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Abstract

This thesis describes a subtractive hybridization screen I conducted to isolate genes
expressed in the primordial germ cells, or "pole cells" of the developing Drosophila
embryo. As soon as they are formed the pole cells initiate a unique developmental program
fundamentally different from that of the somatic cells. Most of what is known about the
genetic requirements for pole cell development derives from analysis of maternal effect
mutations that affect abdominal segmentation as well as pole cell formation in the early
embryo. However, zygotically expressed genes required for differentiation of the
primordial germ cells during late embryogenesis have yet to be identified. From pole cell
formation at 1.5 hours post fertilization, until late larval and pupal development, 6-8 days
after fertilization, there is a gap in our understanding of the process of embryonic and larval
germ line differentiation. In this thesis I describe the isolation and characterization of two
gonad-specific genes by a direct molecular approach to identify genes on the basis of their
specific expression in the embryonic gonads. Both of these genes are expressed
zygotically in germ cells of the late embryonic gonads. I describe the isolation of these
genes by subtractive hybridization and the analysis of their gene products in the context of
embryonic germline development.

Thesis Supervisor: Dr. Ruth Lehmann

Title: Associate Professor of Biology
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CHAPTER 1:
Introduction:
Primordial germ cell Determination:

A central question in developmental biology is: How are unique developmental fates
conferred upon individual cells that are initially identical in makeup and potential to their
neighbors? The problem is even more complex in embryos such as Drosophila that
develop through a syncytial stage, in which the nuclei divide without cytokinesis in a single
cellular environment. Early cell formation leads to differentiation of the primordial germ
cells, whereas the somatic nuclei are programmed by morphogens asymmetrically
distributed within the syncytial environment before they are sequestered into separate
cellular environments (Foe and Alberts, 1983). Although the timing of primordial germ
cell formation is distinct from that of the somatic cells, it is unclear whether the pole cell
nuclei are, like somatic nuclei, already determined before incorporation into separate
cytoplasmic environments.

The embryo develops from the fertilized egg through a series of synchronized, rapid
nuclear divisions in a multi-nucleate syncytium (see figure 1). The first nuclei to become
incorporated into cells are those that migrate to the posterior tip of the embryo (Huettner,
1923; Sonnenblick, 1941) . The microtubule-dependent migration of these nuclei begins
late in the seventh nuclear cycle and ends by cycle nine when they reach the posterior
cortical region or "pole plasm" (Foe and Alberts, 1983; Karr and Alberts, 1986; Zalokar
and Erk, 1976) Cell formation around these polar nuclei depends upon this specialized
cytoplasm that accumulates at the posterior pole of the embryo, called "pole plasm" (Allis et
al., 1979; Illmensee et al., 1976; Mahowald, 1962; Mahowald, 1968; Mahowald, 1971;
Turner and Mahowald, 1976; Underwood et al., 1980) .
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Mutations which disrupt the formation of pole plasm prevent incorporation of these
posteriorly-migrating nuclei into pole cells. In these mutants the posteriorly migrating
nuclei cellularize later, with the rest of the somatic nuclei, and take on endodermal cell fate,
eventually contributing to formation of the embryonic midgut. Thus, early segregation of
the posterior polar nuclei into pole plasm-containing cells shunts them permanently into a
unique developmental program. Transplantation of newly formed pole cells results in
colonization of the host's germline and no other tissues, demonstrating that from the time
of their formation these cells are determined (Illmensee and Mahowald, 1974; Technau,
1986) .

Germ cells versus somatic cells: nuclear division and cell formation

The majority of somatic nuclei begin their cortical migration at telophase of nuclear cycle
eight, penetrate the cortex by early interphase of cycle 10 (Foe and Alberts, 1983; Hatanaka
and Okada, 1991; Raff and Glover, 1989) , and undergo four more synchronous nuclear
division cycles before cellularization. By the end of nuclear cycle fourteen the embryo is
completely cellularized (Zalokar and Erk, 1976) . During these last four somatic nuclear
divisions the pole cells divide asynchronously 1-2 times to produce from 20 to 60 cells
before their mitotic phase ends, roughly 3.25 hours post fertilization. (Counce, 1963;
Sonnenblick, 1950; Turner and Mahowald, 1976) . There is no evidence for any further
pole cell division until after formation of the embryonic gonads at late stage 16 , 16 hours
post fertilization (Allis et al., 1979; Campos-Ortega and Hartenstein, 1985; Sonnenblick,
1941) .

In contrast to the mitotically arrested pole cells, by the end of cycle fourteen the somatic
nuclei lose their synchronous mitotic behavior and initiate normal G1 and G2-containing
cell cycles as small groups or "Mitotic Domains" throughout the embryo (Foe, 1989; Foe
and Alberts, 1983) . Clonal analysis studies using transplantation of labeled cells suggest
that for the most part, somatic cells of all three germ layers undergo an average of three
post-blastoderm mitoses. Exceptions to this general rule include neuroblasts, which are
thought to divide from five to nine times during embryogenesis (Bate and Martinez Arias,
1993; Poulson, 1950) , the progenitors of epidermal sensilla, which divide after germ band
retraction (Campos-Ortega and Hartenstein, 1985) , and possibly some mesodermal
derivatives, which appear to divide more than three times after the blastoderm stage (Beer et
al., 1987; Campos-Ortega and Hartenstein, 1985; Technau and Campos-Ortega, 1986;
Technau and Campos-Ortega, 1986) .



Polar granules: Cytological descriptions:

Numerous experiments have demonstrated that pole plasm is necessary and sufficient to
confer germ cell-precursor fate on cells that contain it (Illmensee and Mahowald, 1974;
Illmensee et al., 1976; Okada et al., 1974) . Electron microscopy has shown that pole
plasm contains spherical electron dense masses, termed "polar granules” (Mahowald,

1962) . The polar granules contain both RNA and protein (Counce, 1963; Mahowald,
1971; Mahowald, 1971) . In particular, vasa protein, oskar protein (Dickinson and
Lehmann, unpublished observations; Hay, 1990) and the mitochondrial 16S large rRNA,
or "mtlrRNA," (Kobayashi et al., 1993) have been shown to be present in polar granules.
However, the exact structure and composition of these organelles and of the pole plasm that
surrounds them remains unknown.

