20 2.4 +/- 0.7 116+/-10 Ito 11 26 to 166 15 10 

him-5 82 +/- 8.5 NA 31 to 128 NA 10 NA 

spe-12; him-5 0.2+/-0.1 2.4 +/. 0.8 0 to 1 Oto 10 10 15 

spe-29; him-5 0.6 +/- 0.4 49+/-7.9 0 to 4 8 to 101 10 14 

Table in.2 Rescue of spe-29(itl27) and spe-12{hc76) hermaphrodite self-spermatids by 

mating. Synchronized (see MATERIALS AND METHODS) fourth larval stage (L4) Spe 

hermaphrodites of the indicated genotype were placed with four sterile lAfer-

I{hcl3),him-5{el490) males and allowed to mate for 24 hours at 24.5° before males were 

removed. Wild-type and him-5 hermaphrodites were placed on individual plates without 

adding males. Neither the dpy-20{el282) mutation nor mating with sterile fer-l{hcl3) 

males has an appreciable effect on wild-type fecundity (data not shown]. Self-progeny 

were counted as described in MATERIALS AND METHODS. Errors listed are the 

SEM. NA = not applicable. 
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Figure in.3 Fertility and competitiveness of wild-type, spe-12, and spe-29 male-

derived sperm. Worms were synchronized at 20° as described in MATERIALS AND 

METHODS. Individual young adult unc-24(el38) dpy-20{el282) hermaphrodites were 

mated with three young adult males for 13.5 hours before males were removed. Mated 

hermaphrodites were transferred synchronously twice daily, then once daily, until aU egg 

laying ceased. Progeny were scored as self (Unc Dpy) or outcross (wild-type) as they 

were counted. A) The average number of outcross progeny sired by three males of 

indicated genotype. B) Competitiveness of male-derived sperm of the indicated 

genotype over self-sperm. n=22 ispe-29), 12 (spe-l2) and 19 (wild type). Error burs 

represent the SEM. 
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Figure III.4 Genetic interactions between5/76-29, spe-12, and spe-27. 

Hermaphrodites of the indicated genotype were allowed to self at 15°. All animals 

were also homozygous for the him-5 mutation. The number of live progeny and 

dead eggs (a consequence of the him-5 mutation) produced by each 

hermaphrodite were summed. Sample sizes were 22-25 individuals for spe-27 

alone as well as for5pe-/2 and 5p£-29 heterozygotes; sample sizes for5/7e-y2,' 

spe-27 doid spe-27 spe-29 double mutants were 15. Error bars represent the 

SEM. Asterisks indicate that the observed fertility was significantly different 

from that of spe-27 (ANOVA; p<.001). 
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homozygous spe-27iitl32); him-5{el490) hermaphrodite reduced self-fertility more than 

two-fold. Adding one allele of the null m\x\anispe-l2{hc76) to spe-27(itl32); him-

5{el490) homozygous hermaphrodites had a more severe effect, reducing self-fertility 

almost six-fold. As expected, both homozygous double mutants (spe-12; spe-27 and spe-

27 spe-29) displayed die fully sterile phenotype characteristic of spe-12{hc76) and spe-

29{itl27) alone. Neither spe-29{itl27) nor spe-12{hc76) have dominant detrimental 

effects on self-fertility when spe-27 is wild-type: spe-29{itl27)l+; him-5{el490) 

hermaphrodites produced 282 +/- 7.3 progeny (n=l4), spe-I2{hc76)l+; him-5{el490) 

hermaphrodites produced 292 +/- 5.7 progeny (n=14), while control him-5{el490) 

hermaphrodites laid 274 +/-10 progeny (n=l 1). Thus while normally completely 

recessive, both spe-29iitI27) and spe-l2Qic76) are dominant enhancers of spe-27iitl32). 

III.3.3 spe-29 encodes a small novel predicted transmembrane protein 

Through a series of genetic mapping experiments, (Table UI.l in MATERIALS 

AND METHODS section) we positioned spe-29 on LGIV under the overlap of 

deficiencies eD/79 and mD/7 and between ef/-20 and (Figure in.5). By germ-

line ttansformation, we assayed cosmids in this 100 kb region for their ability to restore 

self-fertility to spe-29 hermaphrodites, and identitied one, F25H8, that significantly 

increased the self-fertility of mutants (Figure in.5; data not shown). The sequence from 

this cosmid and its predicted genes had been released by the C. elegans sequencing 

consortium (The C. elegans Sequencing Consortium, 1998). We used this information to 

subclone and assay individual genes for their ability to restore fertility to spe-29 
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hermaphrodites. Subclone pJNl 15, predicted to contain only the F25H8.2 gene, was able 

to restore fertility to spe-29 hermaphrodites (Figure 01.5 and Table in.3). We were not 

able to tlnd any lesions in the F25H8.2 gene from DNA amplified from spe-29{itl27) 

worms, but did identify a point mutation in the predicted intergenic space between 

F25H8.2 and neighboring gene gon-1 (Figure in.5). We probed a differential Northern 

blot with genomic DNA from this intergenic region and discovered an unpredicted, small 

(-400 bp) transcript which could be detected in RNA from adult hermaphrodites making 

only sperm (fem-3(q23) but not in RNA from adult hermaphrodites making only oocytes 

(fem-I(hcl7)\ data not shown), indicating that it is expressed specifically during 

spermatogenesis in the adult. To determine the nature and extent of this transcript, we 

amplified cDNA from a sperm-enriched cDNA library using primers designed from G/C-

rich sequence near the identified lesion (C. elegans exons are G/C-rich; see 

MATERIALS AND METHODS; library courtesy of H. Smith). The beginning and end 

of the transcription unit were independendy determined by sequencing cDNA amplified 

with paired gene-specific and vector primers (known as "anchored PGR"). The end of 

three sequenced 5' clones terminated close to an inframe ATG which was preceded by a 

consensus translational start site and an inframe stop codon (ATG designated +1; clones 

began at +21, +2 and -3). We were able to amplify two distinct species of transcript that 

differed in the extent of their predicted 3' untranslated region (UTR). Two clones 

terminated just 3' of the first consensus polyadenylation site (total 3' UTR length of 76 

bp), while a third clone terminated just downstream of the next available polyadenylation 

site (total 3' UTR length of 107 bp). Therefore the transcript is predicted to be at least 
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278 or 309 bp, depending on the choice of polyadenylation sites. When the poly(A) tail 

and any additional bases of the 5' UTR are added to this length, it matches well with the 

400 bp transcript that was originally detected by Northern analysis. The genomic 

derivative of these cDNAs is entirely within the region between F25H8.2 and gon-1 (and 

thus present on the rescuing plasmid pJNl 15), contains three introns that include C. 

elegans consensus splice sites, and encodes a predicted 66 amino acid peptide. The spe-

29iitl27) lesion results in a single glycine (G26) to glutamate missense mutation. 

We determined that this cDNA likely corresponded to the transcript originally 

detected by Northern analysis by probing a differential Northern blot with the full-length 

cDNA. A single species of transcript, indistinguishable in size from the originally-

observed u-anscript (~4(X) bp), was detected (Figure III.6). As before, this transcript was 

sperm-specific since it was evident in RNA from adult hermaphrodites making only 

sperm {fem-3{q23)) and was not detected in RNA from adult hermaphrodites producing 

only oocytes (fem-Iihcl7)). 

To verify that this small, previously unpredicted gene was spe-29, and that the 

fertility-restoring activity of pJNl 15 was not effected by upstream gene F25H8.2, we 

created a derivative of pJNl 15 that contained a frameshift mutation in F25H8.2 (clone 

pJN136) (see MATERIALS AND METHODS). Disrupting F25HS.2 had no effect on 

the clone's ability to restore self-fertility to spe-29 hermaphrodites (Table in.3). 

Additionally, we observed no restoration of fertility when the newly-identified gene was 
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altered by the addition of a gfp cDNA at its 3' end (data not shown). We conclude, 

based on the identi^cation of a missense mutation in this gene, its specific expression in 

the sperm-producing germ line, and its ability to restore self-fertility to spe-29 

hermaphrodites, that it is indeed spe-29. 

spe-29 is predicted to encode a small, quite basic (pi = 9.6) but otherwise 

unremarkable peptide of 66 amino acids (Figure in.7). A sttongly-predicted 

transmembrane domain resides in the carboxy terminal portion of the protein (Figure 

in.8). Only eight to ten residues lie between the end of this domain and the carboxy 

terminus, which would result in an atypically short stub extruding from one side of any 

membrane into which spe-29 is inserted. The itl27 lesion causes a G26E amino acid 

substitution within the amino-terminal portion of the protein (Figure in.7). 
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Figure III.5 Genetic and physical map of the spe-29 region. For deficiencies eDfl9 and 

mDf7 (top tier), solid lines represent the deleted region. All dashed lines delineate 

regions that are shown at higher resolution in the tier below. Names on the second tier 

refer to cosmid clones. Subclones are depicted in the third tier; the ability of each clone 

to restore fertility to spe-29 hermaphrodites ("rescue") is indicated to the right (see Table 

in.3). In the fourth tier, all partial (F25H8.1 and gon-1) and presumed complete 

(F25H8.2 and spe-29) genes are diagrammed. Exons are indicated by boxes, while 

introns and intergenic regions are represented by lines. The transcriptional orientation of 

each gene is indicated by the arrows above the 5' end. 
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Figure III.6 Differential Northern analysis of the spe-29 transcript. RNA fromfem-

1 adults (female soma and oocyte-producing germ line) and fem-3 adults (female 

soma and sperm-producing germ line) was probed with a full-length spe-29 eDNA 

(see MATERIALS AND METHODS). A 430bp spe-29 transcript is evident only in 

fem-3 RNA. 
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aaaATGACGAATAGTC ATACTCACAACGGAAACCGAATTTGGTTC ATCTGC AGC 5 4 

M T N S H T H N G N R I W F I C S  17 
(h: i t l27)  

TGGGAAAATGGTCCAATTTGTTATGGAATGGCTCTgt gag11 caaa ttcttcgc 108 

W E N G P I C Y Q M A L  29 
{E:itl27) 

agctgtgagctatgctctggaaatcgtattttttcagTGATCTTATTGGGGGAA 162 

D L I G G I 35 

TTTCTTTGATTGCTTTCTCAGTTCTTCTCGTCGGAGTCATATTTTTCGGATGGT 216 

S L I A F S V L L V G V I F F G W F  5 3  

TTGGAATATTTCCAAAAGTTATTCGAgtaagcttcacgagtaattctaattttt 270 

G I F P K V I R  61 
gtatgttttctttcagCGTAAACTTCACGATTGAattttatatttttattataa 324 

R K L H D stop 66 
cgttcagaagaaggcgaggctctattactctattttaataaaatatttgaattg 378 

actaaagtttaataaatattatgcagtgcta 4 0 9  

Figure IB.? Sequence and translation of the wild-type and mutant {itl27) spe-29 gene. 

Numbering begins with the first known nucleotide of the cDNA. Italicized numbers refer 

to amino acid position. Upper case letters of the nucleotide sequence indicate the coding 

region, while small case letters delineate untranslated regions and inurons. The italicized 

region of the 3' untranslated region results from use of an alternative polyadenylation site 

and is not present in all cDNAs. The amino acid translation is listed undemeath coding 

regions. Nucleotide 80 (boldfaced) is mutated from G to A in itl27 (as indicated above 

the sequence). This results in a change from glycine to glutamate in amino acid 26 

(boldfaced). 
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Figure HI. 8 Membrane-spanning potential of SPE-29. The TMpred algorithm was used 

to calculate the probability that SPE-29 contains a transmembrane domain (Hofraann and 

Stoffel, 1993). Scores above 500 are considered significant. The entire SPE-29 protein 

sequence is listed proportionally underneath in one letter code. Amino acids predicted to 

form a single transmembrane domain are underlined. 
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Construct F25H8.2 spe-29 N 

none - - 40 

pJNllS + +64 

pJN136 - + 72 

Rescued Average Maximum 
lines progeny progeny 

0 4 17 

7 80+/- 10 121 

13 81+/-15 186 

Table in.3 Transformation rescue of spe-29 hermaphrodites. Predicted disruption of 

function of F25H8.2 and spe-29 is indicated by a minus sign. F, transformants were 

judged to be rescued if their F, brood sizes were > 24 (2 standard deviations greater than 

the maximum number of progeny observed in untransformed animals) and contained 

some Rol individuals; average progeny numbers of transformants were calculated only 

from rescued individuals. N = sample size. Error shown is SEM. 
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ni.4 DISCUSSION 

III.4.1 The role of spe-29 in spermiogenesis initiation 

Phenotypically, spe-29 hermaphrodites are remarkably similar to spe-8, spe-12, 

and spe-27 hermaphrodites. Self-spermatids from all mutant virgins fail to initiate 

spermiogenesis but can be rescued if hermaphrodites are mated (presumably by contact 

with male seminal fluid), forming apparently normal functional spermatozoa. Many 

mutant male-derived sperm successfully activate and form spermatozoa as well (again 

presumably due to exposure to male seminal fluid). Additionally, in comparison to wild-

type sperm, all mutant sperm activate defectively when exposed to protease in vitro. 

