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ABSTRACT
For cells to function in a complex organism, they must differentiate and acquire their
specific morphology. To study how cells achieve this I have chosen the spermatozoon of
the nematode Caenorhabditis elegans. Genes involved in virtually every step of sperm
development have been identified by mutations in C. elegans and these mutations dissect
the process of differentiation.

During spermiogenesis spherical non-motile spermatids differentiate into bipolar
amoeboid spermatozoa. Chapters II and III describe the characterization of two genes
that affect this differentiation. For both genes, spe-27 and spe-12, mutant hermaphrodites
are sterile whereas mutant males are fertile, and spermatids only activate in response to a
subset of in vivo and in vitro activators. I present a detailed genetic, phenotypic and
molecular analysis of spe-27 mutants. Spe-27 maps to chromosome IV between two
previously cloned genes, so I could isolate and sequence a genomic clone containing spe-
27 by transformation rescue with clones from the physical map. The protein sequence
predicted from the genomic and cDNA sequences shows no significant similarity with
currently known proteins. Three mutant alleles were found to be two splicing defects and
a missense mutation. Differential northern analysis and in situ hybridizations indicate that
spe-27 is expressed in spermatocytes. I propose a model for spermatid activation in
which the spe-27 gene product is a member of a signaling pathway necessary for
hermaphrodite sperm activation, and present but redundant in the males.

I hypothesize that the spe-12 gene product is another member of the signaling
pathway necessary for hermaphrodite spermiogenesis. I isolated six new spe-12 alleles
and located the spe-12 gene to a 3.9 Kb genomic fragment. Northern analysis indicates

that spe-12 encodes an approximately 1 Kb sperm-specific transcript.
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Chapter IV describes collaborative research to characterize the spe-6 gene, which
is involved in the localization of sperm-specific proteins to specialized organelles at the
spermatocyte stage. The spe-6 gene shows second site non-complementation with an
unlinked deficiency, which suggests the presence of interacting gene(s) over that
deficiency. I also collaborated on research on the spe-26 gene, but that work is not

included in this dissertation.
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I. INTRODUCTION

I.1. The Spermatozoon

Throughout the Animal kingdom spermatozoa are highly specialized cells with one
essential function, fertilization of the egg. The role of the sperm was only elucidated
within the past century. Sperm morphology and motility, which we now interpret as an
adaptation for fertilization, suggested something very different in 1678 to Anton van
Leeuwenhoek, the discoverer of sperm. He regarded sperm as parasitic animalcules living
in the semen, hence the name spermatozoa (sperm animals). Leeuwenhoek later came to
believe that inside each sperm was a preformed human being and that the only function of
the egg was to provide nourishment. The codiscoverer of sperm, Nicolas Hartsoeker,
joined Leeuwenhoek in the belief of a preformed human being, which he called a

homunculus, within the human sperm (Wilson 1925, Palm and Snelders 1982).

This theory gave rise to intense debates between two schools: the spermatists or
animaculists who thought that the preformed germ was borne in the sperm; and the ovists
(Malpighi, Bonnet and others) who concluded that the egg carried the preformed
individual.(Wilson 1925, Oppenheimer 1956). These ideas of preformation were rejected
mainly because of the "tremendous loss of potential life" that the presence of a preformed
human being in each germ cell implied (Gilbert 1991). In 1759, Wolf proved that there is
no preformed individual in the germ cells, and that the embryo forms by progressive

production of new parts that did not exist before (epigenesis) (Oppenheimer 1956).

In 1824, Prevost and Dumas established the presence of sperm in adult males and

their absence in immature individuals. They linked these observations to the lack of
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sperm in the sterile mule and they concluded that there was a correlation between the
presence of sperm and the fecundity of the individual (Wilson 1925). Although they
proposed that the sperm contacted the egg, it was not until 1875-1879 that the penetration
of the egg by the sperm and the fusion of the two nuclei was demonstrated independently

by Oskar Hertwing and German Fol in the Mediterranean sea urchin (Wilson 1925).

In 1841, thirty-six years before fertilization was recognized as the union of sperm
and egg, A. van Kolliger established that sperm arise by the transformation of cells in the
testis, thus putting to rest the idea of sperm being parasites (Gilbert 1991). Finally,
Schneiggs-Seidel and La Vallette St. George showed in 1865 that sperm not only have
nuclei but also cytoplasm and that "it is a single cell, remarkably modified yet

morphologically equivalent to other cells” (Wilson 1925, Gilbert 1991).

The study of the reproductive biology of different animal species has since
revealed a high degree of heterogeneity among spermatozoa. However, underneath the
obvious morphological differences, spermatozoa from different organisms seem to share
a basic structural design (Phillips 1974, Browder 1980, Gilbert 1991). Organelles
common to most cell types are absent in sperm, and so are the trancriptional and
translational machineries. The mitochondria are almost always present. Other organelles
have been greatly modified. The nucleus is condensed and most spermatozoa have

developed mechanisms for movement.

There are two main classes of spermatozoa: flagellate and non-flagellate.
Flagellate sperm are by far the most common class and are found in the main groups of

animals from sponges to mammals. The non-flagellate sperm are only present in the
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nematodes, the chilognathos myriapods, some crustaceans and a few arachnids, and they
appear to have derived from flagellate forms since the lowest metazoans possess only
flagellate sperm (Wilson 1925, Adiyodi and Adiyodi 1983, Baccetti et al. 1983, Baccetti
1985, Wood 1988).

I. 2. The Spermatozoon Of The Nematode Caenorhabditis elegans

In C. elegans, as in all nematodes, the spermatozoa are non-flagellated crawling cells.
Each sperm has a single pseudopod that extends from one side of the spherical cell body
(Wolf et al. 1978, Nelson and Ward 1980, Wood 1988, Bird 1991) (Fig. I.1). The
cytoplasm of the pseudopod is separated from the cell body cytoplasm by laminar
membranes which are present throughout the cell body. C. elegans sperm lack many
organelles and cytoplasmic structures common to most other cell types. Ribosomes,
endoplasmic reticulum, Golgi apparatus, microtubules and microfilaments are absent. The
cell body contains the laminar membranes, numerous mitochondria, membranous
organelles (MOs, Golgi derived vesicles) and the nucleus. The MOs fuse with the plasma
membrane in the mature spermatozoon, releasing their contents. The nucleus is composed
of highly condensed chromatin which is not separated from the cytoplasm by a nuclear
membrane. The chromatin is surrounded by an RNA-containing halo in which the
centriole is embedded.The pseudopod is devoid of organelles. It contains 2-3 nm
filaments composed of the major sperm protein (MSP) (Fig. 1.2) E(Ward er al. 1981,
Ward and Klass 1982, Roberts 1983, Roberts et al. 1986)

It is surprising that this crawling, asymmetric cell contains little actin, tubulin
(except in the centrioles) and myosin, which in other cell types are the most common and

abundant cytoskeletal proteins known to be involved in the determination of cell shape
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and in the attainment of motility. Instead, the major sperm protein comprises more than
15% of the sperm protein and is present in the cytoplasm of both the cell body and the
pseudopod (Klass and Hirsh 1976, Nelson et al. 1982, Ward et al. 1983, Ward and Klass
1986). MSP is a family of closely related small basic proteins which are encoded by a
large multigene family with an estimated number of 60 MSP genes (Burke and Ward
1983, Ward 1987, Ward ez al. 1988). MSPs seem to be unique to nematode sperm (Scott
et al. 1989, Scott et al. 1989, Sepsenwol et al. 1989, King et al. 1991); they have not been

found in non-nematode species (Sam Ward, personal communication).

In the almost complete absence of an actin cytoskeleton, what are the mechanisms
of amoeboid cell movement in C. elegans sperm? The centripetal flow of the
pseudopodial membrane and the major sperm protein cytoskeleton are believed to be the
basis for nematode sperm motility, but how they work is unknown (Roberts and Ward
1982, Roberts and Ward 1982, Roberts and Ward 1982, Roberts and Streitmatter 1984,
Pavalko and Roberts 1987).

1.3. The Development Of C. elegans Sperm

C. 'elegans worms are either hermaphrodites or males (Fig. [.3). Males produce sperm
continuously. Hermaphrodites make sperm only during the last larval stage (L4) and then
switch to producing oocytes. All the germ line cells are derived from P4, one of the four
founder cells generated during early embryonic cleavage. Sex determination genes

command the descendants of P4 to become sperm or oocytes (Wood 1988).

Germ line sex determination in C. elegans involves negative regulatory

interactions among a number of sex determining genes. In C. elegans, the same sex
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determination genes act in the somatic and germ line tissues although the regulatory
interactions are not identical in the two compartments. The continuous high activity of
the terminal regulatory genes fem-1, fem-2 and fem-3 in the male germline determines
sustained spermatogenesis during the adult male life. The independence of somatic and
germ line sex determination in C. elegans allows the transient expression of the fem genes
in the hermaphrodite germ line as a result of germ line specific genes such as fog-2.
Consequently, there is a transitory production of sperm in the hermaphrodite (Kimble

1988, Wood 1988, Hodgkin 1990, Schedl 1991, Hodgkin 1992).

Spermatogenesis is the process of differentiation of determined spermatogonial
cells into mature spermatozoa. Spermatogonial cells at the distal tip of the gonad develop
into tetraploid primary spermatocytes. The primary spermatocytes are connected to a
central core of cytoplasm, the rachis. During mammalian spermatogenesis the
connections between cells are maintained until the mature spermatozoa are released into
the seminal tubules. In contrast, during C. elegans spermatogenesis the primary
spermatocytes detach from the rachis after entering meiosis and continue development
independently from other cells. The membranous organelles (MOs) form from the Golgi
apparatus in the primary spermatocytes and are composed of a small head and a body
separated by an electron dense collar. MSP associates with the developing MOs and
forms an array of parallel fibers enclosed in the body of the MOs. This complex
organelle, called the fibrous body-MO complex, also contains many sperm specific gene
products found later in the spermatozoa. Therefore, the fibrous body-MO complex seems
to gather proteins that will be required in the mature sperm (Fig. 1.4) (Ward er al. 1981,

Ward and Klass 1982, Roberts et al. 1986, Ward et al. 1986).
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After the first meiotic division, cytokinesis is usually incomplete and the
secondary spermatocytes remain connected. The second meiotic division gives rise to
four haploid nuclei. The condensed haploid nuclei, the fibrous body-MO complexes
carrying sperm specific proteins, the centrioles and all the mitochondria migrate to the
poles of the secondary spermatocytes where the spermatids will form by budding from a
residual body. The residual body contains the ribosomes, the endoplasmic reticulum, the
Golgi apparatus, spindle and microfilaments. This cytoplast, which carries the cellular
components not needed for further sperm development, is eventually degraded and
resorbed by the gonadal epithelium. The spermatozoon matures in the complete absence
of a conventional cytoskeleton and translational machinery. This process of depositing
obsolete cellular components into a residual cytoplast is also observed during

mammalian sperm development (Phillips 1974, Wolf et al. 1978, Ward et al. 1981),

Once the spermatids are free, the fibrous bodies disassemble from the MOs and
MSP is distributed throughout the cytoplasm (Ward and Klass 1982). The MOs then
move to the periphery of the cell. In males, development is arrested at the spermatid stage
and the spermatids accumulate in the seminal vesicle. Development resumes upon

mating. In hermaphrodites the spermatids activate in the spermatheca.

I.4. Spermiogenesis

Spermiogenesis, or sperm activation, includes the final stages of sperm morphogenesis in
which, in the absence of protein synthesis, the spherical spermatid rearranges its
components to form an asymmetric motile cell (Nelson and Ward 1980, Ward et al.
1981). Spermiogenesis occurs when the male deposits spermatids into the uterus of a

hermaphrodite. These changes have been observed in many nematode species, and have
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been compared to changes in mammalian sperm known as capacitation (Wright et al.
1985). The mature sperm then crawl into the spermatheca where they displace the
hermaphrodite sperm and preferentialiy fertilize the oocytes. Spermiogenesis is triggered
by a glycoprotein secreted by the male vas deferens in Ascaris but the activation factor in
C. elegans is unknown (Burghardt and Foor 1978). Activation can be triggered in vitro by
treatment with the weak base triethanolamine and the ionophore monensin, both of which
raise the internal pH of spermatids. Proteases and drugs that, in mammalian cells, act on
calmodulin, also initiate activation (Nelson and Ward 1980, Ward et al. 1983, Shakes and
Ward 1989). The changes undergone by the spermatids during activation include the
deformation of the plasma membrane, the fusion of the MOs to the cell body and release

of their contents, extension of the pseudopod and the initiation of movement.

L.5. Genetic And Molecular Analysis Of Sperm Morphogenesis In C.
elegans

One of the basic problems in developmental biology is how cells determine their
morphology. During development, cells acquire distinct forms that allow them to perform
specialized functions. To address this problem we must dissect the process of
differentiation into its fundamental components. What are the gene products involved in
the determination of cell morphology? How do gene products and organelles become
localized within the cell? How are cytoskeletal elements rearranged in response to intra

and extracellular signals? Once the final morphology is achieved, how is it maintained?