Electron microscopy has revealed electron-dense structures in the ovarian nurse cell nuclei,
called "nuclear bodies." Small, putative precursors of cytoplasmic polar granules are first
visible during oogenesis at the posterior pole in stage 9 oocytes, and by stage 10a, polar
granules of a typical appearance can be seen (Mahowald, 1962; Mahowald, 1968;
Mahowald, 1971) . At this stage of oogenesis cytoplasm from the posterior pole, or 'Pole
plasm' of the developing oocytes is competent to induce pole cell formation when injected
into host blastoderm embryos (Illmensee et al., 1976). Immediately after egg activation the
polar granules appear to fragment and are associated with polysome-like clusters
(Mahowald, 1968) . Visible polar granules persist until just prior to pole cell formation
when they appear to fragment and are succeeded by the re-appearance of nuclear bodies, as
well as small particles surrounding the nuclear envelope called "Nuage" (Counce, 1963;
Mahowald, 1971) . By stage 9 of embryogenesis, roughly 3.5 hours after egg-laying, the

nuclear bodies are no longer visible in the pole cells (Campos-Ortega and Hartenstein,
1985; Mahowald, 1971)

Extensive efforts have been made to isolate pole plasm components biochemically, and
molecular identification of some embryonic pole plasm components has contributed to the
knowledge of specific molecules included in these structures (Kobayashi and Okada, 1989)
. For example, the mtlrRNA was identified on the basis of its ability to restore pole cell
formation to UV-irradiated eggs (Kobayashi and Okada, 1989) . This RNA has been
shown to be a component of polar granules, and although its presence correlates with pole
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cell formation (Kobayashi et al., 1993) , it is not yet clear whether the mtirRNA is required
for pole cell formation (Ding et al., 1994; Kobayashi et al., 1995).

Another gene that was identified by a molecular approach is germcell-less, which was
identified on the basis of its localization to the posterior pole and incorporation into pole
cells (Jongens et al., 1992) . Heat shock promoter-driven expression of antisense gcl RNA
during oogenesis causes a decrease in the number of germ cells formed at the posterior pole
(see figure 1). In addition, in embryos with reduced levels of maternal gcl product, the
pole cells that do form tend to sink beneath the somatic cellular layer into the yolk and
become degraded (Jongens et al., 1992) . These experiments demonstrate a clear
requirement for the germcell-less gene product in pole cell formation; however, mutations
in the germcell-less locus have not yet been isolated. Immunofluorescence antibody
staining shows that gcl protein is localized to the nuclear membrane, possibly to nuclear
pores of pole cells at the time of their formation (Jongens et al., 1994) . Further, the
germcell-less protein shows homology to nuclear lamins and is thought to be associated
with the "Basket" structure surrounding the nuclear pore (Jongens et al., 1994) .

The genetics of germ cell determination: identifying components of polar granules,
via the ""Grandchildess-knirps' class of mutants.

The most detailed information about the composition of the pole plasm has come from
identification of maternal effect genes required for abdominal segmentation in the early
embryo. Genetic screens have idéntified nine genes required for formation of posterior
pole plasm: oskar, vasa, valois, tudor, cappucino, spire, staufen, pipsqueak and mago
nashi (Boswell and Mahowald, 1985; Boswell et al., 1991; Lehmann and Niisslein-
Volhard, 1986; Manseau and Schiipbach, 1989; Schiipbach and Wieschaus, 1986a; Siegel
et al., 1993) . The products of cappucino, spire, staufen and probably mago nashi are
required for transport of pole plasm components to the posterior pole, while oskar, tudor,
vasa, valois, and pipsqueak appear to be required to tether and/or maintain the posterior
localization of pole plasm components. In addition, it appears that continuing interaction
between the staufen and oskar gene products is required for maintenance of posteriorly-
localized pole plasm during oogenesis and early embryogenesis (Ephrussi et al., 1991;
Rongo et al., 1995; St. Johnston, 1991). Mutations in the posterior group genes also
result in an abdominal defects due to the lack of proper nanos localization to the posterior
pole in the absence of functional pole plasm. Therefore these genes have been called the
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"Grandchildless-knirps" class of mutants to reflect this dual effect on germ cell formation
and abdominal segmentation (see figure 1 and table 1, below)

Mislocalization of oskar RNA to the anterior pole induces the formation of functional germ
cells at this ectopic location (Ephrussi and Lehmann, 1992) . In addition oskar RNA
induces the formation of polar granules at this ectopic location which have been shown by
electron microscopy to contain tudor protein and mtlrRNA (Kobayashi et al., 1995). In
situ hybridization to whole mount embryos reveals that vasa protein, nanos RNA (Ephrussi
and Lehmann, 1992) and gcl RNA are also mis-localized to the anterior pole in these
embryos (P. Zamore, unpublished observations). Formation of these anterior pole cells is
dependent upon vasa and tudor function(Ephrussi and Lehmann, 1992). However, it is
not known whether either mtlrRNA or gcl RNA is required for formation of the ectopic
anterior pole cells (Jongens et al., 1994) . These experiments demonstrate that oskar RNA
is sufficient to nucleate polar granule formation and thereby recruit all of the factors
required for pole cell formation.

In the absence of the true null phenotype of gci, it is not possible to rule out a role for this
gene in abdomen formation. However, if the complete absence of functional germcell-less
product does not cause abdominal defects, then it will be the first gene isolated so far that is
required for embryonic germ cell formation but not abdomen formation. The other
mutations that produce this phenotype are weak, conditional alleles of tudor, oskar, vasa,
valois and staufen. Although these genes clearly play a role in both abdomen formation
and germ cell determination, at 18°C (the permissive temperature) they show normal
abdominal segmentation patterns but lack polar granules and pole cells completely
(Ephrussi et al., 1991; Lehmann and Niisslein-Volhard, 1986; Lehmann and Niisslein-
Volhard, 1991) .