Several aspects of this set of phenotypes is unusual among Spe mutants. First, spe-8, spe-

12, spe-27, and spe-29 sperm are the only mutant sperm that can be rescued either in vivo 

(upon mating) (L'Hemault et al., 1988; Minniti et al., 1996; Nance et al., 1999; Shakes 

and Ward, 1989) or in vitro with triedianolamine (Minniti et al., 1996; Nance et al., 1999; 

Shakes and Ward, 1989). Second, these are the only Spe mutants in which males and 

hermaphrodites are not equally sterile. Because of the similarity of these unusual 

phenotypes, we believe that the SPE-8, SPE-12, SPE-27, and SPE-29 gene products 

work, perhaps in concert, toward a common endpoint: transducing the signal that initiates 

spermiogenesis. 

The Spe-12 null phenotype has been useful in developing models for how, 

conceptually, die spermiogenesis signaling pathway is organized (discussed in Nance et 
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al., 1999; Shakes and Ward, 1989). Like spermatids from the other mutants, spe-12 

spermatids are incapable of activating in virgin hermaphrodites. However, only a 

fraction of spe-12 sperm (either hermaphrodite-derived or male-derived) are rescued after 

mating occurs. Thus SPE-12 function is needed whether spermatids activate in response 

to an endogenous hermaphrodite-derived activator or are transactivated by a male-derived 

activator supplied during mating, although the protein's absence is more detrimental 

when only hermaphrodite-derived activator is available (i.e. in virgins). Spermatids from 

other mutants respond better to male-derived activator; spe-8{hc53) and spe-8{hcl34) 

self-spermatids are rescued efficiently while spe-8(Jtc50) self-spermatids are as impaired 

as spe-12 spermatids. Since this variability in rescue is allele-specific (at least in spe-8 

mutants), we suspect that null mutants (like spe-12) are rescued poorly, while 

hypomorphic mutants (like spe-8{hc53)) are rescued efficiently. 

Several aspects of the Spe-29 phenotype suggest that it 127 is a hypomorphic 

allele. First, while no spe-12 spermatids activate properly in vitro when exposed to 

proteases, a variably small percentage of spe-29 spermatids do activate normally in 

proteases (refer to Figure in.2, panel I). The same phenomenon was observed by 

Machaca et. al. (1996) when spe-29 spermatids were activated in vitro with the chloride 

channel inhibitor, DIDS: while spe-8(hc53), spe-I2ihc76), and spe-27{hcl61) spermatids 

never activated in DIDS, 12% of spe-29iitl27) spermatids activated in DIDS. Second, 

spe-29 hermaphrodites are slightly fertile at 20°(averaging 7 progeny at 20°), and 

produce a few progeny even at 24.5° (wild-type worms become sterile at -27°). fa sharp 
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contrast, spe-8, spe-12, and spe-27 hermaphrodites rarely produce a single progeny at 

20°. Third, spe-29 self-spermatids are rescued remarkably well by mating. In some 

animals, wild-type self-brood sizes were produced from mated mutant hermaphrodites. 

spe-12 spermatids are rescued much less efficiently; self-brood sizes after mating are 20-

fold smaller than those of mated spe-29 hermaphrodites. Fourth, while spe-12 males are 

subfertile, siring an average of 39 progeny at 20°, spe-29 males sire as many progeny as 

wild-type males {spe-29 averaged 268, while wild-type averaged 278). Finally, the itl27 

lesion is a single missense change (G26E) which might only partially reduce the function 

of the protein and confer a hypomorphic phenotype. 

Alternatively and in contrast to SPE-12, SPE-29 could have no function in 

transducing the male-derived activation signal. If so, spe-29 spermatids would fail to 

activate within virgin hermaphrodites but would activate normally after mating occurred; 

males would also be completely fertile since spe-29 spermatids would respond normally 

to male-derived activator supplied during mating. This is the observed Spe-29 

phenotype. The most straightforward way to test this hypothesis would be to examine the 

phenotype of a spe-29 null mutant: if spermatids from spe-29 null mutants were not 

rescued completely after mating occurred, then SPE-29 function would be required to 

efficientiy transduce the male-derived activation signal. Unfortunately, due to the 

extremely small size of the spe-29 coding region (66 codons) and close proximity of 

neighboring genes (F25H8.2 is -200 bp 5' and gon-1 is -600 bp 3'), it would be 

impractical to screen for null alleles (via an F1 non-complementation screen or PGR-



based deletion detection screen). Additionally, RNA-mediated interference, which has 

been used successfully to phenocopy the null phenotype of numerous C. elegans genes 

(Fire et al., 1998), fails in phenocopying the Spe-29 phenotype (data not shown) as well 

as that of almost all other sperm genes (E. Davis, pers. comm.). Indeed, obtaining the 

original ill27 mutation in spe-29 was serendipitous. 

in.4.2 Genetic interactions among spermiogenesis initiation mutants 

Both spe-12 and spe-29, while completely recessive alone, function as dominant 

enhancers of spe-27{itl32). There are several interpretations of such synergistic genetic 

interactions. First, spe-29 and spe-12 could enhance the Spe-27 phenotype very 

indirectly. This phenomenon has been observed in the fly eye, where genes such as 

Notch, Star, and hedgehog, which affect growth within the morphogenetic furrow of the 

developing eye disc, dominantly enhance the glas^ mutation (Ma et al., 1996). The 

Glass u-anscription factor clearly functions well downstream of these genes in a distinct 

pathway that controls the terminal differentiation of eye photoreceptor cells. To avoid 

detecting such indirect genetic interactions, it is important to look for interactions among 

alleles of genes that are hypothesized to function toward the same endpoint. Since spe-

12, spe-27, and spe-29 all have remarkably similar phenotypes that implicate their 

involvement in uransducing the spermiogenesis initiation signal, it is likely that 

enhancement of the Spe-27 phenotype by spe-H and spe-29 is direct. Direct genetic 

interactions among mutants implies that the wild-type gene products function in the same 
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biochemical pathway (Gu et al., 1996; Qu at al., 1999) or in partially-redundant pathways 

(Thomas, 1993), or that the gene products directly interact (Gu et al., 1996). 

in.4.3 Possible functional roles of SPE-29 

The spe-29 sequence reveals little about the likely molecular function of its 

product. SPE-29 is exceptionally small (a predicted 66 amino acids) and quite basic (pi = 

9.6); its only feature of note is a strongly-predicted internal transmembrane domain. One 

interpretation of the observed genetic interactions among spe-12, spe-29, and spe-27 

alleles is that the wild-type gene products interact directly. Since SPE-12 is localized to 

the spermatid plasma membrane (Nance et al., 1999), and SPE-29 is predicted to be an 

integral membrane protein, it is possible that SPE-29 joins SPE-12 at the cell surface in a 

signaling complex. However, it is not apparent how these proteins mediate their 

signaling effects. One possibility, given that protease treatment of normal spermatids is 

sufficient to induce spermiogenesis (Ward et al., 1983), is that SPE-12 and/or SPE-29 (if 

it is present on the cell surface) is proteolytically cleaved by an endogenous activator to 

commence the signaling cascade. These proteins are required at least indirectly for in 

vitro protease activation since spe-8, spe-12, spe-27, and spe-29 spermatids activate 

defectively in proteases (Minniti et al., 1996, and Figure in.l; Shakes and Ward, 1989). 

However, it is unknown whether SPE-29 is present on the cell surface or if proteolytic 

cleavage of spermatid surface proteins is a normal event in vivo. 
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What is the functional role of the spermiogenesis initiation pathway as a whole? 

Multiple events, including membrane rearrangements, membrane fusion events, and 

cytoskeletal assembly, follow spermiogenesis initiation. However, all of these processes 

can be induced simply by increasing the intracellular pH of spermatids (Nelson and 

Ward, 1980); pH increase in these cells precedes morphogenesis and the resulting 

spermatozoa appear completely normal and are even capable of fertilization (LaMunyon 

and Ward, 1994; Ward et al., 1983). pH is also known to be a vital element in the control 

of spermiogenesis in Ascaris; upon activation with puri^ed male vas deferens extract, the 

pH of Ascaris spermatids rises and a stable pH gradient is established in the pseudopod 

where it is thought to directly regulate the assembly of MSP fibers. Interestingly, spe-8, 

spe-i2, spe-27, and spe-29 spermatids activate to form normal spermatozoa when their 

pH is increased in vitro with TEA (Minniti et al., 1996, and Figure in.2; Shakes and 

Ward, 1989). Thus pH increase, if a normal physiological event during C. elegans 

spermiogenesis, occurs downstream of the function of SPE-8, SPE-12, SPE-27, and SPE-

29. Indeed, the endpoint of the spermiogenesis initiation pathway might be regulation of 

inU'acellular pH, which could serve as a second messenger conurolling the morphogenesis 

of spermatids. 
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IV. MICROARRAY-BASED IDENTIFICATION OF GENES EXPRESSED 

PREDOMINANTLY OR SPECIFICALLY DURING Caenorhabditis elegans 

SPERMATOGENESIS 

rV.l INTRODUCTION 

Cellular specializations result in large part from changes in gene product 

composition. Identifying and characterizing the set of gene products that make a cell 

type unique is an obvious first step towards understanding how it attains specialized form 

and function. C. elegans sperm is, structurally and functionally, one of the most 

distinctive cells in the nematode (reviewed in L'Hemault, 1997; Ward, 1986) and 

provides an excellent model for studying the genetic control of cellular specializations. 

For example, during the last meiotic division, an organelle found in no other nematode 

cell type, the membranous organelle, functions to transport certain needed components 

into spermatids while many other expendable constituents are shuttled out of the cell and 

into a residual body. After this final division, sperm no longer have the capability to 

make new gene products (having discarded their ribosomes), yet ihey continue to 

develop. In response to an activation signal, they begin a dramatic morphogenesis, 

extending a pseudopod, fusing membranous organelles with the plasma membrane, and 

assembling a novel cytoskeleton comprised of the major sperm protein. Despite their 

u-anslational ineptitude, spermatozoa are able to respond to their environment, actively 

reorganizing their cytoskeleton and pseudopod membrane to propel themselves toward 
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the spermatheca. Finally, sperm find and fuse with oocytes, a property clearly unique to 

these cells. While sperm require the expression of many genes that are also used in other 

cell types, identifying and studying those genes expressed only during spermatogenesis 

will likely be instrumental in understanding sperm cellular specializations at the 

molecular level. 