These questions are being asked in many systems. For example, the mechanism
for targeting proteins and intracellular vesicles to specific cellular locations is being

elucidated by taking advantage of the power of yeast genetics. Many of the gene
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products involved in yeast secretion have been identified and ordered in a secretory

pathway (Kaiser 1991, Rexach and Schekman 1991, Ferro-Novick and Novick 1993).

Indications on how cell polarity is established and maintained come from studies
in cultured mammalian cells. Adhesion to substrates and/or neighboring cells seems to
initiate cellular asymmetry by influencing the cytoskeleton. Polarity is then maintained
by membrane and protein sorting to the basolateral or apical membranes (Simons and

Wandinger-Ness 1990, Bomsel and Mostov 1991, Trowbridge et al. 1993).

The relationship between signaling and cytoskeletal rearrangements is being
studied in yeast, Dictyostelium and fibroblasts (Stossel 1989, de Hostos et al. 1991,
Condeelis 1993, Ridley 1994). Mutations in some signaling proteins in yeast cause
disruption of the cytoskeleton, and GTP-binding proteins seem to play an important role
in cytoskeletal organization in fibroblasts (Hall 1992, Ridley and Hall 1992, Ridley et al.
1992).

Sperm development in Caenorhabditis elegans presents many advantages for the
study of cellular morphogenesis. C. elegans worms are very simple, transparent
organisms. They are easy to grow in the laboratory, have a short life cycle and are
amenable to genetic analysis. The lineage of every cell in C. elegans is known. Cultures
are composed primarily of self fertilizing hermaphrodites but males also exist and can be
used to perform genetic crosses. The C. elegans genome is small (100Mb), about one-half
the size of the Drosophila genome. There is an extensive genetic map and the physical
map of the entire genome is almost complete. Genetically defined genes are routinely

cloned by microinjection transformation rescue (Wood 1988, Mello er al. 1991).
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The hermaphrodite reproductive system consists of two ovotestes. Sperm are
produced during the L4 stage and stored in specialized structures called spermathecae.
The uterus opens to the exterior through the vulva. The male reproductive system is a
tubular testis. Sperm develops along the gonad, with the earlier stages at the distal tip and
the more mature cells at the proximal end. Thus, the complete developmental history of
the sperm can be examined easily at the light and electron microscopic levels. As
described previously striking examples of protein and organelle targeting are observed at
the spermatocyte and spermatid stages. A clear example of cell morphology being
influenced by extracellular signals is the activation of the spermatid, which, in the
complete absence of protein synthesis, develop a pseudopod and start crawling (Nelson

and Ward 1980, Nelson et al. 1982).

The spermatogenesis pathway in C. elegans can be dissected genetically.
Numerous mutants have been isolated that affect virtually every stage of sperm
development (Hirsh and Vanderslice 1976, Ward and Miwa 1978, Argon and Ward 1980,
Ward et al. 1981, Edgar 1982, L'Hernault er al. 1988) (Fig. 1.5). The majority of
mutations isolated affect only sperm; therefore, we can focus on gene products that are
exclusively involved in the determination of the specialized morphology of the
spermatozoon. The process of spermiogenesis can be followed in vitro, making the tinal
differentiation of spermatozoa accessible -0 detailed observation. Finally, sperm can be

isolated in sufficient quantities to allow biochemical analyses.

In this dissertation I have begun to study some genes involved in cell

morphogenesis during C. elegans spermatogenesis.



How do spermatids initiate spermiogenesis in response to external signals? What
are the components involved in transduction of the external cues? spe-27 seems to be
involved in the initiation of spermiogenesis. Interestingly, mutations in spe-27 affect the
activation of hermaphrodite spermatids but not that of male spermatids in vivo. The
phenotypic characterization of spe-27 mutants as well as mutants in three other genes,
spe-8, spe-12 (L'Hernault et al. 1988, Shakes and Ward 1989) and spe-29, suggests that
the mode of spermatid activation in the hermaphrodite is different from that in males
even though spermatids from both sexes can potentially use either pathway. The
molecular characterization of spe-27 may allow the search for interacting genes in the
activation pathway and may also provide some clues on the evolution of hermaphroditism

in C. elegans.

How are gene products targeted to specific organelles? Is the information for
subcellular localization encoded in the proteins themselves? Are there other proteins that
direct the transport of gene products to certain organelles by directly promoting
nucleation or by indirectly modifying the gene products? The spe-6 gene product seems
to be involved in the localization of sperm specific proteins into the membranous
organelles‘. Mutations in spe-6 disrupt the formation of the fibrous body-MO complexes.
MSP does not localize into the MOs and it remains scattered throughout the spermatocyte

cytoplasm in spe-6 mutants (Varkey et al. 1993).
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Figure I.1: SEM of C. elegans spematozoa showing the spherical cell bodies and the

extended pseudopods (Ward 1981).
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Figure 1.2: TEM of C. elegans spermatozoon. The laminar membranes divide the
pseudopod cytoplasm from the cell body. The nucleus is condensed and surrounded by an
RNA halo. The MOs have fused and released their contents. The numerous mitochondria

are contained in the cell body (Ward 1981).
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Figure 1.3: C. elegans hermaphrodite and male. The hermaphrodite gonad consists of two
tubular ovotestis. The sperm is produced before the oocytes and stored in the
spermatheca. The male has one tubular testis. Spermatids accumulate in the seminal
vesicle. The final maturation will occur in the hermaphrodite uterus after mating (Wood

1988 ).
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Figure 1.4: TEM of spermatogenesis. a) Early primary spermatocyte. Fibrous bodies
surround the Golgi apparatus. b) Secondary spermatocyte. The fibrous bodies and MOs
have formed FB-MO complexes. c) Mature FB-MO complex in budding spermatid. d)
Disassembly of FB in mature spermatid. e) Two spermatids budded off from a residual
body. The asterisk indicates the increase in electron dense material associated with FB
disassembly. Residual bodies are electron dense due to the presence of ribosomes. f) The
MOs abut the plasma membrane g) MOs fuse with the plasma membrane and release
their contents during spermatid activation. FB, fibrous bodies; G, Golgi; N, nucleus; Sd,
fibrous body disassembly; RB, residual body. (a-d) x20,000, bar=0.5um; (e) x10,000,
bar=0.5um (Ward 1981).
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II. MOLECULAR AND GENETIC ANALYSIS OF spe-27, A GENE
INVOLVED IN THE INITIATION OF SPERMIOGENESIS.

I1.1. Introduction

In the last few years, much progress has been made in linking extracellular signaling
with changes in cell morphology (Small 1988, Stossel 1989, Stossel 1993). There is now
evidence that several signaling proteins play a role in cytoskeletal reorganization in
fibroblasts. Rac, a small GTP-binding protein and a member of the Ras superfamily is
required for growth factor induced membrane ruffling. Rho, another member of the Ras
superfamily, regulates the assembly of focal adhesions and actin stress fibers in response
to extracellular agonists (Hall 1992, Ridley 1994, Ridley et al. 1992, Ridley and Hall
1992). In several different systems, a number of actin binding proteins have been
described that show sequence similarities to proteins involved in signal transduction.
Coronin, a Dictyostelium actin binding protein has similarities to G protein  subunits
(de Hostos et al. 1991). Other actin-binding proteins such as ABP1p in Saccharomyces
sereviciae, myosin-I and spectrin have SH3 (src homology 3) domains similar to those
present in the non-receptor protein kinases and phospholipase C-y (PLC-y) (Jung et al.
1987, Rodaway et al. 1989, Drubin et al. 1990).The presence of SH3 domains in
signaling and cytoskeletal proteins suggests that this domain may regulate the
interaction among these proteins. Furthermore, SH3 domains have been shown to be
responsible for the targeting of PLC-y to the actin cytoskeleton (Bar-Sagi et al. 1993).
Other actin binding proteins such as profilin, gelsolin and gCap39 are regulated by
polyphosphoinositide metabolites produced during the early stages of signal

transduction (Goldschmidt-Clermont et al. 1990, Yu et al. 1990). Different cell types or
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cells that respond to different ligands are likely to differ in some of the components of

these signaling pathways.

Caenorhabditis elegans spermatids initiate spermiogenesis (activate) in response
to extracellular signals. Activation involves profound morphological changes that
transform the spherical spermatid into an asymmetric crawling spermatozoon. In C.
elegans the ligands for spermatid activation are not known but several agents can induce
activation in vitro. In the spermatozoon, shape and movement are not determined by an -
actin based cytoskeleton as in the majority of cells. C. elegans sperm have little actin
and myosin; rather, thin filaments are polymerized from MSP (major sperm protein), a
highly abundant protein unique to nematode sperm (Ward and Klass 1982, Roberts et al.
1989). Therefore, signaling molecules and MSP binding proteins might exist that

regulate differentiation in C. elegans sperm.

The development of C. elegans spermatozoa is an excellent model system for the
study of cellular morphogenesis. After meiosis is completed, the round non-motile
spermatids undergo spermiogenesis, which includes the deformation of the plasma
membrane, the fusion of specialized organelles, the segregation of cellular components,
the rearrangement of cytoskeletal elements and the extension of the pseudopod (Nelson
and Weard 1980, Ward et al. 1983, Shakes and Ward 1989). The spermatid is
transformed, in the period of a few minutes, into a highly specialized asymmetric motile

cell, the spermatozoon.

Most cells require the combined contributions of transcription and translation to

undergo and/or sustain differentiation (Shapiro 1985, Simons and Fuller 1985, Finney et
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al. 1987, Kraft et al. 1989, Simons and Wandinger-Ness 1990, Blau 1992,
Chandrasekhar et al. 1993). All the changes that occur during the differentiation of C.
elegans sperm take place in the complete absence of transcription and protein synthesis
(Ward et al. 1983). Therefore, the differentiation of spermatids into spermatozoa must
be the result of modification and rearrangement of preexisting cellular components.
Other cell types, such as platelets, have also been shown to undergo rapid differentiation

in the absence of macromolecular synthesis (Derenleau 1987, Nachmias et al. 1987).

What triggers the process of spermiogenesis? The natural activators are not
known, but several chemicals are available that allow us to follow spermiogenesis in
vitro (Nelson and Ward 1980, Ward et al. 1983, Shakes and Ward 1989). What
molecules are responsible for the rearrangement and assembly of cellular components
during C. elegans sperm development? What are the molecules involved in the relay of
signals from the cell membrane, leading to the formation of the pseudopod and the
initiation of movement? The excellent genetics of C. elegans has permitted the
identification and characterization of numerous mutations that disrupt different aspects
of spermiogenesis. In this chapter I present a genetic, phenotypic and molecular analysis

of the spe-27 gene, which is necessary for spermiogenesis in C. elegans hermaphrodites.
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I1.2. Materials And Methods

I1.2.1. Genetics And Strains

C. elegans var. Bristol, strain N2, was used as the wild type.The strains were maintained
at appropriate temperatures on Escherichia coli seeded plates, and genetic manipulations

were performed as described (Brenner 1974).

The spe-27 gene is defined by three alleles: it110, it132ts, and hc161. The first
spe-27 allele, it110, was found linked to dpy-20 among a number of uncharacterized
chromosome IV spe mutations isolated and kindly provided to us by Diane Shakes. spe-
27(itl 321s) was also identified in this collection by its failure to complement spe-
27(iti10), and is the only temperature sensitive spe-27 allele. spe-27(itl1321s)
hermaphrodites are weakly fertile at 16°C producing 38.2 + 15.4 progeny per worm (a
wild type hermaphrodite produces approximately 300 progeny). The males are fertile at
all temperatures.The third spe-27 allele, hcl61, was isolated in an Fl non-

complementation screen with spe-27(it110).

We mapped spe-27(itl10) using chromosome IV deficiencies and two factor
mapping with the markers unc-5 and unc-24. Two factor mapping was performed on
spe-27(itl110)unc-24(el138)/++ and spe-27(it110) unc-5(e53)/++. We analyzed four
complete broods from spe-27 unc-24/++ worms. Seven out of 345 Unc animals were
fertile and 7 out of 986 wild types were sterile. For spe-27 unc-5/++, we screened all the
Unc worms from eight broods. Six out of 539 Unc animals were fertile. We calculated
that spe-27 is about 1 map unit from unc-24 and 0,5 map units from unc-5. These results

located spe-27 between skn-1 and unc-44, a 0.3 map unit region where no deficiencics
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have been isolated. Consistent with this location, spe-27(it110) complements four
deficiencies nearby this region of the genetic map: eDfI8 (1V), eDf-19 (IV), mDf-9 (IV)
and mDf-4 (1V).

I1.2.2. Light Microscopy

Sperm development in males and hermaphrodites was analysed as previously described
(Nelson and Ward 1980) by hand dissecting the male testis or hermaphrodite’
spermatheca in sperm medium (SM), pH 7.8 with or without the in vitro sperm
activators pronase (200ug/ml) or triethanolamine (60 mM at pH 7.8). For most studies,
adult virgin males were used as a source of spermatids free of in vivo activated
spermatozoa. In the aétivation studies, the medium contained either 1 mg/ml bovine

serum albumin (triethanolamine) or 10mg/ml polyvinylpyrrolidone (pronase).