Embryonic Germ Cell Differentiation: early pole cell migration

In between pole cell formation and terminal differentiation of the ovaries and testes,
embryonic germ cells go through a number of developmental phases, including migration
to the site of gonad formation and interactions with different somatic tissues before they are
incorporated into the embryonic gonads (Poulson, 1950) . Although the process of pole
cell migration and gonad formation has been morphologically described in detail, very little
is known about the genes required in germ cells and the surrounding tissues they interact
with during this time interval. Examining germ cell development in the context of
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mesoderm differentiation may provide clues about the cells, tissues and genes likely to
influence the differentiation of the primordial germ cells (see figure 1 and table 1).

During germband extension the pole cells adhere closely to the prospective endodermal
cells of the anal plate and are carried dorsally as the germ band extends. These cells are
then incorporated into the posterior-midgut invagination (Poulson, 1950; Sonnenblick,
1941) . The fate of the endodermal cells in the posterior midgut is determined by the
terminal group of maternal effect genes including torso and trunk (Niisslein-Volhard et al.,
1987) . In the absence of patterning information from these and downstream zygotic
genes, the gut endoderm does not differentiate properly (Jiirgens and Weigel, 1988;
Klingler et al., 1988; Weigel and Jickle, 1990) . For example, the gap gene huckebein
plays an important role in determining this tissue. In huckebein-mutant embryos the
posterior midgut epithelium fails to differentiate, blocking normal migration of the
primordial germ cells through this cell-layer and into the body cavity of the embryo (Jaglarz
and Howard, 1994; Warrior, 1994) .

In wild type embryos, at 7 hours post fertilization, the majority of the pole cells lose their
round shape and extend pseudopodia as they migrate through the midgut epithelial layer
(Hay et al., 1990; Warrior, 1994) . The pole cells then arrest, sitting on the basal side of
the midgut endoderm cells, beneath the syncytial yolk sac membrane (Poulson, 1950) . By
the time the pole cells become ameboid and begin to pass through the midgut epithelium,
the cells in this primordium have lost the apical-basal polarity typical of epithelial cell-layers
to become solid clusters of mesenchymal cells (Poulson, 1950) . However, before this
point the midgut provides a barrier to pole cell migration. Unless the normal polarity of this
tissue layer is relaxed, the pole cells are unable to migrate to their mesodermal destination.
Mutations that cause cellularization defects in the endoderm seem to permit the passage of
the primordial germ cells, (Degelmann et al., 1986; Klingler et al., 1988; Schiipbach and
Wieschaus, 1986a) presumably due to lack of tight-junctions and other epithelial-specific
structures that may be required for prevention of inappropriate pole cell migration (Jaglarz
and Howard, 1994; Warrior, 1994) .

As described above, the embryonic gonads are made up of both germ line-derived pole
cells and mesodermally-derived somatic cells. The primordial somatic gonadal cells derive
from the somatic mesoderm (or somatopleura), when this tissue splits from the visceral
mesoderm (or splanchnopleura), during late stage ten, roughly 5 hours after egg-laying
(Campos-Ortega and Hartenstein, 1985; Poulson, 1950) . By stage 11, subdivision of the
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somatic mesoderm generates large ventrolateral and smaller dorsolateral somatic mesoderm
anlage in each segment. The ventrolateral precursors give rise to the body musculature,
while the dorsolateral mesoderm differentiates into fat bodies, gonadal mesoderm and the
circulatory system (Bate and Martinez Arias, 1993; Campos-Ortega and Hartenstein, 1985;
Poulson, 1950) .

The somatic gonad precursor cells are distributed in the posterior compartments of
abdominal segments 4 through 7 (Brookman et al., 1992; Warrior, 1994) . From late stage
11 to early stage 12, after traversing the endodermal cell layer, the pole cells contact
mesoderm cells on both sides of the embryonic gut. Finally, 27-37 somatic mesodermal
cells migrate anteriorly along with the primordial germ cells to form rounded embryonic
gonads located in the fifth abdominal segment on either side of the embryo (Sonnenblick,
1950) . Though the exact sequence of cellular and tissue contacts required for lateral
distribution of germ cells and coalescence of the gonads is unclear, a number of genes,
including abd A, Abd B and the recently identified gene, clift/eyes-absent (Bonini et al.,
1993) (H.Broihier, L. Moore, personal communication), are known to be required.

Molecular markers specific for the somatic gonads include the 412 retrotransposon which is
expressed in the posterior compartment of segments 4 through 7 (Brookman et al., 1992) .
The 412 retrotransposon was originally identified as a gonadal mesoderm marker as the
result of experiments to identify downstream DNA target sites of the homeobox protein,
Ultrabithorax (Gould et al., 1990). Immnuoprecipitation of embryonic chromatin DNA
with a monoclonal antibody directed against Ubx resulted in the isolation of genomic clones
containing 412 retrotransposon sequences. The expression pattern of the 412 genome
includes repeated parasegmental stripes in the mesoderm of extended germ-band embryos
(stages 10 and 11). This early expression then fades in most of the embryo except for
parasegments 10 through 12, in which expression is maintained at high levels (Brookman
et al., 1992)

Fate mapping: origins of the gonadal mesoderm in the blastoderm

Gynandromorph studies suggest the somatic gonad primordium includes a single segment-
wide group of roughly ten cells located in the prospective mesoderm of abdominal
segments four and five (Szabad and Nothinger, 1992) . This primordium appears to be
spatially separated from the segmentally repeated gonadal mesoderm primordia, defined by
412 expression, and may provide the signal used to locate the gonads in the fifth abdominal
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segment. If the 412 expression pattern can be regarded as a true manifestation of gonadal
mesoderm cell-fate, then estimates of the size and spatial derivation of the somatic gonadal
primordium are at odds with the expression of the 4/2 mesodermal marker. However, in
principle, the primordial gonadal mesoderm cells could be determined early, then migrate to
their final locations in parasegments 10 through 12 (Brookman et al., 1992) .
Alternatively, the segmentally repeated primordia may not carry the intrinsic information to
become gonad tissue, but instead receive that information from a unique instructive center
in AS. In support of this notion, mesodermal cells appear to be equivalent and to
differentiate according to the type of ectoderm and other embryonic tissues they contact
(Bate and Martinez Arias, 1993) .