Initially, a forward genetics approach was used to identify genes required for 

normal sperm differentiation and function. To date, mutations in over sixty genes have 

been identified that result in faulty sperm (L'Hemault et al., 1993; L'Hemault et al., 1988; 

Machaca and L'Hemault, 1997, and Sam Ward, pers. comm.; Minniti et al., 1996; Varkey 

et al., 1993; Varkey et al., 1995; Ward et al., 1981; Ward and Miwa, 1978). Of these, 

only a handful (ten, to date) have been cloned and studied molecularly (Achanzar, 1997; 

Hill et al., 1989; L'Hemault and Arduengo, 1992; L'Hemault et al., 1993; Minniti et al., 

1996; Nance et al., 1999; Singson et al., 1998; Varkey et al., 1995). A tremendous 

advantage to this approach is the prior knowledge that each cloned gene is required for 

proper spermatogenesis. However, this procedure is tedious and slow, and precludes the 

identification of genes that are essential for earlier developmental events, that play 

significant but non-essential roles in spermatogenesis or that are members of essential 

multi-gene families. Unfortunately, little information has been gleaned from the 

sequences of these cloned genes since most are novel. Only the sequence of the spe-26 

gene suggests a likely molecular function; interaction with actin through a conserved 
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protein motif (Varkey et al., 1995). The true molecular function of each of these gene 

products, including SPE-26, remains unknown. 

A reverse genetics approach was also utilized. Several genes that are expressed 

specifically in the sperm were initially identiHed by differential Northern analysis. 

Specifically, EINA from two strains of adult mutant worms, one which makes only 

oocytes if em-1) and another which makes only sperm (fem-3), was probed with genomic 

cosmid clones (averaging 40 kb in length) of unknown content. Genes from the cosmids 

that hybridized only to RNA (torn fem-3 worms were judged to be expressed specifically 

during spermatogenesis in adults (referred to as "sperm-specific genes"). This technique 

complemented the classical genetic approach well; genes missed in mutational analyses 

could now be identified. Some of the major sperm protein genes (msps) (Burke and 

Ward, 1983), other members of multi gene families (ssp, ssq, ssr, and sss) and some 

single-copy genes were identified in this manner (Ward et al., 1988, and B. Sosnowski, 

A. Wellington and S. Ward, unpublished data). 

Since the reverse genetics approach permits the identification of all sperm-

specific genes, irrespective of their functions, it would be ideal to complete a genome-

wide search for sperm-specific genes using this approach. Genes with informative 

sequences could be further characterized genetically by determining their loss-of-fimction 

phenotypes. Predicted molecular functions could be ascribed to known events in 
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spennatogenesis. Ultimately, a clearer molecular picture of sperm development would 

emerge. 

Regrettably, identifying all of the sperm-specific genes by differential Northern 

analysis of genomic clones is unfeasible; many thousands of independent hybridizations 

and countless cloning and sequencing reactions would be required. With the recent 

completion of the C. elegans genome sequence and the emergence of microarray 

technology, however, it is now possible to scan the entire genome for sperm-specific 

genes in one experiment. Here we describe our use of DNA microarrays to compare the 

expression of approximately 12,000 C. elegans genes in fem-I and fem-3 mutants and 

present an analysis of those genes expressed predominantly during spermatogenesis in 

young adults. We discuss gaps in our molecular understanding of spermatogenesis, and 

hypothesize how certain sperm genes identified on the microarray might fill some of 

diese gaps. Additionally, we describe general properties of the sperm-specific genes and 

the possible biological relevance of these traits. 

This project is part of a larger collaborative project examining gene expression in 

the C. elegans germ line. The lab of Stuart Kim (Stanford University), which is 

developing microarray technology for use in mapping gene expression patterns, 

consuiicted the microarrays and probed them with/em-/ and feni-3 RNA which we 

prepared. Even though we are collaborating with the Kim lab in preparing the results of 

this analysis for publication, we present here our original interpretation of the data using 



126 

distinctly different criteria for identifying genes whose expression differs between ̂ m-i 

and/em-i mutants. 
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IV.2 MATERIALS AND METHODS 

IV.2.1 Nematode growth, collection, and RNA isolation 

fem-l(hcl7ts) and fem-3(q23ts) hermaphrodites were cultured on enriched peptone agar 

plates seeded with a lawn of E. coli, strain OP50 (Lewis and Reming, 1995). Initial 

asynchronous populations were established at 15°; gravid worms were collected and 

dissolved with alkaline hypochlorite (Lewis and Reming, 1995), yielding roughly 

synchronized eggs. After washing and resuspending in M9 buffer (Brenner, 1974), 

6x10^ - 1x10® eggs were placed on 10-20 enriched peptone plates (as above); half of 

these plates were incubated at the/em-/ and fern-3 permissive temperature (15°) to allow 

for reproduction, while the remainder were incubated at the restrictive temperature 

(24.5°). When the 15° populations contained many gravid hermaphrodites, theu" eggs 

were collected and split into two populations as before. This cycle was reiterated until 

three populations offem-1 and fem-3 hermaphrodites, grown at the restrictive temperature 

for 68-70 hours, could be collected (see below), fern-1 and fem-3 populations were 

always grown simultaneously to control for slight fluctuations in growth conditions or 

incubation temperature. To minimize expression of any stress or starvation-response 

genes, worms were never allowed to consume all of the bacteria on the plate. 

To obtain synchronized/em-/ or fem-3 adult hermaphrodites, worms were floated 

from plates in M9, transferred to a conical tube, and allowed to settle. The supernatant 

was removed by aspiration and replaced with 50 ml M9 buffer. Any contaminating 
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larvae present were removed by layering the worm suspension on a 35^im mesh screen 

(Nytex) before recollecting (L'Hemault and Roberts, 1995). Worms were further purified 

by pelleting in 15% Ficoll 400 (Sigma) in M9, washing in M9 and floating in either 35% 

FicoU 400 or 47% Renograffin-60 (Bracco Diagnostics) in M9 (Lewis and Fleming, 

1995). After washing twice in M9, worms were pelleted and frozen by dripping into 

liquid niurogen. 

Total RNA was extracted from homogenized worms with Trizol (Gibco BRL). 

Frozen worms (0.5-1 g) were placed in a conical tube; 3 ml of glass beads (425-6(X) ^m; 

Sigma) and 3 ml of cold Tnzol were added. Tubes were vortexed for 30 seconds and 

placed on ice for thirty seconds; this was repeated 8 times until worms were completely 

homogenized. An additional 7 ml of Trizol was added. Phase separation and RNA 

precipitation were performed as described by the Trizol manufacturer. RNA enriched for 

poly(A)* messages was obtained using the FastTrack 2.0 kit (Invitrogen) and the 

manufacturer's protocol. 

poly(A) RNA quality was judged by visual inspection of samples separated in 

formaldehyde-containing agarose gels. Northern analysis was subsequendy performed 

with a probe from the spe-12 gene (Nance et al., 1999). spe-12 transcripts were 

undetectable in fem-1 RNA and easily detected in fem-3 RNA, verifying the lack of 

sperm in fern-1 (data not shown). A probe from the F53G12.8 gene hybridized equally in 

both/em-/ and fem-3 to a 5.9 kb transcript (data not shown). 
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iy.2.2 Construction of DNA microarrays 

Microarrays were constructed, probed and scanned in the lab of Stuart Kim in the 

Department of Developmental Biology at Stanford University. DNA samples were 

robotically arrayed on glass slides as described (DeRisi et al., 1997). For the initial 

cDNA array, purified cDNA clones (a kind gift of Y. Kohara) randomly selected from a 

C. elegans mixed stage library (Y. Kohara, pers. comm.) were arrayed. Genomic DNA 

for the 11990 (11844 unique) gene array was obtained by PCR; primer pairs for each 

gene were synthesized, maximizing the coding region predicted from the genome 

sequence by Genetinder. Optimally, one kilobase of exon-rich DNA was amplified from 

each gene using genomic DNA template (S. Jones and S. Kim, pers. comm.). All PCR 

reactions were analyzed by electrophoresis before arraying. Arrays contained positive 

controls for each probe as well as negative controls (yeast DNA) to judge background 

levels of hybridization (S. Kim, pers. comm.). 

IV.2.3 Probe synthesis and hybridizations 

Using the protocol described by Eisen and Brown (Eisen and Brown, 1999), 

poly(A)-enriched RNA was used to synthesize fluorescent cDNA probes, fem-l RNA 

was labeled with Cy-3-dUTP, while fem-3 RNA was labeled with Cy-5-dUTP. 

Hybridizations and washes were performed as described. 
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IV.2.4 Probe detection and quantification 

Hybridized microarrays were scanned by laser for Cy3 and Cy5 fluorescence 

(Eisen and Brown, 1999). Background hybridization levels were determined 

independently for each gene by calculating the density of each probe signal in an 

immediately adjacent area of the slide, fem-1 and fem-3 probe levels were quantified for 

each gene by measuring the signal within an arrayed spot after subtracting the 

background. The probe intensities from each spot were normalized by dividing each 

signal by the total signal from all spots on the array. This normalization permits 

comparisons between probes that may differ in specificity or concentration. The ln(fem-

U fem-3 )probe signal ratio was then calculated. To reduce the impact of near zero 

readings from one probe on this ratio, all near zero signals were increased to a slightly 

positive baseline, resulting in a smaller and more conservative probe ratio (S. Kim, pers. 

comm.). 

rv.2.5 Defining sperm-enriched, sperm-specific, oocyte-enriched and oocyte-spedfic 

genes from tiie genomic DNA array 

Characteristics of 43 genes on the array, previously determined to be sperm-

specific by differential Northern analysis or RT-PCR, were used to establish criteria for 

defining sperm-enriched and sperm-specific genes (a subset of sperm-enriched genes). 

Genes that were expressed at least three-fold higher in fem-3 than va fem-1, and that had 

an average fem-3 level (after baseline subtraction) of > 0.43 were considered sperm-
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enriched. From this set, genes that had an average/gm-i level of < 0.1 and had a. fern-1 

level of 0 in at least one experiment were defined as sperm-specific. Oocyte-enriched 

genes were defined as those that were expressed at least three fold higher in fern-1 than in 

fem-3 and had an average fem-1 level of at least 0.43. Those genes meeting these criteria 

that had an average/em-i level of <0.1 and had a fem-3 level of 0 in at least one of the 

three experiments were defined as oocyte-specific. 
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IV.3 RESULTS 

IV.3.1 Microarrays can be used to identify sperm-enriched genes 

Differential Northern analysis has been used successfully to determine if, in adult 

hermaphrodites, genes are expressed specifically in sperm. In this technique, a gene 

probe is hybridized to both fem-I and feni-3 IINA (Burke and Ward, 1983) (Varkey et al., 

1995). Since fem-1 and feni-3 hermaphrodites differ only in the sex of their germ lines 

(Figure IV. I), probes from genes whose expression is upregulated during or exclusive to 

spermatogenesis (in the adult) will hybridize preferentially or specifically to fem-3 RNA. 

Probes from genes whose expression is upregulated during or specific to oogenesis will 

preferentially hybridize to fem-1, while probes from genes that are expressed only in the 

soma or equally in both germ lines will hybridize similarly to fem-1 and fern-3 RNA. 

By replacing Northern blots with DNA microarrays, it is possible to analyze the 

expression of thousands of genes simultaneously. To test the reliability and sensitivity of 

this approach, a set of 1152 randomly-selected cDNA clones (generous gift of Y. Kohara) 

arrayed on a glass slide was hybridized with differentially-labeled fluorescent (Cy3 and 

Cy5) cDNA probes derived from synchronized fem-1 or fem-3 adults. Hybridized arrays 

were scanned by laser (Figure rV.2). The signal strength of each fluorophore was 

quantified independently for each gene spot on the array. Gene expression was compared 

in three independently-grown populations of fem-1 and fem-3 mutants. 