I1.2.3. Nuclear Staining

Adult virgin males or young adult hermaphrodites were hand dissected in SM, and the
gonads were transferred to a drop of 1 ug/ml 4,6 Diamidino-2-phenylindole (DAPI)
(Sigma Chemicals, St Louis) in phosphate buffered saline (PBS pH 7.0) on a slide and
incubated in a dark moist chamber for 30 minutés. The stained gonads were briefly

rinsed in PBS and examined under the microscope.

I1.2.4. Electron Microscopy

Adult virgin males were hand dissected in sperm medium (SM), and the testes were

transferred to 1% formaldehyde, 1% glutaraldehyde in SM in a depression slide. The
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testes were fixed in a moist chamber for 60 minutes at room temperature and then
embedded in 1% agar, and small agar blocks with the tissue were incubated in the
fixative overnight at 4 C. The blocks were rinsed in 10 mg/ml lysine for 20 minutes and
then rinsed in SM. The blocks were post-fixed in 1% OsO4 in SM. Excess OsO4 was
rinsed out with water, and the blocks were stained in 0.5% aqueous uranyl acetate. The
blocks were then dehydrated in a graded series of ethanol and embedded in
EPON/Araldite resin for sectioning. Thin sections were examined with a Philips 420

electron microscope operating at 80 kV.

I1.2.5. Transformation

Young adult homozygous spe-27 mutant hermaphrodites were microinjected with
cosmids, plasmids, restriction digests of plasmids or purified DNA fragments according
to published methods (Fire 1986, Mello et al. 1991). The dominant Roller allele rol-
6(sul006) was used as a marker in all our transformation experiments. Fl
hermaphrodites that roll were picked at the L4 stage before they had a chance to mate

with the F1 males and tested for fertility.

I1.2.6. Molecular Analysis

DNA and RNA were isolated from worms following published methods (Wood 1988,
Ausubel et al. 1994). Differential Northern analysis was done using poly A+ RNA
isolated from him-5(el1490) males, fem-1(hcl7ts) (Doniach and Hodgkin 1984) loss of
function mutants raised at restrictive temperature and fem-3(g23ts) (Barton et al. 1987)
gain of function mutant hermaphrodites raised at restrictive temperature . cDNA clones

were isolated from Lambda Zap and Unizap libraries prepared for us from poly A+ RNA
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of male enriched (95% males) adult worms by Stratagene, La Jolla, CA. Genomic and
cDNA inserts cloned into a pBluescript (Stratagene, CA) vector were used for dideoxy
sequencing. Exonuclease III was used to generate a deletion series for sequencing
(Ausubel et al. 1994) and for transformation analyses to determine the gene boundaries.
Specific mutations in spe-27 alleles were identified by cycle sequencing of amplified
gene products generated by polymerase chain reaction (PCR). Isolated genomic DNA
from control and mutant worms or single worms (Williams er al. 1992) were used for

PCR amplification of the spe-27 gene.

I1.2.8. I'n situ localization of mRNA

In situ localization of the spe-27 transcript was performed following the protocol by
Evans et al. 1994. Young adult males were dissected in 2.5 ul of PBS on a polylysine
coated slide and the tissue was fixed by adding 2.5 ul of 5% paraformaldehyde in PBS.
Antisense probes were generated from a spe-27 cDNA following the Boehringer-

Mannheim Genius Kit instructions.

I1.2.9. Artificial insemination

Inseminations were performed as described by LaMunyon and Ward, 1994. Spermatids
were drawn from two day old wild type and spe-27 males, washed in SM containing 1%
BSA and injected into anesthetized young adult spe-27 hermaphrodites. Some injections

were done with unwashed spermatids.
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I1.3. Results

I1.3.1. Review Of Wild Type Spermiogenesis

The development of sperm (spermatogenesis) in C. elegans has two phases: first, the
reduction of the diploid number of chromosomes; second, spermiogenesis, the
activation of spermatids to form the mature crawling spermatozoa. After meiosis is
completed, the spermatids form by budding off a residual body where a subset of the
cellular components, including ribosomes, endoplasmic reticulum, Golgi apparatus, and

most of the actin and tubulin, are sequestered (Wolf et al. 1978 , Ward et al. 1981).

Activation of hermaphrodite spermatids occurs in the spermatheca. The
spermatids produced by the male undergo spermiogenesis in the uterus of the
hermaphrodite where they are deposited during mating. Although the in vivo activators
have not been identified, éonditions that trigger spermiogenesis in vitro have been
found. Agents that increase the intracellular pH of spermatids such as the proton
ionophore monensin (Nelson e al. 1982) and the weak base triethanolamine (TEA) can
initiate the process of spermiogenesis. So does pronase, a mixture of proteases, without
altering the intracellular pH (Ward et al. 1983). Drugs that, in mammals, inhibit
calmodulin (e.g. trifluoperazine) also initiate spermiogenesis and then inhibit the

motility of activated spermatozoa unless washed out (Shakes and Ward 1989).

Upon treatment with in vitro activators, spermatids undergo dramatic changes in
their morphology. First, the plasma membrane rearranges and forms long thin spikes.
The spikes appear to be dynamic structures; some are reabsorbed at the same time

others are formed. They commonly fuse with neighboring spikes and pivot relative to
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the cell surface (Shakes and Ward 1989). Other changes that follow spike formation
include: fusion of the membranous organelles (MOs, specialized organelles derived from
the Golgi apparatus) to the cell body, polymerization of the major sperm protein (MSP,
the most abundant protein in C. elegans sperm) into filaments, and extension of the
pseudopod (Nelson and Ward 1980, Nelson et al. 1982, Ward et al. 1983)This final
differentiation, from spermatid to spermatozoon, occurs in the absence of protein
synthesis. Therefore, the specification of C. elegans sperm morphology must, by this

point, be stored in the cellular components themselves.

I1.3.2. Phenotypic Analysis Of spe-27

I1.3.2.1. In vivo phenotype

Mutations in the spe-27 gene alter early stages of activation. spe-27 mutant
hermaphrodites are sterile; their spermatids accumulate in the spermatheca but never
activate. The mutant spermatids do not develop pseudopods so they cannot attach to the
walls of the spermatheca or crawl back when they are detached (data not shown). They
are eventually swept out of the gonad by mature oocytes passing into the uterus and are
expelled through the vulva. In contrast, mutant males are fully fertile, their spermatids

activate normally upcn mating.

The model for spermatid activation based on the phenotypes of spe-8 and spe-12
mutants proposes that there are two ways in which spermatids can activate (Shakes and
Ward 1989). Spermatids from both sexes express all the components of the two

activation pathways but each sex uses only one. The spe-27, spe-8 and spe-12 gene
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products appear to be components of the pathway used only by spermatids produced in

the hermaphrodite.

One prediction from this model is that spe-27 mutant spermatids from the
hermaphrodite should be able to activate in the presence of the male activator since the
components of the male pathway are intact. As it was observed for spe-8 and spe-12,
mating by males can activate the hermaphrodite's own spermatids. It appears that the
transfer of seminal fluid can trigger spermiogenesis and therefore fertilization in the '

mutant hermaphrodites (Fig. IL.1).

A second prediction, and one more difficult to test, is that spe-27 mutant
spermatids from the males, which are fertile because they are exposed to the male
activator upon mating, should not activate in the presence of only the hermaphrodite
activator. We tested this prediction using the recently developed artificial insemination
system (LaMunyon and Ward, in press). Spermatids were extracted from wild type, as a
control, or from spe-27(itl110) males and washed in SM plus 1% BSA to remove traces
of male activator. The washed spermatids were then microinjected into the uterus of spe-
27(it110)dpy-20(e1282) young adult hermaphrodites. The results were that, three out of
four hermaphrodites inseminated with wild type sperm produced outcross progeny (1, 19
and 20 progeny respectively) but not self-progeny. In contrast, no hermaphrodites
injected with washed spe-27(it110) spermatids (nine out of nine) produced outcross or
self progeny.

These results suggest that there is no male activator present in the whashed
sperm because no self progeny were produced, and that the wild type spermatids can

activate in response to the hermaphrodite activator. As predicted, the spe-27 mutant
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spermatids from the male seem unable to activate in the presence of hermaphrodite
factors. Three more injections were performed as described above except that the
spermatids were not washed after being taken from the males. Not outcross or self
progeny were produced from these injections indicating that spermatids, but not male

activators are drawn during the collection of spermatids.

11.3.2.2. In vitro phenotype

We tested the ability of spe-27 mutant sperm, from both hermaphrodites and males, to
activate in pronase and TEA, two of the known in vitro activators. In the presence of the
weak base TEA, both hermaphrodite and male spermatids activated to form normal-

looking motile spermatozoa (Fig. 11.2).

In contrast, when exposed to pronase, spermatids from mutant hermaphrodites
and males initiated activation, but failed to form pseudopods. The spermatids formed
long, rigid spikes (Fig. I.2), resembling the spiky intermediate described for wild type
spermiogenesis. However, examination of these spikes under the light microscope
showed that they were motionless and did not undergo the rapid collapse and
reorganization observed in wild type. The observation that both male and hermaphrodite
spermatids from spe-27 mutants activate aberrantly when treated with pronase indicates
that mutations in spe-27 cause a defect in the spermatids themselves. See figure I1.3 for a

schematic summary of the in vivo and in vitro phenotype of spe-27 mutants.

The ability of spe-27 mutant spermatids to activate and fertilize oocytes under
certain conditons, predicts that they should not have gross morphological defects. In

agreement with this prediction we were not able to find structural defects in spe-27
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spermatids by light (Fig. I1.2.A, D, G and J) and by electronmicroscopic examination
(Fig. 11.4).
I1.3.3. Other Spe Mutants Share The spe-27 Phenotype

Three other complementation groups show phenotypes identical to that of spe-27
mutants. Two of these complementation groups defined the spe-8 and spe-12 genes
(Shakes and Ward 1989). The third gene is spe-29 (Paul Muhlrad, unpublished
observations) and has not yet been fully characterized. It is possible that all these genes
form part of a pathway that normally triggers the process of spermiogenesis in the
-hermaphrodite. If so, they might interact and show second site non-complementation or
incomplete complementation. In order to look for evidence of interaction between spe-
27 and the other three genes mentioned above, we performed complementation tests
among them by constructing all pair wise trans-heterozygous. We did not observe failure
to complement or incomplete complementation between any of these genes; the brood

size of the heterozygous hermaphrodites was not reduced.

Another way we looked for interactions between three of these genes was by
overexpressing spe-27 (once it was cloned, see below) into spe-12 and spe-8 mutant
strains. Overexpression of spe-27 did not suppress the sterile phenotype in spe-12 or

spe-8 mutants (Fig. IL.5).

I1.3.4. Molecular Analyses

I1.3.4.1 Cloning of spe-27

In order to learn more about the function of the spe-27 gene product, we have isolated

the spe-27 gene. Genetic mapping located spe-27 between skn-1 and unc-44. These two
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genes have been cloned, and defined an approximately 400Kb region in the physical
map (Fig. I1.6). We cloned spe-27 by microinjection transformation rescue using the
dominant rol-6 plasmid as a marker (Fire 1986, Mello et al. 1991). We assayed cosmid
clones from the skn-1 unc-44 region for their ability to rescue the sterile phenotype of
spe-27 mutant worms. Two of the cosmids tested, CO6E7 and DC12, restored fertility.
We subcloned several restriction fragments from DC12 and tested them, like the cosmid
clones, for their capacity to rescue the sterility of spe-27 worms. Plasmid pAM125,a 2.5
Kb EcoRI/Spel fragment was the smallest piece of DNA able to restore normal fertility
in spe-27 mutants was in . All three mutants alleles in the spe-27 complementation
group were rescued with pAMI25, confirming them as alleles and establishing that this

clone contains spe-27.

To analyze the spe-27 transcript we used the 2.5Kb fragment from pAMI125 to
probe two male-enriched cDNA libraries. Out of 1 million plaques screened we isolated
five independent cDMNA clones. All five cDNAs seem to have originated from the same
transcript since they showed similar restriction patterns and crosshybridized in southern
blots. cAM132, the longest cDNA clone isolated, was used to map the spe-27 gene

within the 2.5 Kb fragment of genomic DNA.
I1.3.4.2. Sequence of spe-27

We sequenced the spe-27 genomic fragment (1.7Kb from pAM125) as well as the five
cDNA clones isolated. By aligning genomic and cDNA sequences we were able to
determine the exact exon-intron structure of spe-27. The spe-27 gene is composed of

five small exons and four introns. Introns I and III, like most C. elegans introns (Wood
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1988), are very small (49 and 61 bp respectively). The other two introns are much larger

(275 and 551bp) (Fig. I.7 and I1.8)

The 3' end of spe-27 is very short. The last base of the translation stop codon
(UGA) is the first A of the polyadenylation signal AAUAAA and the polyadenylation
site is located 16 bases from the stop codon (Fig. I1.7). At the 5' end, the largest cDNA
extends 11 nucleotides before the putative AUG start site. The nucleotides immediately
adjacent to this AUG closely match the C. elegans consensus sequence for translation
initiation. 5' of the translation start site we found a 32 bp inverted repeat that may play a
role in spe-27 expression. The DNA sequence did not show any other special features or

motifs, except that spe-27 is highly AT rich.

The spe-27 gene encodes a putative 137 amino acid polypeptide. The predicted
amino acid sequence does not have significant similarity to any gene products in the data
banks when searched by BLASTP. In addition, search for conserved motifs and domains

with the GCG programs MOTIFS and PROFILESCAN showed no significant matches.