There are a number of mutations that affect development of the somatic gonad including
abd A, Abd B, clift/eyes absent and schnurri (Bonini et al., 1993; Boyle and DiNardo,
1995; Cumberledge et al., 1992) , (H. Tarczy-Broihier and L. Moore, personal
communication). All of these genes appear to be required during the later stages of
embryonic development for specification of gonadal mesoderm and/or coalescence of the
somatic gonads. The maintenance of 412 expression in the prospective gonadal mesoderm
of parasegments 10-12 is dependent upon both abd A and Abd B (Brookman et al., 1992;
Cumberledge et al., 1992) . An ongoing genetic screen to isolate genes required for
embryonic germ cell migration and/or gonad formation, has identified mutations which
appear to affect germ cells during or just after migration through the midgut epithelium
(Heather Broihier, Lisa Moore, personal communication). Interestingly, this migration
occurs just after the earliest detectable zygotic transcription begins in the pole cells
(Zalokar, 1976) .

The iab-4 mutation in abdA is a regulatory mutation, affecting the upstream regulatory
sequences controlling expression the abdA protein, and not the transcription unit of the
homeobox protein itself (all mutations disrupting the open reading frame are homozygous
lethal (Lewis, 1978) ). In iab-4 mutants the fourth abdominal segment develops cuticle
structures like those of the third, and embryos homozygous for this allele demonstrate
aberrant gonad formation leading to sterility in adults. The inference from this result is that
abd A is required for proper segment identity in mesodermal tissues as well as in the
ectoderm (Lewis, 1978) .

The origin of iab-4 sterility is that although the primordial germ cells traverse the midgut
epithelium and associate with ventral mesoderm cells normally, by late stage 13, when the
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somatic mesodermal cells normally begin to encapsulate the germ cells, gonad formation
arrests. Antibody staining of iab-4 mutant embryos reveals no detectable reduction in the
level of abdA protein in the nuclei of the somatic mesodermal cells. This result is puzzling
since the mutation is not thought to affect the coding sequences of the protein
(Cumberledge et al., 1992) . However, given the combinatorial functioning of homeobox-
containing transcription factors (Struhl and White, 1985) , it may be that fractional
reductions in the level of abd A protein in the gonadal mesoderm primordia are sufficient to
cause dramatic effects on transcription and/or repression of downstream target genes
necessary for gonad formation (Cumberledge et al., 1992) . Alternatively, it has been
proposed that a threshold level of abd A protein is required in the presumptive somatic
gonadal mesoderm to specify formation of embryonic gonads (Cumberledge et al., 1992)
and that the decrease in levels of the abd A protein in iab-4 mutants is too subtle to be
detected by standard whole-mount antibody staining techniques.

The homeobox genes Abd A and Abd B are both required for normal expression of 412 in
the gonadal mesoderm as well as for proper formation of embryonic gonads (Boyle and
DiNardo, 1995; Cumberledge et al., 1992) . In embryos lacking the bithorax complex
genes, Ubx, abd A, and Abd B, the 412-expressing somatic gonad primordia do not form
and the pole cells fail to migrate laterally as in wild type. In addition, both abdA and AbdB
are expressed in gonadal mesoderm (Brookman et al., 1992; Delorenzi and Bienz, 1990;
Karch et al., 1990) . Brookman and colleagues have shown that in extra sex combs-mutant
embryos, in which abd A and Abd B are derepressed and expressed in overlapping
domains throughout the embryo, the gonads still coalesce specifically in the fifth abdominal
segment. Therefore, overlap of abd A and Abd B expression is not sufficient to provide the
signal localizing the embryonic gonads.

Although somatic mesodermal tissues are clearly required to direct the proper assembly of
the embryonic gonads, it has been shown that the germ cells are not required for the normal
determination and differentiation of the somatic components of the gonads. In mutant
embryos lacking primordial germ cells, the somatic gonadal mesoderm cells still migrate as
in wild type, and coalesce into gonad-like structures in the embryo (Brookman et al.,
1992). These agametic "gonads" then develop into ovary or testis-like organs in adults,
lacking all germ line tissues. Given these results it is clear that germ cells do not play a role
in specifying the dorsolateral cluster of 412-expressing somatic mesoderm cells that will
make up the somatic gonads.
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Early manifestations of embryonic germ cell differentiation:

Evidence for germ cell differentiation can be examined indirectly through early differences
between male and female embryos, such as pole cell number, embryonic manifestation of
P-cytotype, and expression of early genes such as ovo. Estimates for the number of pole
cells that actually populate the embryonic gonads range from 5 to 20 (Underwood et al.,
1980; Wieschaus et al., 1981; Wieschaus and Gehring, 1976) . Pole cell counting studies
suggest that there is a sex-specific difference in the number of primordial germ cells
incorporated into embryonic gonads (Poiri€ et al., 1995; Sonnenblick, 1941) . The
difference was detected as two distinct classes of ten hour-old embryos (stage 13). At
gonad coalescence, embryonic gonads either contain 5-7 or 9-13 primordial germ cells
(Sonnenblick, 1941) . This is one of the first visible manifestations of zygotic germ cell
identity in the embryo. The number of germ cells per gonad increases to 8-12 versus 36-38
between 16 hour after egg laying and hatching, 20 hours after egg laying (Sonnenblick,
1941) . During this last four hours of embryogenesis the germ cells are thought to divide
one or two times. In freshly hatched first instar larve, male gonads are three to three and a
half times the size of female gonads (Kerkis, 1931) .