Figure FV.l Comparison offem-1 andfem-3 adults. Nomarski images of live mutant 

adults are shown. The distal region of the gonad is in the top half of each 

photomicrograph, while the proximal region is below. Note the similarity of the distal 

region of the gonad in each mutant. However, the proximal region of fem-1 contains 

oocytes (large circular oocyte nuclei are clearly visible) while/gm-5 lacks oocytes but 

contains hundreds of sperm (small cells in corresponding region of the fem-3 gonad). 
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fem-1 

fem-3 



Figure IV.2 One quadrant of the eDNA microarray hybridized withfem-1 (green) and 

fem-3 (red) eDNA probes. Each illuminated spot contains a randomly-selected eDNA 

clone. If the spot is yellow, the corresponding gene is expressed equally in fem-1 and 

fem-3 adults; red spots indicate sperm-enriched genes, while green spots indicate 

oocyte-enriched genes. All four major sperm protein genes (msps) in the quadrant are 

indicated with arrows. 
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Figure IV.3 Plot of ln (fem-1/fem-3) signal ratios. The average ln (fem-1 signaJJfem-3 

signal) is plotted for each of the 1152 clones on the eDNA array (A) and for each of 

the 11990 clones on the genomic DNA array (B). Genes expressed at least three-fold 

higher infem-3 have ratios that extend below the red line and are colored red; genes 

with a three-fold higher expression in fem-1 have ratios that extend above the green 

line and are colored green. 
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Clone Experiment 1 rank Exjseriment 2 rank Experiment 3 rank 

yk4llei 1 1 6 4 
yk412h7 2 2 2 
ylc4l1e7 3 4 1 
yk422e6 4 8 10 
yk411h3 5 3 3 
yk412d2 6 12 30 

yk412b9 7 5 6 
yk412(12 8 9 17 
yk4l2a9 9 1 5 

yk4lia11 1 0 10 9 

yk417h2 1253 1238 1189 
yk4i6e11 1254 1241 1242 
yk413e8 1255 1259 1091 
yk417a2 1256 1182 1256 

yk411d4 1257 1155 1022 
yk419b3 1258 1262 1252 
yk418c9 1259 1243 1261 
yk418b2 1260 1233 1250 

yk422b2 1261 1234 1253 

yk415d12 1262 1257 1262 

Table IV. 1 Differentially expressed genes are reproducibly detected in independent 

microarrray experiments. Arrayed cDNAs were sorted in experiment one (in bold) by 

decreasing7 ratio and ranked accordingly. The top ten (sperm-enriched) and 

bottom ten (oocyte-enriched) cDNA clones are listed. The rank of these twenty genes 

from experiments two and three is listed for comparison. 
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A distribution of the average probe ratios (expressed as ln(fem-l/fem-3)) is 

depicted in Figure IV.3, A. As expected, expression of most genes represented on the 

array differs only mildly between fem-I and fem-3 animals. Expression of several genes, 

though, appears to be higher in either/em-i or fem-3. As seen in Table IV. 1, these 

differentially-expressed genes were identified reproducibly; genes ranked by their/em-

11 fem-3 ratio in experiment one exhibited a similar rank in experiments two and three. 

Rank order was less reproducible for genes whose expression was similar in fern-1 and 

fem-3 genes, as expected (data not shown). 

Genes were defined as sperm-enriched if they were expressed at least three-fold 

higher in fem-3 than 'mfem-l \ forty-three genes met this criterion (Figure IV.3, A). This 

set includes all eight major sperm protein genes (msps) that were present on the array (see 

also Figure IV.2). msps constitute a large family of nearly identical genes that are 

expressed only during spermatogenesis. Collectively, msp transcripts are abundant, 

outnumbering actin transcripts in adult males by a factor of three (Burke and Ward, 

1983). Not surprisingly, the msp genes are among the most sperm-enriched genes on the 

array; all eight ranked in the top sixteen sperm-enriched genes (ordered by increasing 

fem-1/fem-3 ratio). No other genes previously known to be expressed specifically during 

spermatogenesis were represented on the array. 



139 

We further stratified the sperm-enriched genes by identifying those that are likely 

expressed only during spermatogenesis (termed sperm-specific). These genes are by 

definition sperm-enriched and not expressed in fem-1. Twenty-nine of the forty-three 

sperm-enriched genes had background levels of fem-I expression in at least two of the 

three experiments (data not shown). For reference, a list of these sperm-specific genes is 

presented in Appendix A. 

These experiments demonstrated the utility of microarrays in identifying sperm-

enriched and sperm-specific genes. Encouragingly, the most sperm-enriched genes 

(those with the largest differences in expression between/em-/ and fem-3 mutants) 

behaved similarly in all three experiments, demonstrating the reproducibility of this 

technique in identifying this class of genes. All eight of the msp cDNAs present on the 

array were sperm-specific. These were the only genes on the array previously known to 

be expressed specifically during spermatogenesis, msps, however, are expressed 

abundantly. It remained unclear if sperm-enriched genes expressed at low levels would 

be detected and appropriately categorized by this screening technique. 

IV.3.2 Screening the genome for sperm- and oocyte-enriched genes 

Using the cDNA array to identify sperm-enriched genes proved successful but 

had several limitations. To date, cDNAs from only ~40% of the 20,000 predicted genes 

in C. elegans have been isolated; thus the full genome cannot be scanned using cDNA 

arrays (Y. Kohara, pers. comm.). Also, the cDNAs that have been isolated are a biased 
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set; genes with rare transcripts or that are expressed in only a small fraction of animals 

would be underrepresented on the arrays. To undertake an objective search for sperm-

enriched genes, an unbiased set of genes needed to be screened. Towards this effort, the 

Kim lab, in collaboration with the Sanger Centre, has arrayed PCR-amplified genomic 

DNA from 11844 unique predicted C. elegans genes. We screened this array with/em-7 

and fem-3 probes as before. Three chip hybridization experiments were performed, using 

probes from independently-grown populations of well-fed mutants each time. A 

distribution of the average probe ratio iln(fem-l/fem-3)) for each gene is depicted in 

Figure IV.3, B. 

Previously characterized sperm genes present on the microarray provided ideal 

controls for the effectiveness of our microarray screen. There are seven genes for which 

a combination of genetic and molecular data strongly suggest sperm-specific expression 

(fer-1 (Achanzar, 1997), spe-4 (L'Hemault and Arduengo, 1992), spe-9 (Singson et al., 

1998), spe-Il (Hill et al., 1989), spe-l2 (Nance et al., 1999), spe-26 (Varkey et al., 1995), 

and spe-27 (Minniti et al., 1996)). Genetic and molecular evidence suggests that another 

gene, rme-2, is expressed only in the oocyte (B. Grant, pers. comm.). In Table IV.2, the 

results from the microarray screen for each of these genes is presented. One of the seven 

sperm genes, spe-12, was improperly spotted and produced no signal (V. Reinke, pers, 

comm.). Expression from all of the remaining six genes was highly sperm-enriched, with 

all but two genes exhibiting a greater than three-fold increase in expression in fem-3 

when compared to fem-1 ispe-27 and spe-4 were both at least 2-fold higher m fem-3). 
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Four of the six genes were essentially sperm-specific, having no more than a baseline 

signal in/em-i. In comparison, rme-2, which encodes the oocyte yolk receptor protein 

(B. Grant, pers. comm.) was 4.1-fold higher in fem-1 than/em-i and was oocyte-specific. 

Overall, these genes behaved predictably on the microarray and serve as valuable 

controls that support the validity of our results. 

In addition to the genetically characterized sperm-specific genes mentioned 

above, many previously-identified sperm-specific genes (as evaluated by differential 

Northern or RT-PCR) were present on the array. We established criteria for identifying 

additional sperm-enriched and sperm-specific genes by examining the range offem-I and 

fem-3 levels of these known sperm-specific genes, (see MATERIALS AND 

METHODS). 661 genes, expressed at least three-fold higher in fem-3 than fern-1, were 

defined as sperm-enriched; of these, 449 were not expressed in fem-1 and were defined as 

sperm-specific. Each of these genes is listed in Appendix B (sperm-enriched but not 

sperm-specific genes) or Appendix C (sperm-specific genes). For comparison, 359 genes 

were oocyte-enriched and of these only 55 were oocyte-specific (see MATERIALS AND 

METHODS). Several potentially illuminating sperm-enriched genes as well as 

overrepresented classes of sperm-enriched genes will be addressed in the DISCUSSION. 
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rv.3.3 Sperm-enriched and speciGc genes are asymmetrically distributed in the 

genome 

Our genome-scale survey for sperm genes offered the opportunity to look for 

unexpected similarities among these genes that might go unnoticed on smaller-scale 

analyses. One striking similarity among sperm-enriched genes was their remarkable 

preference for the autosomes. While sperm-enriched genes were distributed similarly on 

each of the five autosomes, only five of the 661 sperm-enriched genes were located on 

the X chromosome (Figure IV.4); their density on the X was five percent of the predicted 

number. This is not a general feature of all germ-line genes: of 359 oocyte-enriched 

genes from the microarray, 45 are located on the X chromosome. Sperm-enriched genes 

are also overrepresented on chromosome 4 (179% of expected), especially when 

compared to oocyte-enriched genes (96% of expected). This is was not surprising, since 

many of the new sperm genes on linkage group four map to a previously-identified 

cluster of sperm genes near the center of this chromosome (A. Wellington and S. Ward, 

pers. comm.). The significance of this clustering is currently unknown. 
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Figure IV.4 Genomic distribution of sperm-enriched and oocyte-enriched genes. The 

expected number of sperm or oocyte genes on each linkage group was calculated by 

multiplying the number of sperm-enriched genes or oocyte-enriched genes on the array 

by the fraction of the total number of arrayed genes that are on that linkage group. 

Values for each linkage group are expressed as the percent of the predicted number that 

was actually observed. 
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i- . u ^ fem-1 fem-3 Fold Sperm-
Gene Mutant phenotype i i i i -r: o 

level level diff. specific? 

, , Spermatogenesis-defective; MOs fail to « , i 
fer-1 f , J 0-1 0-67 3.2 yes 

fuse with the plasma membrane 

spe-4 Spermatogenesis-defective 0.77 1.63 2.1 no 

g Spermatogenesis-defective; sperm cannot ^ ^ ^ _ 
fuse with oocytes 

spe-11 Spermatogensis-defective 0.1 2.73 10.3 yes 

Spermatogenesis-defective; ^ ^ „ .... 
spe-12 ^ ° , 0 0 0 N/A 

spermiogenesis imtiauon is abnormal 

Spermatogenesis-defective; also affects , o o'i n ^ 
spe-26 1 03 8.83 7.6 no 

lifespan 

^ g 27 Spermatogensis-defective; 
spermiogenesis intiation is abnormal 

0.1 0.6 2.5 yes 

^^^,2 Qocvte-defective: oocytes fail to import ^ ^ ^ ^ oocvte-
volk protein ^ specific 

Table IV.2 Known sperm and oocyte genes are differentially expressed in fern-1 and 

fem-3. Baseline-subtracted/em-/ and fem-3 levels are presented for each gene. Fold 

difference was calculated by dividing the higher of the fern-1 or fem-3 levels by the 

lower. Baselines were not suboracted before this calculation (which is done with the full 

data set to prevent dividing by zero when ratios are calculated). Genes were determined 

to be sperm- or oocyte-specific as described in MATERIALS AND METHODS. 
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IV.4 DISCUSSION 

IV.4.1 DNA microarrays can be used to detect differential gene expression in whole 

animals 

One of the challenges presented upon determining the entire genome sequence of 

any organism is understanding how its genes work, both individually and collaboratively, 

in the development, maintenance, and propagation of the organism. Knowing when and 

where a gene is expressed is a significant first step towards determining its function. 

Techniques such as microarray analysis and large-scale in situ hybridization have been 

developed to address these needs. As the diversity of experiments using new techniques 

such as microarray analysis increases, its strengths and limitations in monitoring gene 

expression will become apparent. 

Previous reports have described the use of microarrays to detect differences in 

gene expression between cells or tissues that have been exposed to different 

environmental conditions (for examples see Cirelli and Tononi, 1999; DeRisi et al., 1997; 

Iyer et al., 1999), or to compare gene expression in normal and neoplastic tissue (for 

examples see DeRisi el al., 1996; Wang et al., 1999). In multicellular organisms, studies 

such as these reveal the dynamics of gene expression in one homogenous tissue, but 

indicate nothing about the expression of genes in other tissues. In this study, we compare 

mutants that affect cell fate within a small animal, and thus for the first time use 
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microarray technology to elucidate tissue-specitlc differences in gene expression within 

whole animals. 