The sequence of the spe-27 gene from the mutants provided the final
confirmation that we have indeed cloned the spe-27 gene, and that the three members of
the spe-27 complementation group are alleles. We sequenced the three mutant genes by
cycle sequencing of PCR amplified DNA. Each had a single mutation that was a G to A
transition, as expected from EMS mutagenesis. The defect in spe-27(it132ts) is a
missence mutation, Glu30 to Lys, in the second exon of the gene. The mutation in spe-
27(hc161) is in the conserved G at the 5' splice site of intron III, so it probably causcs a

defect in splicing. Surprisingly, the mutation in spe-27(it110) is in the conserved G at
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the 3' splice site of the same intron (Fig. I1.7 and IL.8). Since these results seem more
than a coincidence, it is possible that this particular intron has some important function
in addition to that of the spe-27 protein, as has been found in other systems (Fragapane
et al. 1993, Prislei et al. 1993, Caffarelli et al. 1994). If this were the case, disrupting the
intron might alter the ability of an otherwise wild type spe-27 gene to rescue spe-27
mutants. We contructed two plasmids with insertions in the intron. pAM131 contains a
100bp insertion in a unique Sspl site of intron I, pAMI132 had a 500bp insertion at the
same site. Both plasmids restored fertility of spe-27 mutants as well as the wild type‘
plasmid (Fig. I1.9), therefore, it appears that the intron does not have a function on its

own.

II1.3.4.3. Determination of the 5' and 3' boundaries of spe-27

We used deletions of the 5' and 3' ends of the 2.5Kb fragment (pAM125) to establish
which untranslated sequences were required for correct expression of spe-27. We

assayed them for their ability to restore fertility in spe-27 mutant worms.

The sequences at the 3' end of spe-27 do not seem to be necessary to restore
fertility to spe-27 mutants. A construct that deletes the 3'end up to 5 nucleotides 3' from
the polyadenylation site (pPAM125A8) is able to restore near wild type fertility in spe-27
mutants. As expected, constructs that delete the last exon of the spe-27 gene (pAM12549

and pAM125A10) do not rescue spe-27 mutants (Fig.I1.10).

The 5' untranslated region of spe-27 in pAM125 is 215 nucleotides. We used
three constructs to analyze this region. pAM135 deletes 103 nucleotides and can still

restore wild type fertility in spe-27 mutants. Transformation with pAM134, which



49

deletes 141 nucleotides, produced fertile worms that lay about half the number of eggs
ot wild type worms, a sign that sequences required for the proper expression of spe-27
are missing. Furthermore, about 25% of these eggs did not hatch, which may indicate
ectopic expression of spe-27. Finally, pAM133, which deletes 188 out of the 215
nucleotides at the 5' end of spe-27, including most of the inverted repeat, does not yield

any fertile worms when transformed into spe-27 mutants (Fig. I1.10 and Table II.1).

To assay these 5' end deletion constructs by microinjection tranformation, it was
necessary to decrease the DNA concentration about 10 fold compared to the
concentration used for transformation with the intact construct, If they were injected at
the same concentration used for pAM125 (200 ng/ul) along with the rol-6 marker, very
few transformants (roller worms) were obtained and many dead embryos appeared

(Table II.1).

I1.3.5. spe-27 Expression

Mutations in spe-27 appear to affect only the sperm . A prediction from this observation
is that spe-27 should be expressed in tissues undergoing spermatogenesis but it should
not be expressed elsewhere. We tested this prediction using differential northern analysis
and in situ hybridization. For both experiments we used an antisense RNA probe made

from cAM132, the largest cDNA isolated.
I1.3.5.1. Differential northern analysis

We probed mRNA isolated from worms that are somatically females but have germ lines

which produce only sperm (fem-3(q23)) or oocytes (fem-1(hc17)). We also probed
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mRNA from him-5(e1490) males. We found an approximately 0.5 Kb message in the
mRNA from the fem-3 strain and from males; these are the two strains that produce
sperm. The size of the transcript, 0.5 Kb, corresponds roughly to the size of the longest
cDNA (cAM132), which indicates that we have isolated a full length or close to full
length cDNA. No hybridization to fem-/ mRNA was detected even though we probed
three times as much fem-1 mRNA than for the other two strains so, at this level of

sensitivity, spe-27 is expressed only in worms that produce sperm (Fig. IL11).

I1.3.5.2. In situ localization of the spe-27 transcript

In situ hybridization experiments detected spe-27 message in the testis. The transcript
seems to be absent in spermatogonial cells undergoing mitosis, but is present in the
spermatocytes. The message is also present in the residual bodies but absent in the
spermatids as expected, since spermatids have no ribosomes. No hybridization to

somatic tissues was observed, in agreement with the northern analyses (Fig. I1.12).
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I1.4. Discussion

I1.4.1. Analysis Of The spe-27 Phenotype

Because the predicted protein sequence of spe-27 does not show convincing similarities
with any other known proteins, we can only speculate on the function of the spe-27 gene
product based on the phenotypes of spe-27 mutants and other similar spermatogenesis

defective mutants.

Mutation in three other genes, spe-8, spe-12 (L'Hernault et al. 1988, Shakes and
Ward 1989) and spe-29 present the same array of defects as mutations in spe-27. The
model proposed by Shakes and Ward (Shakes and Ward 1989) to explain the phenotypes
of spe-8 and spe-12 mutants is also consistent with the spe-27 mutant phenotype.
Briefly, this model proposes that:
- Spermatids from males and hermaphrodites are identical.
- Spermatids have separate receptor-specific components (i.e. spe-8 and spe-12) for
male and hermaphrodite activators.
- The separate receptor components share downstream elements that promote the
formation of spikes and pseudopods.
- Spermatid activation triggered by the male activator produces more competitive sperm.
- Mutations in spe-8 and spe-12 disrupt an early step in the pathway that transduces the
hermaphrodite signal.
- Pronase activates the hermaphrodite activation pathway by proteolysis of surface
proteins.
- TEA bypasses the signal transduction pathway so that the increase in intracellular pH

directly activates spike and pseudopod extension.
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How does spe-27 fit in this model? Mutations in spe-27 affect the differentiation
of spermatids into spermatozoa. The in vivo characterization of the mutant phenotype
shows that hermaphrodite spermatids do not activate in the spermatheca but male
spermatids activate normally upon mating. We also demonstrated that mating can
sustain the activation of the hermaphrodite's own spermatids allowing the production of
self progeny. The analysis of spe-27 mutant spermatids in vitro shows that neither
hermaphrodite nor male spermatids activated with pronase can extend pseudopods; only
spikes are formed. However, treatment with TEA activates mutant spermatids normally.
Even though the in vivo observations suggested at first that hermaphrodites may not be
able to produce their own activator, the in vitro experiments show that the defect must
be in the spermatids themselves. The in vivo and in vitro résults can be reconciled if the
spermatids have two different mechanisms to trigger spermiogenesis, with specific
components that respond to male or hermaphrodite activators in the early steps of the

signal transduction pathway, as was proposed by the model outlined above.

We hypothesize that mutations in spe-27 disrupt an early stage in the pathway
that is triggered by the hermaphrodite activator so that the hermaphrodites are sterile.
spe-27 males are fertile because the male activator triggers spermatid activation through
a different set of molecules. spe-27 hermaphodites can produce self progeny after mating
because the seminal fluid and/or the sperm transferred during mating may carry the male
activator which can activate the spermatids through the male-specific components
present in the hermaphrodite spermatids but not used under normal circumstances. One
approach to determine the contributions of seminal fluid and sperm in the activation of
hermaphrodite spermatids will be to perform mating experiments using mutant males

that do not produce spermatozoa.
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As was proposed in the 1989 model, pronase may activate spermatids through
the hermaprodite pathway by proteolytic cleavage of surface proteins. The spiky
phenotype of spe-27 spermatids after treatment with pronase must be the result of the
activation of a secondary pathway that can promote the development of spikes but
cannot complete the activation process. On the other hand, TEA can bypass the early
stages of the signal transduction pathway. The increase in internal pH may directly

activate spike and pseudopod extension.

Since mutations in spe-8, spe-12, spe-27 and spe-29 present the same phenotype,
it is possible that the gene products are components of the same signal transduction
pathway that triggers spermiogenesis in response to hermaphrodite activators. fer-15, a
gene that, when disrupted, arrests sperm development at the spermatid stage, is one of
the candidates for a common component in both the hermaphrodite and male activation
pathways. Both fer-15 mutant hermaphrodites and mutant males are sterile. The
spermatids do not activate in vitro when treated with pronase or TEA. Therefore, the fer-
15 gene product may be a downstream component of the spermatid activation pathway
that must be necessary for the activation of spike and pseudopod proteins in the male

and hermaphrodite.

The way in which spermatids activate, either by the male or the hermaphrodite
specific activators, was suggested to be the basis for male sperm competition in C.
elegans (Ward and Carrel 1979). Differentiation through the male pathway may activate
some factors that give male sperm a competitive advantage over hermaphrodite sperm

during fertilization. This does not seem to be the case. In sperm competition
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experiments, hermaphrodite sperm activated with male ejaculate did not acquire male
sperm precedence and the spermatozoa behaved in the same way as hermaphrodite
sperm activated by hermaphrodite activator (Craig LaMunyon, personal

communication).

I1.4.2. spe-27 Sequence

Our deletion analysis of the 3' untranslated sequences spe-27 suggests that spe-27
expression required little of this region. Only 5 nucleotides 3' from the polyadenylation
site are required for the restoration of fertility in spe-27 mutants. The deletions used to
eliminate the last exon of the spe-27 gene did not rescue spe-27 mutant worms. These
constructs deleted 34 amino acids from the carboxyl terminus of spe-27. Even though
about 1/4 of the length of the gene product was eliminated, it is possible that the failure
to restore fertility in the mutants is not due to a truncated or defective protein but to
instability of the message since the polyadenylation site was deleted along with the last

exon.

spe-27 appears to have a defined promoter. One hundred and twelve nucleotides
5' of the translation start site are nécessary to restore wild type fertility in spe-27
mutants. Deleting the 5'-most 38 bases from this region reduces by half the number of
eggs laid by transformed worms. Elimination of the other 47 nucleotides completely

abolishes the ability of the original plasmid to rescue spe-27 mutant hermaphrodites.

When we first started microinjecting worms with two of the 5' end deletion
constructs (pAM133 and pAM134) we did not obtain F1 transformants; the injected

worms did not produce any progeny that rolled (rol-6 was the dominant marker used for



55

transformation). Instead, they laid a large number of dead embryos. This is usually a
sign that the DNA that is being injected is toxic at the given concentration (Mello e? al.
1991) We solved the problem by decreasing the concentration of the constructs about 10
fold. In this way, we were able to determine the sequences necessary for the restoration
of fertility. As more sequence was deleted, the fertility of transgenic worms decreased,
and at the same time the mortality of the embryos increased. When we analyzed two
transgenic strains obtained by transforn.lation of spe-27 mutants with 5' deletion
constructs, we observed that the construct missing 141 nucleotides (pAM134) rescued
animals to produce half of the wild type number of progeny, but close to 25% of these
F1 died as embryos. In contrast, the construct that included 38 bases more at the 5' end
not only restored wild type fertility but the number of progeny that died as embryos was
only about 1%. It is possible that the loss of sequences from the 5' untranslated region
not only affects spe-27 expression in the germ line, but it may also cause ectopic

expression during embryonic development, which may be toxic.

I1.4.3. Mutations In spe-27

Two of the three mutations found in the spe-27 gene (hcl6land it/10 ) are G to A
transitions in the conserved Gs at the 5' and 3' splice sites respectively of intron IIL
Mutations in the splice sites could promote the ;JSC of cryptic splice sites or the
utilization of splice sites in adjacent introns which would cause one exon to be spliced
along with the flanking intrens. Any of these outcomes may cause the loss of several
amino acids or a frame shift. Northern analysis indicates the pfcsence of a spe-27
message in both spe-27 splice mutants. These RNAs appear to be slightly smaller than
the wild type RNA (data not shown). In order to determine the exact sequence of the

mutant RNAs and therefore the degree to which the gene product has been altered it will
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be necessary to sequence RT-PCR products from both of these mutants. Is has been
reported that some small nucleolar RNAs are encoded inside the introns of ribosomal
proteins and that they originate by processing of the pre-messenger RNA. The
conservation of this arrangement from amphibians to humans suggests an important
functional and/or regulatory link between the protein and the RNA components
(Fragapane et al. 1993, Prislei et al. 1993, Caffarelli et al. 1994). It is possible that the
- RNA encoded in intron III of spe-27 has some important function related to that of the
SPE-27 protein. We were unable to delete intron III easily to test its function, but we
established that disruption of this particular intron at the Sspl site with two large
insertions does not affect spe-27 function, so the intron itself probably does not have a

necessary function.

spe-27(it 132ts), the mutation that causes sterility of spe-27 hermaphrodites at
high temperatures is also a G to A transition, as expected from EMS mutagenesis, and
causes & missense mutation. The Glu30 is changed to Lys. This mutation could change
the conformation of the spe-27 protein or disrupt its interactions with other proteins,
since an acidic amino acid is changed to a basic one. Because spe-27(itl32ts)
hermaphrodites are partially fertile at 16°C, the conformation of the mutant spe-27

protein and therefore its function are probably restored in part at low temperatures.