The issue of sexual dimorphism is important to the differentiation of embryonic germ cells
because it raises the question of when these cells begin the inherently zygotic process of
sexual differentiation. As mentioned above, the earliest visible sign of sexual dimorphism
is during gonad formation, when the male somatic gonads accommodate a larger number of
primordial germ cells than their female counterparts (Sonnenblick, 1941) . This process is
likely to depend upon sex-specific signaling between somatic and primordial germ cells,
that is required for the two types of cells to productively coordinate during the process of
ovary or testis differentiation. One of the clearest examples of embryonic interactions
between primordial germ cells and somatic mesoderm cells is the signal transmitted from
the soma to the germ cells during embryonic germline sexual differentiation.
Transplantation experiments suggest that female embryos produce a somatic factor that is
required for female determination in germ cells (Granadino et al., 1993; Poirié et al., 1995)

Gonadal dysgenesis and the embryonic phenotype of ovo are two of the earliest known
defects affecting male and female germ cells differently. Female progeny of “M”, or non-
P-element carrying females crossed to “P,” or P-element carrying males, display a
temperature-dependent sterility traceable to the degeneration of the primordial germ cells in
female embryos prior to stage 16. Female germ cells appear to be uniquely susceptible to
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degeneration at 27.50C due to P-element induced gonadal dysgenesis (Engels, 1983;
Brigliano and Kidwell, 1983). This female-specific sensitivity to P-element inheritance can
be partially overcome if the female progeny inherit a dominant allele of the ovo gene from
their P-element carrying father (Wei et al., 1991) . The recessive, loss of function
phenotype of ovo is that the germ cells of homozygous embryos appear to die during
embryogenesis and adult females produce normal somatic ovarian structures in which no
egg chambers are visible (Oliver et al., 1987) .

The ovo transcript is provided maternally to the developing oocyte and is ubiquitous
throughout the early embryo. Ovo protein is also distributed throughout blastoderm
embryos, and disappears from all cells except the primordial germ cells during germ band
retraction (stage 12; Mével-Ninio et al., 1991; Mével-Ninio et al., 1995). Using lacZ
fusions with ovo genomic sequences to generate transgenic animals, the authors examined
zygotic transcription of this gene. In contrast to the genetic data indicating an early role for
the zygotic ovo product during embryogenesis (Oliver et al., 1987) , zygotic expression of
the ovo-lacZ fusion RNA is not detectable until embryonic stage 17 (just before hatching),
and does not appear to be expressed differently in male and female embryos (Mével-Ninio
et al., 1995).

Although the molecular data appear to contradict the genetic evidence, it is nevertheless
possible that the fusion construct used does not allow complete recapitulation of
endogenous ovo regulation. In support of this, the ovo-lacZ fusion construct (which does
not contain all of the sequences contained in the original genomic rescue fragment) does not
complement either the loss of function phenotype, nor does it completely rescue the
dominant ovo defect. This fusion construct may therefore be lacking promoter sequences
that either enhance the early zygotic expression of this gene and/or repress transcription at
this locus in male germ cells. If the apparent delay in zygotic transcription of the ovo-lacZ
transgene is due to an experimental artifact, and the RNA is present in the early embryonic
germline, then the sex-specificity could be contributed by female germline-specific factors
that promote post-transcriptional activation of ovo specifically in female embryonic germ
cells, or 3'UTR-mediated instability of this RNA in male primordial germ cells.
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Germline sex determination

In the soma, the sex of each cell is determined autonomously by the X-chromosome to
autosome, (X:A) ratio and its downstream effect on transcription and splicing of Sx/
mRNAs during the blastoderm stage. Although sex determination of the germ cells is
integral to their differentiation, it is unclear when the sex of the germ cells is first
established. Splicing control of Sx/ RNA to prevent the translation of SxI protein occurs in
the male germ cells, but the regulation depends upon a different set of genes from those that
act in the soma. For example, sisterless a, sisterless b, runt and daughterless are all
required for this process in somatic cells, but have no detectable function in the germ line
(Cronmiller and Cline, 1987; Granadino et al., 1993; Schiipbach, 1982; Steinmann-
Zwicky, 1994) . Instead, a number of female-sterile genes in the so called "ovarian tumor
" class, (including ovo), act upstream of Sx! to control female-specific differentiation of the
germline. Sx/ RNA is not present in pole cells during the blastoderm stage when it is first
activated in the soma. This protein is apparently present only in the female germline cells
of late third-instar larvae just prior to ovarian reorganization and differentiation. It is not
known whether distinct zygotic promoter elements exist to direct this larval-specific
germline expression of SxI/ (Bopp et al., 1993; Keyes et al., 1992) .

In addition to ovo, ovarian tumor (otu), female lethal (2)d (fl(2)d), sans fille (snf), bag of
marbles (bam), fused (fu), and orb all appear to participate in the control of sex-specific
expression of Sx/ in XX germ cells (see Table 3). For example, aberrant expression of the
male-specific form of SxI RNA can be detected in the germline of XX flies mutant for snf,
otu, ovo, bam or fused (Bopp et al., 1993; Keyes et al., 1992; Oliver et al., 1993) . These
data suggest that these five genes may be involved directly or indirectly, in the splicing of
SxI RNA in the germline. Bam and fused have been shown to act not at the level of RNA
synthesis or splicing but at the level of nuclear-cytoplasmic localization of the SxI protein
(Bopp et al., 1993) . Whether these factors function in the germline autonomously,
inductively from the soma, or both remains to be determined.

Sex determination in the germline, unlike in the soma, does not appear to be completely cell
autonomous. Inductive interactions with the soma are critical to ensure terminal
differentiation of the wild type female and male germlines. The genes transformer ,
transformer-2 , and doublesex are all required in the surrounding female soma for XX
germ cells to undergo normal ovarian differentiation (N&thinger et al., 1989; Steinmann-
Zwicky et al., 1989) . Similarly, although XY pole cells express male-specific markers
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regardless of the sexual identity of the surrounding somatic cells, they require a male
somatic environment to fully differentiate according to the normal male-specific pathway.
Thus, neither XX nor XY germ cells can undergo normal gametogenesis in the absence of
sex-specific cues from the surrounding somatic tissues (Nothinger et al., 1989; Steinmann-
Zwicky et al., 1989) .