Our success in identifying genes that are enriched in sperm can be attributed to 

several factors. First, we compared mutants that either have {fern-3) or lack (fem-1) 

sperm. Genes that are expressed only during spermatogenesis are identified because they 

are expressed in fem-3 but not in fem-1; this is a qualitative comparison. An alternative 

strategy would be to compare wild-type animals to those that make reduced numbers of 

sperm. In this case, sperm genes would be identified by their reduced expression in the 

strain with fewer sperm; therefore quantitative differences in gene expression between 

the two strains must be detected. Since small variations in probe surength and RNA 

quality create noise in every experiment, more replicas would be needed to be confident 

that a given gene is differentially expressed. Such a quantitative comparison also makes 

it nearly impossible to distinguish genes whose expression is enriched in a given cell type 

from those that are expressed only in that cell type. Second, by focusing on the germ 

cells, we have chosen a group of cells that constitutes a significant fraction of the animal. 

Our results indicate that changes in germ cell gene expression are detectable despite the 

large amoimt of RNA from somatic cells present in each sample. Other researchers have 

unsuccessfully attempted to detect differences in gene expression between C. elegans 

strains that differ in the fates of only a few cells (S. Kim, pers. comm.). It is likely that 

microarray technology has not yet achieved the sensitivity to detect changes in such a 

small fraction of the RNA population. Third, we have avoided problems that arise from 
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slight differences in developmental staging between strains by comparing adult animals. 

Sloppy synchronization or even slight variation in the rate of development of two strains 

that are collected before adulthood can result in unwanted and potentially confounding 

differences in gene expression (C. Link, pers. comm.). Attempting to detect small 

fluctuations in gene expression in C. elegans, particularly during embryonic or larval 

development or between strains that differ in only a small number of cells currently may 

not be practical. Until an increase in the sensitivity of arrays is achieved, however, much 

can be learned from comparisons of well-staged mutant strains that affect many cells of 

the animal. 

There are several limitations to the interpretation of microarray results, some of 

which apply to any approach which relies on nucleic acid hybridizations. First, RNA 

from one gene can hybridize to the array spot of another nearly identical gene (DeRisi et 

al., 1997). Consequently, interpreting expression data from members of multigene 

families or paralogous genes is risky. For example, we cannot determine which of the 

nearly identical msp family members on the array is actually expressed. However, we 

can infer that none of the msps are expressed significantly in the soma or during 

oogenesis, since no msp expression is detected in fem-1 animals. Second, obviously 

genes expressed at a low level are much more difficult to detect than abundantly-

expressed genes. For example, we easily determined that all of the msp genes on the 

array were sperm-enriched (except one that gave no signal and may have been 

misspotted); msps exhibited an average 30-fold induction in fem-3 when compared to 
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fem-1. Transcripts from the^r-7 gene, which is known to be expressed at a low level 

(Achanzar, 1997, H. Smith, pers. comm.), were detected in/em-i but this gene only 

displayed an average 3-fold induction. Genes with rarer U'anscripts than^r-/, especially 

those that are sperm-enriched rather than sperm-specific, might have been overlooked in 

our analysis. Third, genes with multiple transcripts, generated by using multiple 

promoters or alternative splicing, present a serious problem. Unless DNA from each 

exon of a gene is independently arrayed and assayed on a chip, nothing can be concluded 

about the expression of distinct transcripts originating from the same gene. Fourth, 

inferences about the extent of expression of a gene may only apply to the particular stage 

and genotype of animals that were examined. For example, any of the genes we have 

identitled as sperm-specillc may be expressed in larvae or the male soma as well; since 

we did not compare fem-l and/em-i in these animals, we cannot be sure that each gene is 

truly expressed only during spermatogenesis. Finally, DNA microarrays can be used to 

compare mRNA expression levels, but mRNA abundance may not accurately reflect 

protein levels, which is the ultimate goal when determining the relevant expression of a 

given gene. With these difficulties and their implications noted, however, it is evident 

from the results presented here that microarrays can provide an effective and powerful 

means to monitor tissue-specific gene expression in a simple metazoan such as C. 

elegans. 
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IV.4.2 Gametogenesis 

We have identified a conservative set of 661 sperm-enriched genes by probing a 

raicroarray of 11844 predicted genes. It is estimated that the C. elegans genome contains 

19,099 genes, though there are an undetermined number of small genes or non-protein-

coding genes that were overlooked by the Genefinder algorithm used for genome analysis 

(The C. elegans Sequencing Consortium, 1998). Thus, there are likely just over 1000 

sperm-enriched genes in the C. elegans genome. Over 700 of these, or roughly 6% of the 

genome, are predicted to be sperm-specific in the adulL Upon consideration, devoting 

700 genes solely towards spermatogenesis seems unrealistic. Clearly, with a 20,000 gene 

genome, not all of the many diverse cell types in the animal can express this many 

specialized genes (C. elegans anatomy reviewed in Riddle et al., 1997). Even oocytes, 

which express both genes required for gametogenesis and embryogenesis, are predicted 

to express a much smaller number of specific genes (about 80). What makes sperm 

genetically distinctive? 

Sperm perform biological functions not common in the nematode, including 

amoeboid movement, fusion with oocytes, and "cytoplasmic cleansing" of unwanted 

cellular components during the final meiotic division. Accordingly, several intracellular 

structures which aid in these events are unique to sperm: the MSP cytoskeleton, 

membranous organelle, and residual body are found in no other nematode cell type. 

Constructing these as well as less pronounced cellular specializations likely requites the 
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expression of many equally specialized genes. In contrast, oocytes contain few unique 

structures; most notable are the machinery required for uptake of yolk protein, and the 

egg shell, which is actually secreted after fertilization. Though these cells must express 

many gene products needed for oogenesis and others required for early development of 

the zygote, few are unique. Perhaps the large number of oocyte-enriched genes that are 

not specific (304 versus 55 specific genes) are expressed at higher levels during 

oogenesis to compensate for the massive size of the cells or to provide maternal 

contributions enabling early development of the zygote. Thus, at least for sperm and 

oocytes, the number of genes specifically expressed in each gamete correlates well with 

the number of unique cell biological functions each of these cells perform. 

IV.4.3 Possible biological roles of selected sperm genes 

Numerous studies on various aspects of nematode spermatogenesis, conducted in 

both Caenorhabditis and Ascaris, have provided detailed accounts of many major events 

that occur in the course of sperm development. The molecular mechanisms underlying 

these events, however, are for the most part poorly understood. Since we have now 

compiled an extensive list of genes that are expressed in the sperm-producing germ line, 

we can predict how those genes with informative sequences might function during 

spermatogenesis. Below, we illustrate several examples. 
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IV.4.3.1 Intracellular signaling 

Since spermatids and spermatozoa lack ribosomes, they face the unusual 

challenge of responding to environmental cues without the ability to synthesize new 

proteins. Despite their deficiency, they perform well. Round spermatids respond to an 

extrinsic activator and begin their rapid and profound conversion to crawling 

spermatozoa. Spermatozoa must sense and respond to exterior cues that guide the cells 

as they crawl to the spermathecae. Additionally, the MSP cytoskeleton and membrane 

u-affic within the pseudopod must be continuously regulated as cells crawl. How are 

these regulatory events controlled? What kinds of molecules are involved? 

The microarray provides one possible clue. An exuraordinary number of sperm-

enriched genes are kinases and phosphatases; while only 5.6% of the genes on the array 

are sperm-enriched, 17% of the predicted kinases and 41% of the predicted phosphatases 

on the array are sperm-enriched. As is tfue for the majority of sperm-enriched genes, 

many of the kinases and phosphatases are expressed only during spermatogenesis; 44 of 

the 69 sperm-enriched kinases are sperm-specific, while 27 of the 50 phosphatases are 

sperm-specific. For comparison, there are only 2 oocyte-specific kinases (of 13 oocyte-

enriched kinases) and no oocyte-specific phosphatases (of 3 oocyte-enriched 

phosphatases). Signaling must occur in sperm by modifying pre-existing components. 

The sheer number of sperm-enriched and sperm-specific kinases and phosphatases 



suggests that much of this post-translational regulation is accomplished by protein 

phosphorylation and dephosphorylation. 
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IV.4.3.2 MSP cytoskeleton regulation 

One of the most striking features of a C. elegans spermatozoon is its motile 

pseudopod, which extends from the cell body and pulls the sperm forward as it 

treadmills. It is predicted that the pseudopod's motive force arises internally from the 

vectorial assembly of bundles of major sperm protein (MSP) filaments which comprise 

the pseudopod cytoskeleton (reviewed in Roberts and Stewart, 1997). In Ascaris, and 

likely in Caenorhabditis, new MSP subunits are added at the tip of the pseudopod and 

taken off at the rear near the cell body (Italiano et al., 1996). These ureadmilling 

filaments are joined at the tip of the pseudopod by newly-inserted lipids, resulting in a 

directed flow of membrane which pulls the cell body along (Roberts and Ward, 1982). 

Obviously, regulation of the assembly and disassembly of MSP filaments, and perhaps of 

filament interactions with each other, would be essential for directed movement of the 

pseudopod. No proteins have been identified, however, which might fill such roles. 

As demonstrated in vitro and via yeast two-hybrid analysis, MSP monomers have 

a high affinity for one another and can form higher order structures such as filaments and 

bundles of filaments through direct interactions (reviewed in Roberts and Stewart, 1997; 

Smith and Ward, 1998). It is conceivable that MSP-interacting proteins, which might 

directly regulate filament growth and interactions, could bind MSP through an MSP-like 
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protein domain; other domains could effect a specialized regulatory function. One 

sperm-specific protein (C36H8.1) has this structural makeup, consisting of two predicted 

transmembrane domains and a C-terminal domain that is similar to the entire MSP. Since 

this protein is predicted to be membrane-inserted, an attractive model is that it catalyzes 

assembly of MSP at the pseudopod tip or perhaps promotes disassembly of MSP 

filaments where laminar membranes separate the pseudopod from the cell body. 

rv.4.3.3 Membrane trafGcking 

Two paralogous sperm-specific genes encode proteins that might aid in the 

extensive reorganization of pseudopod membranes within spermatozoa. F44D12.4 and 

C35D10.2 (85% amino acid identity) are likely homologues (38% identical) of human 

GIPC (GAIP interacting protein, C terminus), a protein that interacts specifically with the 

C-terminus of GAIP (G alpha interacting protein) (Vries et al., 1998). GAIP, which 

interacts with activated G alpha; subunits (Vries et al., 1996), localizes to clathrin-coated 

vesicles and is suspected to be a regulator of G-protein controlled vesicle fusion (Vries et 

al., 1998). The sperm-specific GIPC homologues could perform similar functions in 

regulating the heavy membrane traffic that must occur within the pseudopod during 

crawling. 

IV.4.3.4 Fatty-acid metabolism 

Six genes encoding four enz:ymes needed for fatty-acid metabolism were found to 

be sperm-specific or sperm-enriched. R07C3.4 is a putative acyl CoA synthetase. Acyl 
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CoA synthetases charge fatty acids with CoA, a reaction necessary for 6-oxidation. The 

remaining six genes are homologues of three of the four enzymes needed to carry out one 

round of 6-oxidation: acyl CoA dehydrogenase (K05F1.3, C37A2.3 and T10E9.9), enoyl 

CoA hydratase (F43H9.1), and hydroxyacyl CoA dehydrogenase (F54C8.1). No 

homologue of 6-ketothiolase, the remaining B-oxidation enzyme, was sperm enriched, 

although several members of this family were expressed in fem-3 animals (Numa, 1984). 

None of the genes encoding these predicted B-oxidation enzymes were enriched in or 

specific to oocytes. The sperm-enriched and specific enzymes were not only 

differentially expressed, but also had high fem-3 signals when compared to homologous 

genes that were not enriched in the sperm, suggesting that high levels of these enzymes 

are produced during spermatogenesis (data not shown). The simultaneous upregulation 

of these genes during spermatogenesis suggests that metabolism of fatty acids provides a 

major source of energy in these cells, and perhaps fuels the spermatozoon as it crawls for 

hours to days within the hermaphrodite reproductive tract. 