The analysis of the spe-27 sequence reveals that spe-27 is not a good target for
EMS mutagenesis because it is sparse in G nucleotides. For example, no stop codons
could have been generated in the spe-27 gene by G to A transitions and 47 out of 75
possible missense mutations would have been conservative changes. Furthermore, a

missense mutation, spe-27 (itl32ts), only causes a temperature sensitive defect. It is
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possible that the SPE-27 protein is very resistant to changes and that most missense
mutations may only cause mild defects that cannot be easily detected in our mutant
screens. Therefore, the conserved Gs in the splice sites of the introns seem a likely
target for the complete elimination of the spe-27 gene function since they would alter

many amino acids and might also decrease mRNA stability.

I1.4.4. Male And Hermaphrodite Sperm

What are the differences between hermaphrodite and male sperm? The transient
production of sperm in the hermaphrodite is possible because somatic and germ line sex
determination are independent in C. elegans (Kimble 1988, Hodgkin 1990, Schedl 1991,
Hodgkin 1992). Sperm development is, for the most part, determined cell autonomously
and by the same mechanism in both sexes. The terminal regulators of germ line sex
determination are the three fem genes. Constant high activity of these genes promotes
continuous spermatogenesis in the male and temporary high activity determines transient
sperm production in the hermaphrodite. Therefore, in the absence of cell-cell
interactions sperm in both sexes should be equivalent because they were determined by
the same regulators. However, the environment in which male and hermaphrodite sperm
develop are different. For example, signals from the somatic gonad could set different
transcription patterns in hermaphrodite and male spermatocytes. Alternatively,
molecules in the spermatheca of the hermaphrodite and the seminal vesicle of the male
could differentially modify surface proteins in the spermatids. One important difference
that has been detected between hermaphrodite and male sperm is the ability of the latter
to displace hermaphrodite sperm and preferentially fertilize eggs (Ward and Carrel
1979). We have not yet found spe mutations that affect only one class of sperm. Another

difference, reported in this and in previous papers (L'Hernault et al. 1988, Shakes and
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Ward 1989) is that hermaphrodite and male spermatids use different activation
pathways. Both hermaphrodite and male spermatids express the components of the two

pathways but which one is used is determined by external factors.

Why do males and hermaphrodites express components of two different
activation pathways if only one is required? The hermaphrodites do not have to express
components of the activation pathway used in the males and it is apparently not
necessary for the males to have the hermaphrodite pathway. How did the two pathways .
evolve? It is generally accepted that hermaphroditism evolved from dioecious species
(Ghiselin 1969, Poinar 1983). Did the hermaphrodite pathway appear after the primitive
female started producing sperm as a result of changes in the regulation of the germ line
sex determination pathway? If this is so, it should be possible to find nematode species
in transition to hermaphroditism, in which the hermaphrodite would make sperm that
cannot be activated. It is possible that both pathways were established in the male as
redundant systems. There are several examples of redundant genetic pathways in
development and they are thought to have evolved as a way to safeguard errors
(Ferguson and Horvitz 1989, Brenner et al. 1990, Tautz 1992). Would the presence of an
activation pathway triggered by hermaphrodite. factors be of significant benefit for the
male? Possibly, if the hermaphrodite factors are present in the uterus where the male
sperm is deposited during mating, errors present in the male pathway would be
overridden by using the hermaphrodite activation system. Now that the spe-27 gene, a
putative member of the hermaphrodite pathway, has been molecularly characterized it
should be possible to answer some of these questions by analyzing the expression of its
homologues, if they exist, in related dioecious species such as Caenorhabditis remanei

and Rhabditis species.



59

40

NUMBER OF SELF PROGENY

1 2 3 4 5 6 7 8 8 10 11 12 13 14 15 16 17 18 19
B spe-27 unc-5 x fer-1

NUMBER OF SELF PROGENY

spe-27 unc-5 x spe-27

Figure IL.1: Mating can rescue spe-27 hermaphrodites. spe-27 unc-5 hermaphrodites were mated with fer-
1 (A) or spe-27 (B) males for 12 hr. spe-27 mutant sperm are fertile. fer-1 sperm are defective and unable
to fertilize oocytes. In both cases self progeny (Unc worms) were produced indicating that male ejaculate
can activate hermaphrodite spermatids. Each bar indicates the number of progeny produced from one

cross. Unmated spe-27 unc-5 hermaphrodites did not produce any self progeny.
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Figure I1.2: Wild type and spe-27 mutant spermatids activated in pronase and TEA. Wild
type spermatids (A) form pseudopods in the presence of pronase (B) and TEA (C). spe-
27 (it110 (D), hcl61 (G) and it132ts (J)) mutant spermatids arrest as spiky intermediates
when exposed to pronase (E, H and K respectively). Activation in TEA is normal (F, I

and L respectively). Bar= 5 im
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Figure I1.3: Diagram of spermiogenesis in wild type and spe-27 mutant spermatids. A)
Normal in vivo and in vitro activation in wild type spermatids. B) in vivo activation in
spe-27 mutants. The male spermatids activate normally upon mating. The hermaphrodite
spermatids do not activate unless they mate C) In the presence of pronase, spermatids
from males and hermaphrodites initiate spermiogenesis but they never form pseudopods.

When treated with TEA, spermatids from both sexes form normal looking pseudopods.
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Figure I1.4: Electron micrograph of him-5(e1490) (A) and spe-27(it110) (B) spermatids
from males. The him-5 strain was used for convenience because it produces large number
of males due to non-disjunction of the X chromosome. The worms are otherwise wild
type. spe-27 spermatids are identical to him-5 spermatids. The structure of the nuclei (N),
membranes, and organelles (mitochondria (M) and membranous organelles (MQ)) as well

as their positions in the cell are indistinguishable from the wild type. Bar= | um.






Strain transformed Concentration Total number of

of pAM125 (spe-

27) injected
spe-27(it110) 200ug/ml
spe-27(it110) 20ug/ml
spe-12(hc76) 180ug/ml
spe-8{hc53) 180ug/ml
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Figure 11.5: spe-27, spe-12 and spe-8 mutant hermaphrodites were injected with a plasmid carrying the spe-27 gene

(PAM125). As expected spe-27 mutants were rescued by wild type copies of the spe-27 gene (fertile rollers). Overexpression

of the spe-27 gene does not suppress the sterile phenotype of spe-8 and spe-12 mutants (only sterile rollers are produced).

99
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Figure 11.6: Correlation between the genetic and the physical maps in the skn-1 unc-44
region. Cosmids CO6E7 and DCI2 can rescue the spe-27 mutant phenotype when
microinjected into mutant worms. pAM108 is an 8.2Kb HindIII subclone from DCI2 that
contains the spe-27 gene. Further subcloning localized spe-27 to a 2.5 Kb EcoRI-Spel
fragment (pAM125).
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Figure I1.7: spe-27 sequence. Lower case letters indicate introns, 5' and 3' untranslated
sequences. Upper case letters indicate exons, 5' and 3' sequences present in the cDNA
cAM 132. The predicted amino acid sequence of the spe-27 protein is shown below the
DNA sequences in the single letter code. Translation start and stop sites as well as the
polyadenylation site and mutations are also shown. A 32 bp near perfect inverted repeat

sequence in the 5' untranslated region is shown underlined.
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gaattcctgattcgetgtgaatttctttctgeccagaagetctttcecgatcagatgaagec
attttcgaagaagccaatcgaattgcaaccgatttgagacaataattaataattttaatt
ttaatttttgcataacgtaaactttctgtttcacgtgggacatgaattaacaacatrtag
agrtrgrrattactacttttat ttCAATTATCGCAATGAATAAATCACTGATCTTTTTAT

cDNA STARTM N K § L I F L L

TATCATTTGCATATTCATGTTACTCGACAAAAACTGAAAAgtaagttgtattgtcttaca
s F A Y s CyY s T KT E N

ttttggttgagaatttatcaaaacatatataattttttcagCAATTTTGACATAAACGAC
N F D I N D

GTGGAGAATAAAGCGTGCCAATATGGATGTGGGTTTGAAAATGTCAGAAGAACTTCGTTT
V EN K A C QY G C G F E NV R R T S P

A

it132ts

AGAAAgtaagtagattttttttttgaagaatttgaaagaaaattagttgtactcaagaat
R K

aatggttcgaattgattttaaatacgtatgtaggtaacattttttttaattttaaaaaaa
tgtactgtttcactattataatttaaaactaaggttttcaaatatacatttatgagtcct
atttaatcgaatgttagectgattttttgtttactatttaattttcacataattttcaaac
agaatcagaatgaatcggtaaacgtttataaatcttccagGACATACGACATACTGTACA

T Y D I L Y T

CCTGCTCTGAATGTTCCACACTTTTCGATTTGTGCATCAAGgtatagtttgaaaatgtte
¢ 8§ £ C 8§ T L F DL ¢ I K
A
hcl61

gtttcattaatcagctcaatattctttcagTACCGTACTTGTCAAGATGGTTGTGTTCCA
Y R T ¢ Q D G C VvV P
A
it110

GAAATGCCAGTTCTTCCCTATGATCAAGCAAAGGATGTGTCGGCGAGAATTgtaagattt
EM PV L P Y D OQAI KDV S A R I

taatttataaaaaaccgttgttgaaacggaatgtggatgtcttgagtgaagtaattatca
aactatttatctatagttcccagttgtggttataagttatgtgaaacagcagaaaattat
gaatcaaagaaatccctaaaatttaaccagacttattaaaatgttgtgaaattttcaaaa
cgaaaaattccegtttcacatgttactgaaaatgattcaagaacacaagttttetgatte
ataaatgatcttttattttcagaaaatttgttttgaaaaatccaatgtttecgatttetee
acataaagtctgaatacaaacaatttatttggatcaaaaaacaaaaactgaatttatcaa
aaaaaaataataaaataaaattttaattttatacggccaaccgcaaaagaacgaaatgat
trtttgttttcttggattatgttttgectggtttttgttttgtcgcaaaaaaacaaaaaaaa
aattttttccecgaaacaatccaaaaaacaacttececectggttccattgaattaattttcag
CGTCCCCCAATGAATCCCTGCTTGCGATTTGGTCACTGCGTGCAATTACGAGTCAATGGAT
R P P M NPCUL DULV TATCNYE S MD

AGCTATGAAATTCTTCGATCTGAAAATCCATTCCTTTACATTTGAATAAATTTTATTCCT
s ¥ E I L R S E NP F L Y I END

Attcggtggcttcattacaaatttcteacttttcaacacatttcaacattccgattcaaa
POLY A

gaaattacgtaagaggtgacgaaagataacatcttcagcttggaacattgtcgttttace
tecttcttettctcattaagagataccaatctgaaaggecttttcoctcatttatgtetgece
tgtcacaacaacaacttttcaacattatccttcatttttcctgaaaattcattgaaaggt
gaaaagagtgg
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Figure I1.8: Schematic representation of the spe-27 gene structure. The shaded boxes
indicate exons and the black bars the iﬁtrons, 5'and 3' untranslated sequences. Two of the
mutations, spe-27 (hcl61) and spe-27 (it110) are G to A transitions in the 5' and 3' splice
sites of intron II1. spe-27 (it132ts) has also a G to A transition in the second exon which

causes a missense mutation that changes Glu30 to Lys.
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Figure IL.9: Constructs pAM131 and pAM132 contain the complete spe-27 gene. In
pAMI131, intron III is disrupted by a 100 bp insertion. The same intron has a 500 bp
insertion in pAM132. The number of progeny produced by spe-27 worms transformed
with these constructs is not different from the number of progeny produced by mutant

worms transformed with a wild type spe-27 gene.
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Figure I1.10: Analysis of 5' and 3' untranslated sequences of spe-27. The deletion
constructs were microinjected along with a marker plasmid carrying the dominant allele
rol-6 (sul006), into spe-27 hermaphrodites. F1 that roll were assayed for fertility and the

F2 were counted.