Both ovo and otu are thought to be required for survival of germ cells during late
embryonic and early larval female germline development, before Sxl protein is expressed in
these cells (Oliver et al., 1987) . Ovo is unique among the genes in this class because it is
apparently required in female pole cells at the time of formation during blastoderm stage as
well. Loss of function mutations give rise to female specific germ cell death starting before
gastrulation and continuing until 14 hours after egg-laying (AEL), when coalescence of the
embryonic gonads occurs (Oliver et al., 1987) , thereby earning it the label of a "Germline
maintenance" mutant. Ovo may be required in female embryonic germ cells to assess the
somatic sex of the early embryo and if it does not match that of the germ cells, the theory is
that they then degenerate, explaining why they are often lost even before incorporation into
the midgut pocket (Mahowald and Wei, 1994)

Germline-specific splicing: Embryonic splicing of P-transposase third intron.

Another one of the earliest reported germ cell differentiation events is splicing of the third
intron of the P-element transposase gene third intron. The transposase RNA was originally
shown to be spliced to produce active transposase only in the germline-derived cells of
ovaries and testes (Laski et al., 1986; Rio et al., 1986). This tissue specific splicing event
has been shown to occur in germ cells as early as four hours after egg laying, reaching a
maximum at five to six hours of embryonic development (Kobayashi et al., 1993) . In
addition, double-labeling experiments with anti-vasa antibodies and histochemical detection
of beta-galactosidase activity reveal a strong correlation between pole cells that are capable
of productively splicing the P-element third intron and those that populate the embryonic
gonads. These experiments raise the possibility that there exists an intrinsic mechanism
responsible for the regulation of germline-specific differentiation events and that this
machinery may have been co-opted by the transposition machinery to ensure efficient
propagation of P-elements to the next generation. The tissue-specific splicing of the
transposase transcript may therefore reflect an intrinsic mechanism for determining which
of the numerous primordial germ cells is competent to populate the embryonic gonads
(Kobayashi et al., 1993) .
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QOogenesis, spermatogenesis, and male/female sterile mutants:

Mutations in genes required for germline differentiation before the sexual dimorphism in
the developing embryonic germline is manifest should cause sterility in both sexes. In
practice screening for male/female sterility has yielded a large number of genes that affect
fertility in one sex or in both, but few so far that have demonstrable effects on embryonic
germ cell differentiation (Castrillon et al., 1993; Schiipbach and Wieschaus, 1991). It is
possible that a large proportion of the genes required for zygotic differentiation of the
embryonic germline are required elsewhere in the developing embryo, larva, or pupa for
viability and therefore have not been isolated in screens requiring viability of adults.
Mutations in genes that act later in differentiation may also cause male/female sterility
because of shared factors that act during homologous germline differentiation processes;
for example, proliferation of germline stem cells (King, 1970; Szabad et al., 1979) and the
four rounds of incomplete cell division required to generate a sixteen cell clusters in both
ovaries and testes.

The diaphanous gene fits the criteria of a mutant with potential effects on embryonic
germline development. Hypomorphic alleles of the locus are homozygous viable and
exhibit both male and female sterility (Castrillon et al., 1993) . Diaphanous males have
late-stage cysts at eclosion, however the testes are empty in five-day-old flies. Females
carrying the P-element over deficiency are semi-sterile and their ovaries contain few egg
chambers. These phenotypes are, however, more consistent with diaphanous playing a
role in stem cell divisions than in embryonic germline differentiation.( It is notable that the
null phenotype of this gene is lethality, since no viable male female-sterile mutants with
embryonic germ cell-specific phenotypes have been identified.)

Parallels between Drosophila, Xenopus and C. elegans: Germline determination

There are numerous parallels between germline cells in C. elegans, Drosophila and
Xenopus leavis. The germ cells in all three organisms differ from their somatic
counterparts not only in size and cleavage pattern, but also by the presence of unique,
electron-dense, cytoplasmic organelles, called “P-granules” in C. elegans, “Germ plasm” in
Xenopus, or “Polar granules” in Drosophila (Eddy, 1975) .
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In C. elegans "P-granules” have been described as electron-dense granules resembling
polar granules in Drosophila and germinal granules in Xenopus (Krieg et al., 1978) . P-
granules are uniformly distributed in the nematode egg before they become localized to the
posterior pole, prior to the first embryonic division (Strome and Wood, 1983) . During
embryogenesis the P-granules are asymmetrically partitioned into the P1-P4 daughter cells
in succession during the first four blastomere divisions. The germline founder cell P4 has
been found to give rise exclusively to germ line tissues (Deppe et al., 1978). No
determinative role for P-granules has yet been established but they nevertheless serve as
reliable markers for the germ cell lineage throughout embryonic, larval and adult stages
(Strome, 1993; Strome and Wood, 1983)

In a different nematode species, Ascaris megalocephala, the asymmetric distribution of
germline granules correlates with protection against chromosomal diminution (Eddy,

1975). Blastomeres that do not inherit germinal granules develop as somatic cells and
undergo dramatic and permanent chromosomal rearrangement. If the first cleavage division
is disrupted in such a way that the germinal granules are distributed evenly between the first
two blastomeres, chromosomal diminution does not take place in either daughter cell
(Eddy, 1975). By comparison, mutations in par-4 cause unequal cell division in early C.
elegans embryos in which P-granules are divided equally between early blastomeres.
Mutations in this gene result in the absence of maternal RNA degradation that normally
occurs only in the somatic cells, and repression of embryonic transcription normally found
in somatic cells but not germ cells in early embryos (Seydoux and Fire, 1994) .