IV.4.4 Selection against sperm genes on the X chromosome 

Both sperm-enriched and sperm-specific genes exhibit a marked asymmetry in 

their genomic locations: while evenly distributed on the five autosomes, almost none are 

present on the X chromosome. What selective pressures have driven this asymmetry? In 

the nematode, hermaphrodites have two X chromosomes and males have only one X; 

both sexes have a diploid set of autosomes. All alleles of X chromosome genes are 

hemizygous in males; consequently recessive mutations in them aie not masked by wild-
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type alleles on the homologous chromosome. Because of this vulnerability, it is 

conceivable that moving any genes that are needed for normal male reproductive fitness 

to the autosomes would be advantageous. Obviously all mutations in sperm genes that 

compromise sperm function would lower the reproductive fitness of the male. However, 

this hypothesis also predicts that other genes that reduce male fitness when mutated, such 

as those required for mating, would exhibit the same preferential localization on 

autosomes. In Hodgkin's survey of mutants that affect male mating behavior (which 

were initially isolated without linkage-group bias), mutations in 12 of 63 mutants that 

could not mate at all were sex-linked (Hodgkin, 1983), which is approximately the 

expected frequency in a six chromosome genome. This observation indicates that 

selection against the X chromosome localization of genes that are required for normal 

male reproductive fitness is not the sole cause for the preferential localization of sperm 

genes on the autosomes. 

A more attractive hypothesis is that the paucity of sperm genes on the X 

chromosome is a consequence of the dosage compensation strategy employed in C 

elegans. In order to compensate for having two X chromosomes, hermaphrodites reduce 

transcription of most X-linked genes two-fold (Meyer and Casson, 1986). However, 

there is no direct evidence that dosage compensation occurs in the germ line (Meyer, 

1997). Additionally, one protein required for dosage compensation in the soma, DPY-27, 

is absent in the germ line, and another, DPY-26, is not restricted to the X chromosome in 

the germ line as it is in the soma but instead associates with all chromosomes (Lieb et al.. 
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1996). Without germ line dosage compensation, all X chromosome germ-line genes in 

males (those that are required for general germ line function and those that are 

specifically required for spermatogenesis) would be expressed at half the level as 

equivalent genes in hermaphrodites, creating a sex-specific X to autosome imbalance in 

gene expression. Since germ-line genes required only for oogenesis are not expressed in 

males, they would not be affected by a lack of germ line dosage compensation and would 

thus be predicted to have a normal density on the X chromosome. This is indeed the 

case; recall that of 49 genes from the microarray expressed specifically in the oocyte, 17 

are located on the X chromosome. 

Yet another hypothesis is based on an observation from Goldstein (1982) that the 

single X chromosome is highly condensed during meiosis in the male germ line but not in 

the hermaphrodite germ line where X chromosomes can pair during synapsis. 

Condensation of the male X suggests that it may be transcriptionally inactive. If so, 

sperm genes located on the X would not be expressed in males, a consequence which 

would obviously select for their relocation to autosomes. Note that this hypothesis and 

the dosage compensation hypothesis discussed above are not mutually exclusive. 

iy.4.5 From gene to biology 

The mountain of data obtained from a genome-scale microarray screen can be 

overwhelming since it is unrealistic to characterize each of several hundred coordinately-

regulated genes. Genes must be prioritized by predicted molecular function or some 
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other attribute. Here we present a list of 661 genes whose expression is enriched in 

sperm. Numerous studies have contributed to our understanding of the ultrastructure and 

physiology of these cells, enabling us to predict some of the molecular functions which 

are required for their development. We will chose to focus initially on those genes whose 

products may fill these molecular roles. Rapid determination of the loss-of-function 

phenotypes of these genes is a logical initial step, and is quite feasible in C. elegans given 

tools such as RNA-mediated interference and random deletion screcns for knock-out 

mutants. 

Furthermore, we demonstrate the potential usefulness of microarrays in creating 

genome-scale gene expression maps within a whole animal. Specifically, genes whose 

expression is enriched during either spermatogenesis or oogenesis were identified. As 

more researchers probe similar C. elegans microarrays with RNA from different 

developmental stages of worms and from different mutant strains, we will learn more 

about the expression of these genes during other stages of development. Over time, the 

number of perceived clusters of coordinately-regulated genes within the animal will grow 

and the number of members within many clusters will shrink, increasing the resolution of 

our understanding of gene regulation within C. elegans. 
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V. DISCUSSION 

V.l ORGANIZATION OF THE SPERMIOGENESIS INTIATION PATHWAY 

The initial analysis of the Spe-8 and Spe-12 phenotype was instrumental in 

modeling the spemiiogenesis initiation pathway. L'Hemaultet al (1988) observed that 

spe-8 and spe-12 hermaphrodites contained normal-appearing spermatids that tailed to 

activate but were surprised to discover that, unlike any odier spermatogenesis-defective 

mutants isolated, spe-8 and spe-12 male-derived sperm activated after copulation and 

were fertile. Shakes and Ward (1989)later learned that mutant hermaphrodites were self-

fertile as well, but only in mated animals. Based on these and other observations, they 

postulated that SPE-8 and SPE-12 functioned to transduce a spermiogenesis initiation 

signal found within the hermaphrodite (hermaphrodite-derived activator) and that male 

seminal tluid, passed to the hermaphrodite during copulation, contained a distinct 

spermiogenesis activator (male-derived activator) that bypassed the need for SPE-8 and 

SPE-12. Sperm from either males or hermaphrodites could use either activator (Figure 

V.l, A). Minniti et al (1996) supported this aspect of the model by demonstrating that 

male-derived spermatids, washed free of any seminal fluid, could activate when 

artificially-inseminated into hermaphrodites. Note that a key prediction of this model is 

that spe-8 and spe-12 males should be fully fertile. 
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V.1.1 SPE-12 function is needed for proper response to both hermaphrodite- and 

male-derived activator 

Here, we present evidence that at least one member of the spermiogenesis 

initiation pathway, SPE-12, is also required for appropriate response to the male-derived 

activator (Chapter II). Shakes and Ward noticed that spe-12 hermaphrodites, when mated 

to sterile males, consistently produced fewer self-progeny than spe-8 hermaphrodites 

(Shakes and Ward, 1989). To investigate whether this phenotypic distinction was gene 

specific or possibly due to allelic strength differences between the spe-8 and spe-12 

mutants used, we repeated the experiment using multiple alleles of both spe-12 and spe-8. 

All three spe-12 mutants behaved identically, producing only a few self-progeny after 

mating, while spe-8 mutants exhibited allele-specific differences; one spe-8 mutant 

behaved identically to the spe-12 mutants, yet two other spe-8 mutants produced many 

more self-progeny. Since all spe-12 alleles are likely nulls, we suspect that the Spe-12 

phenotype, defective but appreciable response to male-derived activator, is the null 

phenotype of both spe-12 and spe-8 and perhaps spe-27 and spe-29 as well (but see 

discussion on spe-29 below). Also, as predicted, spe-12 male-derived spermatids 

activated poorly, as evidenced by the low fertility of spe-12 males when mated to certain 

hermaphrodites. Thus both hermaphrodite-derived and male-derived spe-12 spermatids 

are noticeably defective in their response to male-derived activator. 
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Figure V.l Spermiogenesis initiation models. The order of function of SPE-8, SPE-12, 

SPE-27, and SPE-29 is not specified. An adaptation of the original spermiogenesis 

initiation model presented by Shakes and Ward (1989) is depicted in (A). SPE-27 and 

SPE-29, which were not identified at the time, are included. Two versions of a model 

updated to take into account the Spe-12 phenotype described in Nance et al (1999) are 

shown in (B). On the left, hermaphrodite- and male-derived activators are distinct; on the 

right, hermaphrodite- and male-derived activators are chemically identical and are 

referred to collectively as "common activator". The model presented in (C) is a variation 

of the left model depicted in (B) where SPE-29 functions only in Uransducing the 

hermaphrodite-derived activation signal. 
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These new observations require alterations to the spermiogenesis initiation model 

proposed by Shakes and Ward (Figure V.l, B). SPE-12 fimction is clearly required for 

activation using either the male- or hermaphrodite-derived signal. These observations 

also obviate the need for two activation pathways. The difference in response of spe-12 

spermatids to hermaphrodite-derived and male-derived activators could be explained if 

male-derived activator were simply more potent. Notably, this difference in activity 

doesn't require that the two activators be chemically distinct; male-derived activator 

could be more effective if its concentration were higher or time-of-contact with 

spermatids were greater than that of hermaphrodite-derived activator. 

V.1.2 The role of SPE-29 in spermiogenesis initiation 

The role of SPE-29 in activation is not completely clear, spe-29 hermaphrodite-

derived spermatids are rescued remarkably well by male-derived activator, and spe-29 

males are as fertile as wild-type males, suggesting that mutant spermatids are defective in 

their response to hermaphrodite-derived activator, but not male-derived activator. This 

phenotype could be explained, however, if spe-29(,itl27) were hypomorphic and similar 

in phenotype to presumably hypomorphic spe-8 mutants. Several observations suggest 

that this might be the case. First, unlike the other mutants, spe-29 hermaphrodites are not 

completely sterile, consistently producing a few self-progeny at all relevant temperatures 

examined. Additionally, the spe-29(itl27) mutation results in a single amino acid change 

which could conceivably only reduce the activity of the protein. However, neither of 
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these arguments is compelling, and it remains possible that SPE-29 only functions to 

transduce the hermaphrodite-derived activation signal (Figure V.l, C). 

V.1.3 Genetic interactions between spe-12, spe-27, and spe-29 

Additionally, we present evidence that some of these proteins function 

dependently in spermiogenesis initiation. Both spe-12 and spe-29, completely recessive 

alone, act as dominant enhancers of the sensitized spe-27(itl32ts) allele. Such genetic 

interactions usually indicate that given gene products are functioning in concert towards 

the same goal, and in some cases do so as a functional complex (for example see Gu et 

al., 1996; Qu et al., 1999). Occasionally, genetic interactions are the result of very 

indirect dependence between gene products. For example, if one gene is required for 

growth of a particular tissue and another is required for differentiation of that tissue into 

diverse cell types, genes involved in either process may interact genetically (Ma et al., 

1996). Such incidences can be avoided by careful examination of each single mutant 

phenotype. Given the remarkable similarity of the Spe-12, Spe-27 and Spe-29 

phenotypes, we believe that they function together in transducing the hermaphrodite-

derived activation signal. 
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V.2 THE MOLECULAR FUNCTION OF SPE-12 AND SPE.29 

SPE-12 encodes a nondescript integral membrane protein that is found, in 

spermatids at least, nearly exclusively on the plasma membrane. Considering its 

location, one appealing hypothesis is that SFE-12 is an activation signal receptor. 

However, based on genetic and molecular evidence, spe-12 mutants are almost certainly 

null, yet some spe-12 spermatids activate when exposed to male-derived activator; thus 

SPE-12 could not be the sole receptor for male-derived activator. Rather, SPE-12 could 

function as a coreceptor, could recruit activation signal to the plasma membrane, or 

function in some unspecified manner to transduce the activation signal after its reception. 

SPE-29 is topologically similar to SPE-12, containing a single predicted 

transmembrane domain and a short cytoplasmic tail. Given the observed genedc 

interactions of spe-12 and spe-29 with spe-27 (which encodes a novel predicted 

cytoplasmic protein (Minniti et al., 1996)), it is possible diat the products of all of these 

genes interact in a signaling complex at the spermatid plasma membrane. 

While the specific molecular function of these proteins is unknown, several 

observations suggest that they may be responsible, at least in part, for regulating pH 

within the spermatid (pH;). First, pHj of Ascaris spermatids is known to increase 

immediately after exposure to activator (King et al., 1994). Second, agents which 

increase pH^, such as triethanolamine, fimction efficiendy to activate C elegans 
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spermatids in vitro (Nelson and Ward, 1980); the resulting spermatozoa are apparently 

normal and can even fertilize oocytes (LaMunyon and Ward, 1994). Third, spe-8, spe-

12, spe-27, and spe-29 spermatids all activate normally in vitro in triethanolamine, 

indicating thatpH^ increase (if a normal feature of activation) occurs after the functions of 

these gene products are required (Minniti et al., 1996; Nance et al., 1999; Shakes and 

Ward, 1989). Finally, pH is likely a key regulator of MSP, whose assembly into a 

functional cytoskeleton is one of the first events that occurs during spermiogenesis (King 

et al., 1994). 
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V.3 A NOVEL SIGNALING PATHWAY? 