Construct

pAMI25

PAMI25A8

pAMI25A9

pAMI25A10

pAMI135

pAM134

pAMI33

Interval Progeny No.
ATG poly A
216 1561
1-~2500 2322+ 77.9
1-1566 189.6+ 36.0
1-1214 0
1-1157 0
104-~2500 2692+ 28.3
142-~2500 108.8+ 36.5
189-~2500 0
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Table 11.1: Analysis of 5' deletion constructs

Construct DNA Number of Number of Number of Total number of | Number of dead
concentration | worms injected rollers fertile rollers progeny (1-2) embryos (I-2)
(transformants)

PAMI125 200ug/ml 25 40 9 232,679 <1
pAM 125 20ug/ml 5 33 7 ND ND

~ pAM135 20ug/ml 5 45 11 269.6128.3 3.743.0
pAM 134 50ug/ml 15 10 1 ND ND
pAM134 20ug/ml 10 81 5 108.8436.5 34.5+8.6
pAM133 150ug/ml 20 5 0 NA NA
pAM133 100ug/ml 20 | 0 NA NA
pAMI33 50ug/ml 10 26 0 NA NA
pAM133 20ug/ml 15 82 0 NA NA

LL
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Figure I1.11: The spe-27 transcript is sperm specific. An approximately 0.5 Kb transcript
is present in the RNA from worms that produce sperm. fem-3 (g23) (C) worms are
somatically females but they produce only sperm. him-5 (e1490) (B) males are essentially
wild type males. The him strain is used for convenience since it produces males in high
numbers (30%). The 0.5 Kb transcript is not present in the RNA of fem-1 (hc] 7) (A)

which are females that produce only oocytes.
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Figure I1.12: spe-27 is expressed in the testis. Males were dissected and hybridized with a
digoxygenin antisense RNA probe to a spe-27 cDNA, The distal tip of the testis does not
show spe-27 expression. The spe-27 transcript is present in late spermatogonial cells and
spermatocytes. Spermatids lack spe-27 message, which is deposited in the residual

bodies. t, testis; d, distal tip; p, proximal end; s, spermatids; r, residual body.
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III. GENETIC AND MOLECULAR CHARACTERIZATION OF spe-
12, A GENE REQUIRED DURING SPERMIOGENESIS IN
Caenorhabditis elegans

IIL.1. Genetics

Mutations in the spe-12 gene cause the same phenotype as mutations in spe-27
(L'Hernault et al. 1988, Shakes and Ward 1989) and chapter II. The hermaphrodites are
sterile but the males are fertile. Mutant spermatids from males and hermaphrodites fail
to activate in pronase but they form normal pseudopods in TEA, monensin and certain

drugs that affect calmodulin.

The original characterization of the spe-12 phenotype was done in the only
existing allele, spe-12(hc76) (L'Hernault et al. 1988, Shakes and Ward 1989). In order to
find more alleles and establish the null phenotype we performed two F1 non-

complementation screens.

In the first screen we used EMS, which causes predominantly point mutations (G
to A transitions) as the mutagen, although small deletions can also occur. In order to
increase the probability of finding a null allele we chose to use trimethylpsoralen as the
mutagen in our second screen because it generally induces small deletions (Fujita et al.

1984, Edgar and Hirsh 1985).

111.1.1. Mutation Screen I (EMS)

N2 males were mutagenized with EMS as described previously (Brenner 1974). The

males were then mated with spe-12(hc76) dpy-5(e61) homozygous hermaphrodites at
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20°C. The progeny obtained from these crosses were transferred to 25°C to look for
temperature sensitive sterile mutants. Of 2,060 hermaphrodites that were picked at the
L4 stage, cloned individually into microtiter plates and scored for sterility, 47 were
sterile and laid oocytes. Each of these was mated with wild type males. Rescue by wild
type sperm established that the hermaphrodites were sterile because of a defect in the

sperm and not in the oocytes.

We found eight spermatogenesis-defective mutants, The new strains were
outcrossed to wild type several times to minimize the presence of mutations other than
the one causing the Spe phenotype and to determine if the Spe phenotype was caused by
the presence of more than one mutation. Five of the mutant strains isolated, hc149,
hcl50, hel51, hel52 and hel5S5 failed to complement spe-12(hc76). They also failed to

complement each other.

All five mutations failed to complement mDjf25, a deficiency that uncovers spe-

12(hc76) , so they map to the same region as spe-12.

The fertility of strains homozygous for each allele ranges from 0.04
progeny/worm to 0.22 progeny/worm at 25°C. Interestingly, worms transheterozygous
for some of the alleles show a slight increase in the number of progeny produced at 25°C
(up to 1.66 progeny/worm), as if there were some degree of intragenic complementation

(Table IIL.1., Fig. IL1).

I11.1.2. Mutation Screen II (trimethylpsoralen)
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This F1 noncomplementation screen was performed in a similar way to the EMS screen
described above. N2 males were exposed to trimethylpsoralen (30ug/ml) and then were
irradiated with 700uW near-UV light. We divided the wild type males into three groups,
the first group was exposed to UV for 25 seconds, the second group for 35 seconds and
the last group for 60 seconds. We screened 3,375 chromosomes and found two
spermatogenesis defective mutants. One of them, hcl57 failed to complement spe-
12(hc76). It maps under mDf-25 as do spe-12(hc76) and the other mutations isolated in

our EMS screen.

I1L.2. Phenotype Of spe-12 Alleles

The phenotype of the new spe-12 alleles is identical to that of spe-12(hc76). The
spermatids form spikes in pronase (Fig. III.2) but activate normally in TEA (data not
shown) . The homozygous mutant hermaphrodites are sterile but the males are fertile;

therefore, we were able to construct "female"- male lines for each allele.

I11.3. Cloning Of spe-12

spe-12 had been genetically mapped to chromosome I, at the same position as lin-10
(Fig.I11.3) (L'Hernault et al. 1988). lin-10 had been previously cloned and placed on the
physical map. This allowed us to select cosmid clones to attempt the cloning of spe-12
by transformation rescue (Fig. III.4). Cosmid clones from the lin-10 region and a
plasmid carrying the dominant marker rol-6 (sul006) were microinjected into
homozygous spe-12 mutant hermaphrodites. The hermaphrodites were then mated with

spe-12 homozygous males. F1 hermaphrodites that rolled were picked at the L4 stage
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and tested for fertility. (Fig. IT1.5). One of the cosmids tested, ZK260, restored fertility to
spe-12(hc76) mutant worms. Several restriction digests of ZK260 were microinjected
into spe-12 mutants as described above. We found that digests of ZK260 with SacI did

not abolish rescue but that EcoRI, HindIII and PstI digests did.

We subcloned a 6.7 Kb Sacl fragment (pCS102) from ZK260 that restores
fertility to spe-12 mutants. We further localized the spe-12 gene to a 3.9 Kb BstXI

fragment in pCS102.

We used the 3.9 Kb BstXI fragment to probe a differential northern blot. We
identified an approximately 1 Kb sperm specific RNA that we believe represents the
spe-12 transcript (Fig. II1.6). Ten cDNAs were isolated by screening a male enriched
cDNA library with the genomic fragment that contains the spe-12 gene. The cDNAs are

being analysed and sequenced. The longest cDNA is about 850 bp.
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clones. We localized spe-12 to cosmid ZK260. Microinjection of restriction digests and

subclones from this cosmid located spe-12 to a 3.9 Kb genomic fragment.

The molecular characterization of spe-12 may help d@ﬁne the function of the
spe-12 gene product. For example, sequence similarities with proteins or protein
domains of known function may provide clues about the function of spe-12. The
predictions based on sequence similarities could then be tested experimentally. cDNA
clones of spe-12 may allow the production of antibodies to determine the cellular -
location of the spe-12 gene product which may also provide clues on its function.
Overexpression of the cloned spe-27 gene can be a valuable tool for biochemical

analysis of the gene product's function.
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Figure III.1: Number of progeny per worm of all pairwise combinations of spe-12 alleles (hc76,

hel49, hel50, hel51, hel52, hel55). spe-12(hel57) is not included.



Genotype Progeny number

1. hc76/hc76 1724 : 1

2. hcl49/hcl49 4/18 : 1

3. hel50/hcl 50 5/23:1

4. hcl51/hel5l 4/24 : 1

5. hci152/hcl52 2/48 : 1

6. hcl55/hclS5S 5/72:1

7. hc76/hcl49 1/12:1 1/12:3
1/12:1 1/12:2

8. hc76/hcl50 1/12: 4 1/12:5
1/12 : 8

9. hc76/hcl51 3/12: 1

10 hc76/hcl 52 1/12 : 4

11. hc76/hcl 55 4/12:1 1/12:2

12. hc149/hcl150 1/12: 1 2/12:2

13. hcl49/hcl5] 2/8:1 3/8:2

14. hc149/hcl52 1712 :2

15. hc149/hclSS5 3/8:2

16. hc150/hclS1 1/12: 1 1/12:5

17. hc150/hcl 52 12/12 : 0

18. hc150/hcl 55 1/12 : 1

19. hc151/hcl52 12/12:0

20. hcl51/helS5 1/12: 1

21.hcl52/hclS5 1/12: 1

89

Table IIL.1: Fertility of homozygous and trans-heterozygous hermaphrodites of all
possible combinations of EMS-induced spe-12 alleles. The column "progeny number”
indicates the number of worms laying eggs and the maximum number of progeny
produced by each. The numbers after the colon are the number of progeny produced by

each worm.
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Figure II1.2: A) Wild type spermatids activate normally in pronase. B) spe-12 (hc76)
spermatids form spikes but not pseudopods when exposed to prdnase. C and D) Example
of two of the new EMS spe-12 alleles, hc149 and hcl52, showing identical phenotypes to
hc76 when spermatids are activated in pronase. The other alleles also present the same

phenotype (data not shown).
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Figure II.3: Genetic map of the lin-10 region. spe-12 is positioned at the same location as

lin-10 on chromosome L
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Figure II1.4: Physical map of the lin-10 region. The spe-12 gene is located on cosmid

ZK?260.
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Figure I11.5: Transtormation rescue of spe-/2 mutant worms. See text for explanation.
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Figure II1.6: The spe-12 transcript is sperm specific. An approximately 1Kb transcript is
present in the RNA from worms that produce sperm (B and C). fem-3(g23) (C) worms are
somatically females but they produce only sperm. him-5(e1490) (B) males are ¢ssentially
wild type males. The spe-12 transcript is not present in the RNA from fem-1(hcl7) (A)

which are females that produce only oocytes.
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IV. THE Caenorhabditis elegans spe-6 GENE IS REQUIRED FOR
MAJOR SPERM PROTEIN ASSEMBLY AND SHOWS SECOND
SITE NON-COMPLEMENTATION WITH AN UNLINKED
DEFICIENCY

IV.1. Introduction

Cellular differentiation requires ordered synthesis and organization of new cell
components that must be integrated into pre-existing structures. Integration requires
mechanisms for targeting proteins to specific areas of the cell and assembling them into
functional structures. The development of Caenorhabditis elegans sperm provides an

opportunity to analyze such mechanisms genetically (Ward et al. 1981; Ward 1986).

In developing spermatocytes, a number of sperm specific gene products are
localized into a specialized transient organelle known as the fibrous body-membranous
organelle (FB-MO) complex (Roberts et al. 1986). These organelles are then segregated
into the developing spermatids. The fibrous bodies contain paracrystalline arrays of 2-4
nm filaments that are formed of a small basic protein, the major sperm protein, MSP
(Wolf et al. 1978, Ward and Klass 1982, Roberts et al. 1986). These MSP filaments
disassemble in mature spermatids and reassemble in spermatozoa. Analysis of the
structure of MSP filaments and their assembly during crawling motility in Ascaris
spermatozoa shows that they are the major cytoskeletal filaments participating in motility
(Sepsenwol et al. 1989, Roberts and King 1991). Although MSP filament assembly in
vitro has been recently achieved with Ascaris MSP (King et al. 1992) and replicated for
Caenorhabditis MSP (Smith 1992), it is not know how MSP assembly is regulated in
vivo in either nematode species, nor is it know how filament assembly in developing

spermatocytes compares to filament reassembly in the spermatozoa. In this paper we
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show that the Caenorhabditis elegans spermatogenesis-defective gene, spe-6, encodes a
product that is necessary for the proper localization and assembly of MSP filaments in
the FB-MO complex. We also present genetic evidence suggesting that the spe-6 gene
product may interact with the product(s) of one or more genes defined by a deficiency

mapped to a different chromosome,

IV.2. Materials And Methods

IV.2.1, Strains And Genetics

C. elegans var. Bristol, strain N2, was used as wild type. The following genes and
mutations were used for the analysis: spe-6(hc49)dpy-18(e364) 111, spe-6(hc92)unc-
32(el89) I, spe-6(hc143)dpy-18(e364) I, spe-6(hcl146)dpy-18(e364) III, spe-
26(hcl38ts) 1V, spe-7(mn242) 11, dpy-18(e364) III, unc-32(el189) IIl. The deficiencies
used in this analysis were eDfI8 (IV), eDf19 (1V) and eDf2 (III). The strains were
maintained at appropriate temperatures on Escherichia coli seeded plates, and genetic
manipulations were performed as described by Brenner 1974. A new allele of spe-6 was
isolated by crossing ethyl methanesulfonate (EMS) mutagenized N2 males with spe-
6(hc49)dpyl8(e364) homozygotes and screening the F1 outcross progeny for sterile
hermaphrodites. Similar F1 non-complementation screens to chromosome IV
deficiencies were done by crossing EMS mutagenized wild type males to appropriate
deficiency heterozygous hermaphrodites and screening the F1 outcross progeny for
sterile hermaphrodites at 25°. The outcross progeny were distinguished from the self
progeny by the presence of approximately 50% F1 males on the plate. For the analysis
of the complementation of the chromosome IV deficiencies eDfI8 and eDf19 to different

spe genes, hermaphrodites heterozygous for the deficiency were crossed to homozygous



101

males of temperature-sensitive alleles at permissive temperature or heterozygous males

of non conditional alleles.

IV.2.2, Light Microscopy

Spermatogenesis was analyzed in both males and hermaphrodites by hand dissecting
individual worms in sperm medium (SM) and examining with Nomarski differential

interference microscopy as described previously (Nelson and Ward 1980). SM is 5 mM
HEPES (pH?7.8) with 50 mM NaCl, 25 mM KCl, 5 mM CaCl,, 1 mM MgSO4.