Genetic screens to identify P-granule components in C. elegans have been conducted in
which embryos laid by homozygous mutant females were screened for disruptions in germ
cell formation. Although numerous mutations causing defects in sterility of the progeny
were isolated, none were seen to be due to defects in P-granule structure or composition
(Capowski et al., 1991) . As in Drosophila, it may be difficult to recover or identify
mutations in genes that are not only required for germ cell determination but also for
survival of the homozygous female germline cells themselves.

Xenopus oocytes also contain P-granule-like material or “Germ plasm”. The "Germ
plasm" in Xenopus has been described as “Electron-dense granulofibrillar material” that
originates in the mitochondrial cloud (Heasman et al., 1984) . Germ plasm is restricted to
the primordial germ cells during embryogenesis and is thought to act as the determinant of
these cells (Bounoure, 1939; Mahowald and Hennen, 1971; Smith and Williams, 1975).
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Transplantation studies reveal that single blastomeres containing germ plasm are capable of
populating the genital ridges of host neurula embryos, and are therefore thought to be
capable of populating the germline (Ikenishi, 1987) . However, these cells do not appear
to be irreversibly determined in Xenopus as they are in Drosophila (Wylie et al., 1985) .

Transcription in early embryos:

Unlike in Drosophila and Xenopus, where general zygotic transcription does not start until
the early rapid divisions are complete, embryonically transcribed RNAs are already
detectable in C. elegans at the four cell stage (Seydoux and Fire, 1994) . However, as in
Drosophila, zygotic transcription in the developing germline appears to be controlled by a
different mechanism than in the soma and is not detected early during embryogenesis. In
Xenopus, generalized zygotic transcription does not occur until the 4000 cell-stage when
there is a shift from synchronous to asynchronous cell divisions (Gerhart, 1980; Newport
and Kirschner, 1982; Yasuda and Schubiger, 1992) . Although transcription of specific
zygotic RNAs has been detected in the somatic cells at the 32 cell-stage, it is not yet known
when zygotic transcription begins in the embryonic germline.

In Drosophila the earliest detectable zygotic transcription is found in the soma at nuclear
cycle 10, and possibly earlier (Edgar and Schubiger, 1986). In somatic cells, the increase
in the ratio of nuclei to cytoplasm and/or the length of interphase plays a key role in the
activation of zygotic transcription during embryogenesis (Edgar and Schubiger, 1986) .
The mechanism for controlling the onset of transcription may also involve titration of
repressor molecules by increasing amounts of DNA (Almouzni and Wolffe, 1995) and/or
lack of active transcriptional activators prior to 3.5 hours of development. One of the
unique characteristics of germ cells in Drosophila is that from the time of their formation
until their incorporation into the midgut pocket, they remain transcriptionally silent. The
first stage at which transcription has been detected in pole cells is not until ~3.5 hours post
fertilization, just before the pole cells migrate through the midgut epithelium (Zalokar,
1976) . This transcriptional silencing could be due to specific inactivation of transcription
factors in early pole cells or to inaccessibility of the DNA to transcription factors at this time
in development. The nuclear-cytoplasmic ratio model for activation of zygotic transcription
in the soma does not correlate with the fact that these cells are not mitotically active until 14
hours after egg-laying, at least 10 hours later than generalized transcription is first
detectable in the pole cells (Zalokar, 1976) . In fact, repression of transcription in the germ
cells may be linked to or depend upon their mitotic quiescence.
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The timing of nuclear divisions in the soma of both Drosophila and Xenopus embryos
appears to be controlled by the nuclear to cytoplasmic ratio. This ratio in turn appears to
dictate the timing between nuclear divisions and S-phases, i.e., the length of G2, which
dictates the onset of transcriptional activation, first detectable at cycle 11 in Drosophila
(McKnight and Miller, 1976, McKnight and Miller, 1979) . The zygotic genome appears
to become transcriptionally competent during cycle 10; when Edgar and Schubiger (1986),
propose that proteins required for transcriptional activation are synthesized. These authors
speculate that the transcriptional silencing of the pole cells is due to their cellularization at
cycle 10, when somatic transcription factors are synthesized in the rest of the cytoplasm
from maternal RNAs, which may not be translated in pole cells or are excluded from them
when these cells form.

As in C. elegans, maternal factors segregated unevenly between soma and germline in
Drosophila may cause repression, directly or indirectly, of transcription in germline cells.
The repression of zygotic transcription in the pole cells correlates with their inheritance of
polar granules. Polar granules have been shown to contain nanos protein (L. Dickinson
and R. Lehmann, unpublished observations), which plays a key role in translational
repression of hunchback RNA. In fact, the nanos protein is present in pole cells
throughout embryonic development and has recently been shown to be required for the
differentiation of female germ cells during oogenesis (D.Curtis unpublished observations)
Therefore, nanos itself could play a role in translational repression of germline
transcriptional activators or cell-cycle regulators that prevent the pole cells from entering G2
and/or initiating zygotic transcription (Andéol, 1994; Edgar et al., 1986)

Almouzni and colleagues have shown (Almouzni et al., 1991) that although class II gene
basal transcription machinery, including the TATA binding factor, is fully competent in the
cleavage-stage Xenopus embryo, there is a mechanism in place before the mid-blastula
transition to inhibit class II basal transcription machinery from stable association with
promoter elements. In addition, these authors postulate that one component of
transcriptional quiescence in Xenopus embryos prior to MBT is the absence or functional
constraint of transcriptional activators (Almouzni et al., 1991) . In fact, both chromatin
assembly and lack of transcriptional activators may be responsible for transcriptional
quiescence of class II and III genes in the pre-MBT embryo (Almouzni and Wolffe, 1995) .
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Searching for Genes controlling embryonic germ cell differentiation:

Polar granules are visible in various forms beginning before pole cell formation and
continuing through the onset of terminal gonad differentiation (Mahowald, 1971) . These
granules are therefore likely to play some role in the differentiation and/or maintenance of
the germ line during development. However, the biochemical approach of directly isolating
pole plasm components has proven difficult, because of the small amount of polar granule
material in the embryo (Waring et al, 1978). Classical genetic screens have identified genes
that are maternally required for pole cell determination (Lehmann and Niisslein-Volhard,
1986) and terminal differentiation of the ovaries and testes (Castrillon et al., 1993;
Schiipbach and Wieschaus, 1989; Schiipbach and Wieschaus, 1991) . However, such
screens have not yet led to the identification of genes required for early pole cell

differentiation.