Given the biological peculiarities of spermatids (no ribosomes or conventional 

cytoskeleton) and the speed with which activation occurs, is it possible that a highly 

specialized signaling pathway has evolved to function in this unusual environment? spe-

12, spe-27, and spe-29 each encode novel proteins with no obvious functional domains 

(save predicted transmembrane domains within SPE-12 and SPE-29). Are they 

transducing the activation signal in novel ways? Addressing this question without bias 

would require a random sampling of members of the pathway. However, the genetic 

approach used to identify the spe-12, spe-27, and spe-29 genes depended on two key 

properties of these genes: that their function was essential for spermatogenesis and that 

they played no essential role in earlier developmental events in the animal. This 

approach obviously favors the identification of specialized genes that function 

specifically during spermatogenesis; if ubiquitous signaling proteins that play roles in 

other developmental processes did function to transduce the spermiogenesis initiation 

signal, mutations in the genes encoding them would rarely be recovered in a screen for 

spermatogenesis-defective mutants. Perhaps SPE-12, SPE-27 and SPE-29 have evolved 

to perform functions associated with the unusual biology of sperm, and transduce the 

activation signal in concert with more general signaling proteins. Until a more thorough, 

less-biased screen for pathways members is undertaken, this question will remain 

unanswered. A less-biased reverse genetic approach to identify new spermiogenesis 

signaling proteins will be described below. 



v.4 roENTIFICATION OF GENES EXPRESSED SPECIFICALLY DURING 

SPERMATOGENESIS 

The classical genetic approach to identifying genes that function in 

spermatogenesis has several limitations. These include the large amount of time required 

to clone mutationally-identified genes and the bias of such mutant screens towards 

identifying non-redundant genes with essential spermatogenesis functions. Here we 

describe our use of dense microarrays of C. elegans genes to identify sperm genes and 

discuss some of the more signiHcant Hndings. 

Many C. elegans genes are expressed specifically during spermatogenesis: of 

11844 unique genes on the microarray, 449 were detected in animals producing only 

sperm and not in animals producing only oocytes. Thus "sperm-specific genes" are 

estimated to comprise almost 4% of the worm genome. In comparison, only 55 genes 

(0.5%) were oocyte-specific. Why so many sperm-specific genes? Sperm are highly 

unusual C. elegans cells, performing several unusual functions such as extensive cell 

migration, fusion with the oocyte, and the bizarre "cytoplasmic cleansing" of all 

unneeded cellular components during meiosis. Many unusual structures found in sperm 

function to accommodate the specialized biological needs of these cells. These include 

the novel membranous organelle and the MSP cytoskeleton. It seems logical that many 

sperm-specific genes function in these sperm-specific processes. Since sperm are so 

unusual, it is not surprising that so many genes are expressed specifically in them. 
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Several functional classes of sperm-specific genes are overrepresented. The most 

suiking of these are kinases and phosphatases. While 5.6% of the genes on the 

microarray were expressed at least three fold higher in animals making only sperm than 

in animals making only oocytes ("sperm-enriched genes"), 17% (69) of the predicted 

kinases and 41% (50) of the predicted phosphatases on the array were sperm-enriched. 

Perhaps, since spermiogenesis must occur solely through the modification and 

rearrangement of pre-existing gene products, addition and removal of phosphate groups is 

a key regulatory mechanism that the sperm employs in its morphogenesis. 

Another overrepresented class of sperm genes are those involved in 6-oxidation of 

fatty acids. Six genes encoding four enzymes needed for fatty-acid metabolism were 

found to be sperm-specific or sperm-enriched. In contrast, no 6-oxidation genes were 

oocyte-specific or oocyte-enriched. Metabolism of fatty acids is an efficient means of 

generating ATP from stored cellular fuels. Since spermatozoa likely consume 

considerable energy to fuel their constant crawling, the expression of these genes in 

sperm suggests that they do so in part through B-oxidation of fatty acids. 
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V.5 ASYMMETRIC DISTRIBUTION OF SPERM GENES IN THE GENOME 

Another surprising result revealed through microarray-based identification of 

sperm genes was their near complete absence on the X chromosome. Only 5 of the 661 

sperm-enriched genes were on the X (5% of the number expected). For comparison, 45 

of the 359 oocyte-enriched genes were on the X chromosome (82% of the number 

expected). Why are sperm genes strikingly absent from the sex chromosome? Two 

possible explanations (not mutually exclusive) seem plausible. First, it has been observed 

that the X chromosome is condensed and thus possibly transcriptionally silent during 

meiosis in the male germ line but not during spermatogenesis in the hermaphrodite germ 

line. It would surely be disastrous for male-derived sperm if genes on the condensed X 

were not transcribed, so selective pressure may have led to their u-anslocation to 

autosomes. Another possibility is that dosage compensation is not employed in the C. 

elegans germ line (see Chapter IV for a more detailed description of C. elegans dosage 

compensation). If so, sex-linked genes would be expressed at half the level in males as in 

hermaphrodites, creating a germ line imbalance in gene expression that, left unrectified, 

would severely impact spermatogenesis (since it occurs in both sexes) but not oogenesis. 

Evidence in support of this theory includes the observation that several key proteins 

required for dosage compensation in the soma are misexpressed or absent in the germ line 

(Liebetal., 1996). 
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V.6 CHARACTERIZATION OF SPERM-SPECIFIC GENES: STRATEGIES FOR 

INVESTIGATING THE MECHANISMS OF SPERMATOGENESIS AND 

SPERMIOGENESIS 

While the raicroarray-based approach to identify new sperm genes was 

successful, it raises the question of what to do with the information. Currently, it would 

be impractical to characterize each sperm-enriched or sperm-specific gene. However, 

given what we currently know about the biology of spermatogenesis, it is possible to 

predict that certain types of proteins will function, perhaps specifically, in sperm. For 

example, it is likely that MSP assembly is regulated at the pseudopod tip by an 

unidentified phosphotyrosine-containing protein (Italiano et al., 1996). One sperm-

specific gene on the array contains an MSP-like domain and transmembrane domains; 

since MSPs have been shown to dimerize (Smith and Ward, 1998), it is plausible that this 

putative membrane MSP plays a role in regulating MSP assembly at the membrane. 

Other examples are discussed in Chapter IV. Given the facile genetic manipulation of C. 

elegans, a logical step in characterizing interesting sperm genes would be to generate 

loss-of-function mutations and examine the phenotype of sperm. 
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V.7 roENTIFYING NEW MEMBERS OF THE SPERMIOGENESIS INTIATION 

PATHWAY 

Microarray-based identincation of sperm-specific genes offers hope for adding 

new members to the spermiogenesis initiation pathway. Ubiquitous signaling proteins, 

however, are unlikely to be identified in this manner since they are likely expressed 

elsewhere in the adult animal and would not appear sperm-specific. Many signaling 

pathways, though, have some specific members. For example, even though the 

ubiquitous MAP kinase cascade is used to specify development of the R7 photoreceptor 

in the fly eye, a receptor tyrosine kinase that functions only in R7 receives the 

differentiation signal that starts the signaling cascade (reviewed in Perrimon, 1994). 

SPE-8, SPE-12, SPE-27 and SPE-29 clearly fall into this class. In addition, many other 

sperm-specific signaling proteins were identified though microarray screening. For 

example, numerous kinases and phosphatases and several G-protein coupled receptors are 

sperm-specific. 

The identification of these proteins will be the genesis of new hypotheses, which 

can be tested genetically or perhaps pharmacologically, on the mechanisms underlying 

spermiogenesis initiation. For example, by determing the loss-of-function phenotype and 

subcellular localization of putative signaling genes, we can test if they are indeed 

involved in spermiogenesis initiation. By looking for interactions between these newly-

identified proteins and previously-identified spermiogenesis proteins, we plan to connect 
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the elusive mechanism of action of genetically-identified participants like SPE-12 to the 

predicted biological function of its partners in signaling. 
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V.8 DIFFERENT APPROACHES TO UNDERSTANDING SPERMIOGENESIS 

INITIATION 

Several types of experimental approaches which have not been described in this 

dissertation may prove lucrative in deciphering mechanisms of spermiogenesis initiation. 

For instance, isolation of the true activator(s) would not only further our understanding of 

this pathway, but would also make possible many new biochemical experiments. Several 

approaches could be used to identify the activator(s), but perhaps the most likely to 

succeed is biochemical purification. Protein from males (or hermaphrodites) could be 

fractionated by chromatography and tested for tlie ability to activate spermatids in vitro. 

Alternatively, mutations in the activator or genes required for its synthesis or delivery 

could be recognized by phenotype; our model for spermiogenesis initiation predicts that 

such mutants would be very similar in phenotype to spe-12 mutants, but their spermatids 

would activate normally in protease in vitro since the sperm themselves should be 

normal. With a true activator in hand, the biochemistry and physiology of 

spermiogenesis initiation could be examined in bulk in vitro. For example, given that so 

many kinases and phosphatases are present in the sperm (as indicated by the microarray 

experiments detailed in Chapter IV), the role of protein phosphorylation in spermatid 

activation could be examined by comparing the phosphorylation state of proteins in 

spennatids and spermatozoa activated in vitro. Though the same experiment could be 

done now by activating spermatids in vitro with triethanolamine (TEA), the relevance of 
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such an experiment is questionable given that TEA-activated spe-12 sperm are not 

defective. 

Determining the endpoint of the pathway would also aid tremendously in 

understanding how the initiation signal effects the ensuing rearrangements of 

spermiogenesis, especially since it cannot accomplish this simply by turning on genes. 

One approach already being used to address this is the identitlcation of suppressors that 

bypass the need for SPE-12 and the other spermiogenesis signaling proteins. Such genes 

define proteins that likely function downstream of SPE-12, closer to the pathway 

endpoint. Many alleles of one gene {spe-6) have been isolated that restore fertility to spe-

8, spe-12, spe-27 and spe-29 mutants and also cause defects in anotherpH dependent 

process—fibrous body assembly (P. Muhlrad, pers. comm.). Perhaps SPE-6 is one 

endpoint in the spermiogenesis signaling pathway and functions to increase pH during 

spermiogenesis, a physiological event sufficient to activate spermatids in vitro. 

It is apparent from the work described here that a detailed understanding of this 

pathway will not likely come from one approach alone. We have described two nearly 

opposite methods, forward and reverse genetics, that are fiirthering our understanding of 

the biology of sperm activation. Clearly these approaches must be complemented with 

other biochemical and pharmalogical experiments to attain a clear picture of the 

molecular mechanisms of sperm activation. 