IV.2.3. Nuclear Staining

Adult virgin males or young adult hermaphrodites were hand dissected in SM, and the
gonads were transferred to 100 pug/ml 4,6-Diamidino-2-phenylindole (DAPI) (Sigma
Chemicals, St. Louis) in phosphate buffered saline (PBS pH 7.0) and incubated in a
moist chamber in the dark for 30 minutes. The stained gonads were mounted on glass

slides and examined under the microscope.

IV.2.4. Cytolocalization Of MSP And Tubulin

Adult virgin males were hand dissected in SM containing 10% polyvinyl-pyrrolidone
(w/v), and the testes were transferred to a poly-L-lysine spotted glass slide. A small drop
of 4% paraformaldehyde in SM was added to cover the testes, and they were then
incubated in a moist chamber for 30 minutes at room temperature. A cover glass was

placed on top of the testes, and pressure was gently applied. The slide was placed on a
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block of dry ice for 5 minutes, and the coverslip was removed while the tissue was still
frozen. The tissue was rinsed in PBS (pH 7.0) 3X for a total of 15 minutes and then
rinsed in PBS + 10mg/ml glycine SX for a total of 25 minutes to block unreacted
aldehydes. After permeablizing the tissue with 0.5% Triton X 100 (Sigma Chemicals,
St. Louis) in PBS for 4-5 minutes, it was rinsed in PBS followed by incubation for 15
minutes in PBS + 5% goat serum. The tissue was then incubated in 1:200 dilution of
rabbit anti-MSP serum (Burke and Ward 1983) for 30 minutes and rinsed in PBS + 5%
goat serum before counter staining with appropriate fluorescent tagged antibodies. The
same protocol was followed for tubulin staining except that anti-tubulin antibodies to
yeast o-tubulin (kindly provided by A. Adams, (Kilmartin et al. 1982)) were used. A

Biorad confocal microscope was used for generating some immunofluorescence images.

IV.2.5. Chromosome Cytology

Adult virgin males were hand dissected in SM, and the testes were transferred to a well
slide containing fresh fixative (methanol : glacial acetic acid 3:1 ratio) at room
temperature for 10-15 minutes. The tissue was then gently transferred into a drop of
PBS on a clean slide and rinsed 3X by blotting off the excess PBS. The tissue was
stained in a moist chamber for 30 minutes in the dark with 100 ug/ml DAPI in PBS. A

coverslip was placed on the tissue and pressed gently prior to microscopic examination .

IV.2.6. Electron Microscopy

Adult virgin males were hand dissected in SM salts, and the testes were transferred to

1% formaldehyde 1% glutaraldehyde in SM in a depression siide. The testes were fixed
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in a moist chamber for 1 hour at room temperature and then embedded in 1% agar, and
small agar blocks with the tissue were incubated in the fixative overnight at 4°. The
blocks were rinsed in 10mg/ml lysine for 20 minutes and then rinsed in SM. The blocks
were post fixed in 1% OsO4 in SM. Excess OsO4 was rinsed out with water, and the
blocks were stained in 0.5% aqueous uranyl acetate. The blocks were then dehydrated in
a graded series of ethanol and embedded in EPON/Araldite resin for sectioning. Thin

sections were examined with a Philips 420 electron microscope operating at 80 kV.

IV.2,7.Immuncelectron Microscopy

Hand dissected testes were fixed as described above for conventional EM except that
they were post fixed in 0.1% OsO4 in SM for 30 minutes. The testes were embedded in
LR white resin following the manufacturer's directions (Polysciences, Warrington, PA)
without en bloc staining in uranyl acetate. The sections were picked on nickel grids,
etched with sodium metaperiodate, washed thoroughly and then incubated in a 1:200
dilution of anti-MSP serum (Burke and Ward 1983) for 30-60 minutes. Excess
antibody was removed by washing 4X for a total of 20 minutes in PBS with 1% Bovine
Serum Albumin (BSA). These grids were then incubated for 30 minutes in a freshly
prepared dilution of goat anti-rabbit immunoglobulin conjugated to gold beads
(AuroprobeEM, Janssen Pharmaceuticals). The grids were washed thoroughly in PBS
with 1% BSA followed by washes in 0.05% Tween-20 and distilled water. The grids

were stained with uranyl acetate and lead citrate and carbon stabilized before examination.
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IV.3. Results

IV.3.1. spe-6 Mutant Phenotype

All four of the spe-6 alleles have essentially identical phenotypes, which are unchanged
over the deficiency eDf2(IIl): they produce no progeny as hermaphrodites, and

spermatogenesis arrests without formation of spermatids (Shakes 1988).

Figure 1a shows the testis of a heterozygous (spe-6(hc49)/+) male with many
spermatids (arrow) that is indistinguishable from wild type. Figure IV.1b shows a
homozygous spe-6 mutant testis that contains defective spermatocytes (arrow). The
defective spermatocytes show no indication of forming spermatids (Fig. IV.2a) unlike
the wild type (2b). Chromosomal staining with DAPI suggests that the nuclei of these
spermatocytes are arrested near diakinesis, since fully condensed chromosomes are

revealed by chromosomal spreading (Fig. IV.2c).

When mutant spermatocytes are stained with anti-tubulin antibodies (Fig. IV.3a
and c) to reveal spindle microtubules and DAPI to reveal chromosomes (Fig. IV.3b and
d), the first meiotic prophase looks normal up to diakinesis. Then it appears that the
chromosomes fail to move to the metaphase plate, although they become more loosely
associated than at diakinesis (Fig. IV.3e,f). Surprisingly, although the chromosomes do
not segregate, the spindle pole bodies replicate and separate so that the final arrested
spermatocytes often have four half-spindles located at the cell periphery oriented
perpendicular to each other (Fig. IV.e). The condensed chromosomes remain loosely

clustered near the middle of the cell (Fig. IV.3f).
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To determine if these defective spermatocytes accumulated the major sperm
protein (MSP), they were stained for immunofluorescence with anti-MSP antibodies. In
wild-type spermatocytes, MSP staining shows oblong patches representing the fibrous
body (Fig. IV.4a and WARD and KLASS 1982). In contrast, no such patches were
observed in spe-6 mutant spermatocytes, instead, diffuse bright staining was observed

throughout the cytoplasm. (Fig. IV4b).

This diffuse immunofluorescence staining with anti-MSP antibodies suggest that
the FB's might be either missing or defective in spe-6 mutants. Consequently, electron
microscopy of spe-6 mutant spermatocytes was performed on conventionally stained and
anti-MSP immunogold labeled thin sections in order to examine the FB-MO complexes.
The wild type appearance of the FB-MO complex is shown in Figure 5a where the MSP
fibers are clearly seen surrounded by the membranous organelle membrane. In contrast,
no fibers are seen in spe-6 mutant spermatocytes (Fig. IV.5b). The MOs appear similar
to wild type in young defective spermatocytes with their characteristic spherical head,
electron dense collar and invaginated membrane body (Fig. IV.5 and Wolf et al. 1978,
Ward et al. 1981, Roberts el al. 1986). In older spermatocytes, the MO's invaginated
membranes, which would normally fold around the MSP fibers, balloon out into a
vesicle (Fig. IV.5c). Immuno-electron microscopy reveals that MSP is found
throughout both the cytoplasm and nuclei of mutant spermatocyts (Fig. IV.6b), but is
confined to only the FB’s of wild type spermatocytes (Fig. IV.6a and Roberts et

al.1986).

All aspects of the homozygous spe-6 (hc49) phenotype were indistinguishable

from the spe-6(hc49)/eDf2 phenotype. The deficiency eDf2 deletes the right arm of
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chromosome III, which includes the spe-6 locus. As discussed below, spe-6 shows
anomalous failure in complementation to the chromosome IV deficiencies eDfI18 and
eDf19. The sterile phenotype of spe-6/+ 1I1; eDf18/+ IV or eDf19/+ IV was similar to
spe-6 homozygotes that were wild type for chromosome IV. The testes of
transheterozygotes were also examined by light and electron microscopy. Although
some of the testes examined had a few spermatids, immunofluorescence microscopy
with anti-MSP antibodies and ultrastructural examination including immunogold labeling
of MSP showed that, as in spe-6 homozygotes, spe-6(hc49)/+; eDfI9/+ mutant
spermatocytes fail to form the FBs, and the MSP was distributed throughout the

cytoplasm (data not shown).

Interactions between spe-6(hc143)/+ and either eDf18/+ IV or eDf19/+ IV appear
to be weaker than the other spe-6 alleles and, on this basis, this allele might be
hypomorphic (see below and Table IV.1). However, the other spe-6 alleles are likely to
be null because eDf2/+ III has the same phenotype as spe-6/+ III when either construct is

trans-heterozygous with either eDf18/+ IV or eDf19/+ IV.

IV.3.2. Genetic Interactions Between spe-6 And A Region Of Chromosome IV

The spe-6 gene on chromosome III was initially identified by two sterile mutant alleles
(spe-6(hc49) and spe-6(hc92)) that blocked spermatogenesis prior to the formation of
haploid spermatids (Shakes 1988). Another allele, spe-6(hcl143), was obtained
serendipitously in a search for mutations on chromosome IV because it failed to
complement a chromosome IV deficiency, eDfI9(IV), as a trans-heterozygote. This
small deficiency on the right arm of chromosome IV, as well as an overlapping small

deficiency, eDf18(1V), deletes a cluster of eight sperm-specific genes which had been
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identified molecularly, as well as other genes (Ward et al. 1988, S. Ward unpublished).
To test if this non-complementation between unlinked trans-heterozygotes was
specific to either the deficiency or to the spe-6(hcil43) allele, all spe-6 alleles were tested
against both deficiencies (Table IV.1). All of the other alleles fail to complement either
deficiency as trans-heterozygotes, as indicated by the approximately 25% sterile progeny
among the F1 progeny of the crosses described in the legend to Table IV.1. These sterile
hermaphrodites had the expected spermatogenesis-defective phenotype, laying many
unfertilized oocytes. Surprisingly, the spe-6(hci43) allele complemented better than the
others, yielding only about 10% spermatogenesis-defective sterile progeny. Since all
four spe-6 alleles failed to complement the deficiency, we tested whether a deficiency of
the spe-6 region, eDf2(III) which deletes the entire spe-6 gene, would also fail to
complement the chromosome IV deficiencies. As shown in Table IV.1, the trans-
heterozygotes of these two deficiencies were also sterile. This suggests that the apparent
interaction between the spe-6 gene and the unlinked deficiencies is due to the reduced

dosage of hemizygous genes and not due to allele-specific interactions.

As a control for the specificity of this interaction, we performed complementation
tests with two other Spe mutants that arrest development as spermatocytes, spe-
26(hc138ts) IV and spe-7(mn242) II. They show no apparent interaction as trans-
heterozygotes with either eDfI8 or eDfI9 (Table IV.1) or with spe-6 alleles.

In an attempt to identify individual genes that failed to complement spe-6/+
heterozygotes, EMS mutagenized males were crossed to spe-6 hermaphrodites and
sterile F1 progeny were selected. From approximately 3000 mutagenized chromosomes,

one new allele of spe-6, hc146, was found, but no unlinked mutations were identified.
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IV .4. Discussion

In spe-6 mutants, spermatogenesis appears to be normal up to diakinesis, but all of the
mutant alleles lead to aberrant spermatocytes that do not divide further to form haploid
spermatids. The earliest and most striking defect in these spermatocytes is the absence of
MSP filaments that normally form the fibrous bodies. MSP is present in the mutant
spermatocytes as shown by both light microscopic immunofluorescence staining and
electron microscopic immunogold staining. However, the MSP does not assemble into
filaments associated with the membranous organelles, where they normally form, or into
filaments elsewhere in the cytoplasm. Because neither cytological staining procedure for
MSP is quantitative, we cannot be sure that the amount of MSP is normal, but the

intensity of staining suggests it cannot be substantially less than wild-type.

A possible explanation of the failure of MSP filament assembly in spe-6 mutant
spermatocytes is that the function of the spe-6 gene product is to nucleate the assembly of
the MSP filaments. Since this assembly is normally associated with the membranes of
the MO, and most of the filaments appear to end close to the membrane (Ward et al.
1981, Roberts et al. 1986), the normal spe-6 gene product could be a MO membrane
protein that promotes MSP assembly either by nucleating assembly and remaining
associated with the end of each filament or perhaps by binding MSP and increasing its
local concentration. If the spe-6 gene product were a MO membrane component then its
absence there could also explain why, following an initially normal appearance, the MO
mcmbrane eventually becomes distended and opens out into a vesicle in the terminal

defective spermatocytes.
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The genetic interaction between spe-6 mutations and the deficiencies on
chromosome IV is a striking example of second site non-complementation. Many other
examples have been reported, most commonly, allele-specific interactions (Atkinson
1985, Klein and Deppe 1985, Kusch and Edgar 1986, Fuller et al. 1987, Rine and
Herskowitz 1987, Dutcher et al. 1988, Homyk and Emerson 1988, Regan and Fuller
1988, Stearns and Botstein 1988, Fuller et al. 1989, Hays et al. 1989). These are usually
interpreted to imply specific physical interaction between the protein products of the
mutated genes. For example, certain 2-tubulin alleles fail to complement certain -
tubulin mutations in Drosophila (Fuller et al. 1989, Hays et al. 1989). Since it is known
that the o and B-tubulins form heterodimers, the non-complementation could result from
the formation of non-functional heterodimers that reduce the concentration for assembly
of microtubules (Stearns and Botstein 1988, Fuller et al. 1989). Alternatively, the
presence of mutant heterodimers could interfere with assembly or poison the function of

assembled microtubules (Stearns and Botstein 1988).

Second site non-complementation can also be non allele-specific. Microtubules
again provide a clear example. Mutations in the TUB-1 gene of yeast fail to complement
null mutations in TUB-3 gene as transheterozygotes (Stearns and Botstein 1988). Both
TUB-1 and TUB-3 genes code for o-tubulins which are present in microtubules. It is
thought that the non-complementation between alleles of these two genes is due to the
decreased dosage of their functionally interchangeable products (Stearns and Botstein

1988).

Since all four spe-6 alleles fail to complement both deletions eDf18 and eDf19,

and most importantly, so does the deficiency eDf2, the second site non-complementation
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described here is not allele-specific. It must be due to the decreased gene dosage of the
hemizygous genes and could occur in several ways. Like the yeast a-tubulin case, there
could be genes similar to spe-6 under the chromosome IV deficiencies whose products
participate in a particularly concentration-sensitive reaction. Alternatively, there could be
distinct genes under the deficiencies whose products interact with the spe-6 gene product

during a developmental pathway that is sensitive to concentration.

If the spe-6 gene product functions to nucleate MSP filament assembly, why
should spe-6/+ heterozygotes fail to complement eDfI18/+ or eDf19/+ heterozygotes?
We do not know all of the genes under these deficiencies, but we do know that there is a
cluster of sperm-specific genes which include four expressed MSP genes and four
additional sperm-specific genes identified molecularly because they encode sperm-
specific mRNAs (Ward et al. 1988, S. Ward unpublished). In the heterozygous
deficiencies the products of all these genes would be expected to be about half the normal
amount. It is unlikely that the interaction with spe-6 would be caused by the absence of
four copies of MSP genes alone since there are about 30 nearly identical functional MSP
genes in the genome (Burke and Ward 1983, Ward er al. 1988), so halving the
expression of only four of them would only reduce the expected amount of MSP by
about 7%. It is more likely that the interaction is due to one or more of the other
identified sperm-specific genes or other as yet unrecognized genes under these

deficiencies.

MSP filament assembly in vitro has been recently achieved for Ascaris MSP
utilizing alcohols and other agents that reduce water activity to stimulate filament

formation (King et al. 1992). Like the assembly of other filaments, such as microtubules



111

and microfilaments, Ascaris MSP filament assembly is concentration dependent and
requires a critical threshold concentration. Since the Ascaris protein is 86% identical to
the consensus Caenorhabditis MSP protein (Bennett and Ward 1986), one would expect
Caenorhabditis MSP assembly to be similar. Indeed, in vitro filament assembly of
Caenorhabditis MSP has recently been achieved following the procedure for Ascaris
MSP, and it is also highly concentration dependent (Smith 1992). If the sperm-specific
genes under the eDfI9 deficiency, as well as the spe-6 gene product, both participate in
MSP assembly in vivo, then a gene dosage dependent interaction among them is not
surprising, since filament assembly is so concentration dependent. There could be a
single critical gene under the deficiency, or perhaps it is the reduced expression of a
combination of several genes which causes the defect. We have attempted to distinguish
these alternatives by selecting for new mutations that fail to complement spe-6 mutations,
but as described in the results, this experiment identified only a new spe-6 allele and did
not identify unlinked mutations. Therefore, a more extensive screen will be needed to
see if there are mutations mapping under eDfI9 that fail to complement spe-6 mutations.
Several new spermatogenesis-defective mutations that map under eDfI9 have been

isolated recently, but they all complement spe-6 (J. Varkey, unpublished observations).

It is not clear how the failure to assemble MSP into filaments in spe-6 mutant
spermatocytes is related to the failure of the nucleus to divide in these cells. The meiotic
nuclei arrest near diakinesis without chromosome segregation, but the meiotic spindle
pole bodies duplicate and appear to orient at right angles. This is similar to mutations in
the NDC1 gene of yeast which disrupt chromosome segregation without affecting
progression of the cell cycle (Thomas and Botstein 1986). One possible explanation for

the lack of segregation of chromosomes in spe-6 mutants is that this is the consequence
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of unpolymerized MSP in the cytoplasm and nucleus that interferes with chromosome
attachment to the spindle or with chromosome movement. Alternatively, the spe-6 gene
product itself could play a role in chromosome attachment and movement as well as in
MSP assembly. The observation that, in spite of the failure of chromosome segregation,
the spindle pole bodies still mature, duplicate and orient at right angles shows that spindle
maturation is not dependent on chromosome segregation. Thus, these spe-6 mutations,
like mutations in several previously described spermatogenesis-defective genes, reveal
that precisely ordered steps in the complex assembly of the sperm can be separated from
each other yet still proceed independently (Ward et al. 1981, L’Hernault et al. 1988,
Shakes and Ward 1989, L’Hernault and Arduengo 1991).
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Table IV.1. The column “cross” summarizes the relevant genes in each cross, and the
column “F1” shows the fraction of sterile progeny (S) in the F1. The actual genotypes of
the parents used for the crosses are the following . The eDfI8 and eDfI19 hermaphrodites
used in all crosses were +eDfI8 +/unc-24(e138)+dpy-20(el282) IV and +eDfI19 +/unc-
24(el38) +dpy-20(e1282) IV. The heterozygous males of the Spe genes used were spe-6
(hc49) dpy-18(e364)/++ III, spe-6(hc92) unc-32(el89 )/++ III, spe-6(hcl43) dpy-
18(e364)/++ 111, spe-6(hc146) dpy-18(e364)/++ III, and spe-7(mn242) unc-4(el20)/++
II. Homozygous males of the temperature sensitive allele of spe-26(hc138ts) were used
at permissive temperature for crosses with the deficiency strains. Chromosome III
deficiency heterozygous males eDf2/+ (generated by crossing eDf2/eDf2/eDp6
hermaphrodites with N2 males) were used for generating the double deficiency strains.
The fraction of sterile progeny obtained from crosses with all spe-6 alleles with
chromosome IV deficiencies was not significantly different from the expected 25% for
such a non complementation test (Wilks 1935, Williams 1976). The only exception was

the allele hc143 which showed a weaker interaction with both deficiencies.



Table IV.1.
Phenotypes of F1 progeny from crosses between chromosome
IV deficiencies eDfI18 or eDf19 with the different Spe mutant
strains as well as with chromosome III deficiency eDf2.

Cross
spe-6 (hc49) 111 X eDf18 (IV)
spe-6 (hc49) 11l X eDf19 (IV)
spe-6 (hc92) HI X eDfI8 (IV}
spe-6 (hc92) HI X eDf19 (IV)
spe-6 (hcl46) 111 X eDf18(1V)
spe-6 (hcl46) 11T X eDf19(1V)
spe-6 (hcl43) 1l X eDf18 (IV}
spe-6 (hcl43) Il X eDf19 (IV)
eDf2 (HI) X eDf18 (IV})
eDf2 (IlI) X eDf19 (1V)
spe-26(hci38ts) IV X eDfI8 (IV)
spe-26(hci138s)IV X eDf19(1V)
spe-7(mn242) 11 X eDf18 (IV)
spe-7(mn242) Il X eDf19 (IV)

Fi

2/8S

6/14S
1/98

3/128
5/388
3/128
3/428
4/388S
3/168
3/168
0/128
0/128
0/118
0/128
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Figure IV.1. Light micrographs of testes from two day old males. a) spe-6 (hc49)/+
hetérozygotes showing large number of spermatids (arrow). b) spe-6(hc49)

homozygotes showing defective spermatocytes (arrow).
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Figure IV.2. Nomarski image of DAPI stained spe-6 mutant spermatocytes showing
undivided nuclei (a). In contrast, wild type spermatocytes (b) show four haploid

spermatids and a central residual cytoplast. Chromosome spreads of these defective
| spermatocytes show individual chromosomes condensed as at diakinesis (c). The

chromosomes remain loosely clustered near the center of the cell.
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Figure IV.3. Anti-tubulin (a, ¢, €) and DAPI stained (b, d, f) images of wild type (a, b)
and spe-6 mutant testis (c-f). The spe-6 mutant spermatocytes initially form spindles (c)
that look identical to the wild type (a). The mutant spermatocytes then fail to undergo
nuclear division (d, f) but their spindle pole bodies still replicate, resulting in cells with
four half spindles (e, arrow). The chromosomes in the defective cells remain condensed

in a loose group near the center of the cell (f). (bar represents 10 pm)
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Figure IV.4. Confocal microscopic images of anti-MSP antibody staining of wild type
(a) and spe-6 mutant spermatocytes (b). In mutant cells the anti-MSP antibodies show
diffuse but strong staining in contrast to the distinct oblong staining of the FBs in the
wild type cells. Both preparations were stained in parallel and photographed at identical

exposure.(bar represents 10 pm)
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Figure IV.5. Conventional transmission electron microscopic images of wild type (a)
and spe-6 mutant (b,c) spermatocytes. The FB-MO complex which is clearly
distinguishable in wild type cells (a, arrow) is missing in the mutant cells. However,
normal MOs are seen in young mutant spermatocytes (b, arrow). In older defective
spermatocytes, the membranes of the MOs balloon out (c, arrow). The individual

condensed chromosomes can be seen in many of these cells (n).
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V. SUMMARY

I have selected spermatogenesis in Caenorhabditis elegans to investigate the molecular
basis of the acquisition of cell morphology. The spermatogenesis pathway has been
dissected genetically; genes involved in virtually every step in the spermatogenesis

pathway have been identified by mutation.

In this dissertation I have undertaken a detailed genetic and molecular analysis of
two genes, spe-27 and spe-12, which are necessary during spermiogenesis. I have also
collaborated in the analysis of spe-6 and spe-26, two genes necessary in the
spermatocytes for localization of sperm specific products into specialized organelles and
for segregation of cellular components respectively. The findings from this work can be

summarized as follows:

V.1. spe-27

- The spe-27 gene product appears to be necessary for spermiogenesis in
hermaphrodites but not in males. The phenotype of spe-27 mutants is shared by mutants
in the spe-12, spe-8 and spe-29 genes. These genes may be components of a common
signaling pathway necessary for the activation of spermatids in response to
hermaphrodite factors. Hermaphrodites are sterile But males are fertile. Hermaphrodite
sperm can be rescued by mating, presumably, because the male activator transferred
during mating can trigger spermiogenesis through an alternative pathway. Sperm trom
mutant males that have been washed to remove the male factors responsible for
activation are unable to fertilize when injected into hermaphrodites, consistent with the

hypothesis that they are defective in the hermaphrodite activation pathway.
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- The spe-27 gene is located on chromosome IV between skn-1 and unc-44.

- Microinjection of cosmids CO6E7 and DC12 rescues the sterile phenotype of

spe-27 mutants. A 2.5 Kb subclone from DC12 also rescues spe-27 mutants.

-The spe-27 gene is composed of five small exons, is AT rich and is a poor target

for EMS mutagenesis.

- The predicted amino acid sequence of the spe-27 gene product does not show

sequence similarities with currently known proteins.
- spe-27 has an approximately 112 bp promoter 5' to the translation start site.

- As predicted from the mutant phenotype, spe-27 is only expressed in the gonad

in cells undergoing spermatogenesis.

- Two of the mutations in spe-27 are in the splice sites of intron III. These
mutants produce a message that appears to be smaller that the wild type message. The

third mutation causes the change of Glu30 to Lys and is temperature sensitive.

V02n Spe"lz
- spe-12 is defined by seven alleles and maps on chromosome I next to lin-10.
- Certain spe-12 allele combinations show a weak intragenic complementation.

- The spe-i2 gene is localized to a 3.9 Kb subclone of cosmid ZK260.
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- The spe-12 gene encodes an approximately 1 Kb sperm specific transcript.

-The molecular characterization of spe-27 and spe-12 may help define the

function/s of the products they encode.
V.3. spe-6

- The spe-6 gene shows second site noncomplementation with a deficiency on
another chromosome. This suggests that there may be gene/s under the deficiency that
interact with the spe-6 gene product. Several of our spe mutations, which have been
fully characterized, lie in this region, and are therefore candidates for such an

interaction.

V.4. spe-26 (Data not included in this dissertation)

- spe-26(hc139ts) is an amber mutation. The sterile phenotype of this spe-26
allele can be mildly suppressed by microinjecting low doses of the suppressor tRNA

sup-7 (st5), which confirms that the gene cloned is indeed spe-26.

- spe-26(eb8) is the only nonconditional spe-26 allele. Allelism was determined
by complementation tests, mapping and restoration of fertility by tranformation with
wild type copies of the spe-26 gene. This was latter confirmed when the mutant gene

was sequenced.
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- spe-26 mutants do not show a defective segregation of the X chromosome. The
high incidence of males seen in spe-26 mutant strains is probably do to higher fertility in

the males.
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