APPENDIX A. SPERM-SPECIFIC GENES IDENTIFIED 

ON THE cDNA MICROARRAY 

(Boldfaced genes are msp family members) 

C09B9.6 

ZK1251.6 

ZK1248.6 

YK411E11 

YK412A09 

ZK1248.6 

K07F5.1 

F49CI2.15 

KO ID 12.7 

YK412F12 

F53B6.4 

YK411C11 

C09B9.6 

F36A2.10 

YK412C01 

C09B9.6 

YK419E12 

YK411H01 

YK422B07 

YK420E01 

C09B9.4 

YK411E12 

YK412F07 

YK420B04 

F43G6.6 

F25F2.1 

YK412A12 

YK411D05 

YK420G09 
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APPENDK B. GENES IDENTIFIED ON THE GENOMIC 

MICROARRAY THAT ARE SPERM-ENRICHED BUT NOT 

SPERM-SPECIFIC 

AH 10.1 C13D9.7 C50F2.5 F14F7.4 

B0252.5 C14A4.13 C50F4.2 F14H3.2 

B0261.6 C14C10.1 C50F7.3 F14H8.1 

B0280.il C16D9.5 C53B4.2 F15H10.7 

B0432.il C17H12.12 C53B4.7 F16D3.5 

B0457.4 C17H12.9 C55A6.3 F17C8.3 

B0511.il C18E3.1 C55A6.4 F18C5.4 

BOS 11.4 C18H7.4 C55A6.6 F19B6.3 

C01F6.2 C24H11.2 C55B7.3 F19B6.4 

C01G12.3 C25A8.2 C55C3.3 F20H11.4 

C01G12.8 C25D7.12 C56A3.8 F21A3.4 

C01G6.2 C25D7.2 D 1053.5 F22B5.5 

C03C11.1 C25E10.10 D1081.5 F22D6.9 

C04E6.3 C25G4.6 D2024.1 F26F4.2 

C04G2.2 C26C6.6 D2089.2 F28H1.5 

C04G2.5 C27B7.6 D2092.1 F32A11.3 

C04G2.8 C27D8.2 E03A3.4 F32B4.4 

C04G2.9 C31H1.1 E03H12.5 F32B6.5 

C05C12.1 C33D9.4 eIt-1 F32H2.7 

C05C12.5 C34C6.7 F07A5.2 F35B3.6 

C06A1.3 C34F11.5 F07C3.4 F35C11.3 

C06G4.4 C35A5.4 F10E9.2 F35E2.9 

C07E3.4 C36B1.10 F10F2.5 F35H8.4 

C08F8.6 C38D4.7 F10F2.6 F36D3.5 

C09B9.2 C44B9.2 F10F2.8 F36H1.3 

C09G5.7 C45G7.3 FllAl.l F36H12.14 

C09H10.9 C48B6.4 F13A7.1 F38A5.6 

C09H5.7 C49C8.1 F14E5.4 F40G12.I0 
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F44D12.8 K08C7.2 

F46B6.10 K08E4.5 

F46F5.6 K08E7.4 

F47B3.6 K09C6.2 

F47B8.11 K09C6.7 

F47F6.5 K09E10.3 

F47H4.3 K12H4.6 

F49C12.15 M02B1.4 

F49E12.4 M05B5.1 

F52H3.6 M05B5.3 

F53B2.5 M05D6.1 

F53B6.4 M05D6.3 

F53B6.7 Ml 10.7 

F53G12.6 M28.9 

F54C8.1 M7.7 

F55F8.7 M70.1 

F55H12.1 M88.3 

F57A10.2 R03D7.8 

gcy-12 R05D3.3 

H06H21.9 R05H5.4 

H06001.4 R07C3.4 

hum-3 R10E4.7 

K01H12.2 R13H9.6 

K02A1L2 spe-26 

K02F6.3 T01B11.4 

K03H1.1 T04A8.13 

K03H1.3 T04B2.4 

K04F1.1 T04C9.3 

K05F1.3 T05C12.1 

K06A5.2 T05C12.3 

K07A1.5 T07F10.1 

T09A12.1 ZK1053.2 

T09F5.10 ZK1098.6 

T13A10.11 ZK1127.2 

T13F2.9 ZK1251.3 

T16H12.6 ZK1251.6 

T25B9.4 ZK265.3 

T26A5.1 ZK353.4 

T27A3.5 ZK354.3 

T28F4.3 ZK354.8 

T28H11.1 ZK418.6 

T28H11.5 ZK507.1 

W02D7.4 ZK550.5 

W02D9.5 ZK593.9 

W06A7.5 ZK938.1 

W09C3.1 

W09C3.2 

W09C3.6 

W09C3.7 

W09D6.4 

W10C8.5 

Y32F6A.2 

Y38H8A.3 

Y38H8A.4 

Y39E4A.1 

Y43C5B.3 

Y57G11A.2 

Y57G11C6 

ZC376.2 

ZC376.8 

ZC434.1 

ZC477.2 
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APPENDK C. GENES IDENTIFIED ON THE GENOMIC 

MICROARRAY THAT ARE SPERM-SPECIFIC 

6Y106G6E.3 C06A8.6 C17F3.3 C29F5.3 

B0205.10 C07A9.6 C17H12.3 C30B5.3 

B0207.il C07G1.1 C18A3.7 C30H6.2 

B0207.7 C07G1.6 C18E9.8 C32C4.3 

B0207.9 C08F11.10 C18G1.3 C32D5.4 

B0218.7 C08F8.4 C18G1.9 C32E12.1 

B0273.1 C09B9.4 C18H2.1 C32E8.4 

B0379.7 C09B9.6 C18H2.3 C33A12.15 

B0393.4 C09D4.3 C18H7.7 C33G8.3 

B0432.12 C09F9.1 C23G10.1 C34D4.2 

B0457.3 ClOGll.l C24A11.1 C34F11.4 

BOS 11.3 C10G11.8 C24D10.1 C34F11.6 

C01B12.4 C10G11.9 C24D10.2 C35D10.2 

COIGIO.I C10H11.7 C24D10.7 C35E7.9 

C01G10.14 C13C4.4 C24F3.5 C36H8.1 

C01G12.2 C14A4.8 C24H11.1 C37A2.3 

C02F5.5 C14C11.1 C25A8.1 C38C3.3 

C03B8.1 C15A11.2 C25A8.5 C40H5.1 

C03B8.3 C15C8.5 C25D7.1 C41G7.6 

C03C11.2 C15H7.3 C25G4.7 C43F9.6 

C04E6.5 C16A11.7 C26B2.2 C43G2.3 

C04F12.7 C16D2.1 C27D6.3 C43G2.4 

C05B5.2 C17C3.11 C27D8.1 C44F1.2 

C05D11.5 C17C3.5 C28C12.1 C45G9.4 

C05D2.3 C17C3.6 C28D4.4 C45G9.9 

C06A5.2 C17E4.1 C28D4.5 C46E10.1 



C46H11.6 F09C12.2 F31E8.5 F41G4.4 

C47A4.3 F09E8.1 F32B6.7 F42C5.5 

C47A4.5 F10D11.3 F33D11.1 F42G4.2 

C48E7.7 F10G2.7 F33D11.2 F42G8.9 

C49A1.2 F11D11.8 F33D11.7 F42H10.8 

C49C3.1 F11G11.5 F34D10.2 F42H11.1 

C50C3.2 F13E9.5 F35H10.2 F43G6.6 

C50D2.3 F13G11.2 F35H8.1 F43G9.6 

C50F4.10 F14D7.1 F36A2.10 F43G9.8 

C50H2.7 F14E5.3 F36A2.11 F43H9.1 

C52E4.7 F17A9.1 F36A2.12 F44B9.9 

C54D10.4 F17E9.5 F36A4.2 F45E4.6 

C54G4.2 F18A12.4 F36D1.4 F46A8.10 

C54G4.3 F20D6.1 F36D3.4 F46A9.1 

C55C2.2 F20D6.6 F36D3.8 F46A9.2 

cyp-7 F21D9.2 F36H12.10 F46F5.2 

D 1054.6 F21H7.2 F36H12.11 F46F5.9 

D2062.4 F21H7.5 F36H12.5 F47B3.1 

D2062.5 F22B5.4 F36H12.9 F47B3.2 

D2062.6 F22B8.7 F37A4.4 F47B3.4 

D2062.7 F25B3.4 F37A8.1 F47B3.5 

D2092.7 F25F2.1 F37H8.4 F47B3.7 

E03H12.10 F25H5.2 F38H4.4 F47C12.4 

F01D4.3 F26A1.10 F38H4.5 F47D12.7 

F01D5.8 F26D2.10 F39E9.4 F48E3.8 

F07D3.3 F26GL7 F40E3.5 F49FL12 

F07E5.6 F27C8.5 F40F12.3 F52F12.5 

F07F6.1 F28A10.9 F40F9.3 F53C3.1 

F08F3.7 F28E10.4 F40H6.1 F53G12.8 

F08G5.2 F29D10.1 F41F3.3 F54CL8 

F08H9.2 F30F8.2 F41G3.5 F54D1.1 



F55C5.2 

F56A11.6 

F56D5.2 

F56F3.4 

F56F4.2 

F56H11.3 

F57A8.6 

F57B9.8 

F57F4.1 

F57H12.5 

F58A6.11 

F58A6.5 

F58A6.8 

F58A6.9 

F58D2.2 

F58E6.5 

F58F12.2 

F58F12.3 

F58G1.3 

F58H1.6 

F59A6.2 

F59A6.4 

F59A7.9 

F59C6.2 

H12D2L2 

KOI A11.4 

K01C8.8 

K02E11.1 

K02F6.2 

K03H1.9 

K05F1.1 

K05F1.9 

K06A4.6 

K06A5.3 

K06H7.8 

K07A1.4 

K07F5.1 

K07F5.2 

K07F5.3 

K07F5.4 

K07F5.5 

K07F5.9 

K07H8.7 

K08C9.2 

K08D10.7 

K08F4.5 

K09B11.5 

K09C6.1 

K09E4.1 

K09F6.3 

K09F6.4 

K09G1.2 

K10H10.7 

K11H3.2 

K12B6.2 

kin-5 

M04G7.2 

M162.7 

M176.9 

M70.2 

M70.3 

msp-113 

msp-31 

msp-40 

msp-51 

rasp-53 

msp-6S 

R01H2.2 

R02D5.7 

R02F2.5 

R05D3.5 

R05H10.6 

R05H5.2 

R06B10.1 

R07B7.4 

R08C7.8 

R09E10.1 

R09E10.6 

R 102.7 

R10D12.10 

R10E4.8 

R10E9.2 

R10F2.6 

R11E3.1 

R13A1.3 

R13H9.5 

R155.2 

sod-2 

spe-11 

spe-9 

T02E1.7 

T03FL5 

T04A6.3 

T04A8.3 

T04B2.2 

T04F3.3 

T05A7.6 

T05F1.8 

T06C10.3 

T06C10.6 

T08B6.4 

T08B6.5 

T08G11.2 

T08G3.4 

T08H10.4 

T10E9.4 

T10E9.6 

T10E9.9 

T11F9.4 

T11G6.7 

T13F2.11 

T13F2.12 

T14D7.1 

T14D7.3 

T14G10.8 

T16A9.5 

T16G12.7 

T17B5.1 

T19D12.5 

T20F5.5 

T21G5.1 

T21G5.4 

T22B3.3 

T22C1.8 
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T22C1.9 Y106G6D.4 ZC581.7 

T23B3.5 Y106G6E.2 ZKl 128.3 

T23B7.1 Y11D7A.15 ZK1225.4 

T23F11.2 Y1A5A.1 ZK1225.5 

T25B9.6 Y23H5A.4 ZK1225.6 

T25C8.3 Y37D8A.5 ZK1248.5 

T27A3.3 Y37D8A.8 ZK1248.6 

T27A3.4 Y37E11B.10 ZK1290.6 

T27E7.I Y39G8C.2 ZKl 290.9 

T28B8.4 Y41C4A.7 ZK354.6 

T28C12.3 Y43C5B.2 ZK354.7 

T28C6.5 Y44A6D.5 ZK418.2 

T28H11.7 Y45F10B.2 ZK484.5 

WOlBll.2 Y45F10B.3 ZK484.6 

W02B12.7 Y45F10B.8 ZK484.7 

W03A5.1 Y48A6B.11 ZK484.8 

W03B1.1 Y5IB9A.3 ZK546.3 

W03D8.1 Y54E2A.7 ZK546.7 

W03D8.10 Y57A10B.7 ZK596.2 

W03D8.2 Y57G11C5 ZK617.3 

W03D8.5 Y76A2A.1 ZK637.12 

W03D8.9 ZC168.6 ZK637.15 

W03F11.3 ZC262.1 ZK666.8 

W03F1I.4 ZC412.5 ZK673.6 

W03F9.3 ZC412.6 ZK795.2 

W03G9.5 ZC412.9 ZK84.2 

W06D4.2 ZC477.1 ZK84.5 

W06D4.3 ZC477.8 ZK892.3 

W06F12.3 ZC513.3 ZK892.5 

W09C3.8 ZC58L2 ZK930.4 

Y106G6D.3 ZC581.6 ZK930.6 

ZK930.7 

ZK945.6 
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