There is a large body of information about the specific events that occur during embryonic
germ cell differentiation, including migration through the midgut epithelium, specific
association with somatic mesodermal cells, and coalescence into embryonic gonads. A
number of mutations in genes that affect the somatic tissues involved in these processes
have been isolated, but the programming required in the germ cells themselves, and the real
nature of the cellular interactions required for migration of the primordial germ cells from
the posterior of the embryo to the coalesced gonads remain a mystery. The number of
genes required for development of germ cells in the embryo appears to be either very small,
or many of them may also be required in other tissues, and therefore for viability of the
developing embryo or adult. In addition it is likely that a number of genes are refractory to
identification by classical screening techniques because they are expressed and required not
only zygotically, but maternally as well. The products of such loci may be amply provided
to the freshly laid egg in the form of maternal transcripts whose protein products can
perdure well into late embryonic life of the developing progeny and in some cases into adult
tissues (e.g. nanos, D. Curtis, unpublished observations).

Primordial germ cell formation is but the first in a series of developmental processes
leading ultimately to terminal differentiation of the germline. If germ plasm components are
derived from genes that are required in the embryonic germ cells for survival, then their
role in germ cell determination may have gone undetected (Mahowald and Wei, 1994).
Homozygous mutant embryos would contain necrotic pole cells that would not survive
through to oogenesis or spermatogenesis to produce the fertilized oocytes in the next
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generation. Moreover, if the gene products are required for oogenesis itself at the same
time or after they are required for germ plasm biogenesis, then it may be impossible to
examine the pole plasm of the next generation since oogenesis will be disrupted.

The aim of this work is to isolate genes expressed in the embryonic germ cells during the
various phases of their differentiation. The hope is that by studying the expression of
germ-cell specific genes and the factors that control their expression, we will identify
molecules controlling the complex, coordinated interactions that occur in the embryo to
form the specialized embryonic gonad. Given the difficulty of isolating genes required for
differentiation of the embryonic germ cells by genetic means, I have undertaken a molecular
screen to identify RNAs specifically expressed or stably maintained in the pole cells during
embryogenesis. The molecular approach circumvents the difficulties of screening for genes
required at multiple stages of development and for survival of the animal.

The feasibility of isolating developmentally important genes by molecular screening
approaches, such as the subtractive hybridization, depends upon the level of expression of
the genes of interest in the tissues or cell types being studied. In order to target genes
expressed in germ cells I have generated a cDNA library enriched for clones expressed in
germ cells by subtracting cDNA derived from agametic embryos from the cDNA of normal,
pole cell-forming animals. In principle, pole cell-specific transcripts may include
maternally provided messages stabilized in the primordial germ cells by specific interactions
with germ plasm components, or zygotic transcripts, activated in primordial germ cells
during the embryonic gonad formation process.

Table 1. This table provides a summary of the genes known to be required during
embryonic germ cell formation and differentiation (as described above). Although there are
many genes known to be required for pole cell determination, and many others known to
be required in somatic tissues for embryonic gonad formation, there is only one gene that is
known to be required zygotically for differentiation of the embryonic germ cells (ovo). The
table is divided into genes required for pole cell determination, genes required for pole cell
differentiation, genes required in the soma for gonad formation and markers, expressed
either in germline or somatic gonad tissues during embryogenesis. In each case the tissue
in which the gene is required is indicated, as well as a brief description of its function.
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Genes Required for Pole Cell Determination

Maternal Genes: Tissue: Function:
oskar (osk) germline pole plasm assembly
RNA and protein localized to pole cell determination
posterior pole (Lehmann and Niisslein-Volhard,
1986)
vasa (vas) germline pole plasm assembly
pole plasm component: protein pole cell determination
(soma?) oogenesis
(cellularization?)
Schiipbach and Wieschaus, 1986a)
tudor (tud) germline pole plasm assembly

pole plasm component: protein

pole cell determination
(Boswell and Mahowald, 1985)

valois (val) germline transport of pole plasm to posterior
soma? pole
(cellularization?)
(Schiipbach and Wieschaus, 1986a)
mago-nashi (mago) germline transport of pole plasm to
posterior pole
(Boswell et al., 1991)
cappucino (cappu) germline transport of pole plasm to posterior
pole
dorsal-ventral patterning
(Manseau and Schiipbach, 1989)
spire (spir) germline transport of pole plasm to posterior
pole
dorsal-ventral patterning
(Manseau and Schiipbach, 1989)
staufen (stau) germline pole plasm assembly at posterior
protein localized to posterior pole pole (maintenance of oskar RNA and
during oogenesis and to both poles | protein localization?). Localization
during embryogenesis of bicoid RNA to anterior pole
(Schiipbach and Wieschaus, 1986a;
St. Johnston, 1991)
pipsqueak (psq) germline pole plasm assembly: vasa mRNA
expression
oogenesis
(Siegel et al., 1993)
germcell-less (gcl) germline pole cell formation

Jongens et al., 1992)

Genes Required for Pole Cell Differentiation

Sex lethal (Sx1) female germline and soma Required for normal oogenesis
(loss of function mutations result in
tumorous ovaries (Schiipbach,
1985))

ovo germline post-blastoderm pole cell

(maternal and zygotic survival (?), oogenesis: sex-specific

functions) expression of Sxl in germ
cells(Bopp et al., 1993; Oliver et al.,
1993)

ovarian tumor (otu) germline oogenesis: sex-specific expression of

Sxl in germ cells (Bopp et al., 1993;
Oliver et al., 1993)
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female lethal (2)d (fl(2)d)

germline

oogenesis: sex-specific expression of
Sxl in germ cells (Granadino et al.,
1992)

sans fille (snf)

germline

oogenesis: sex-specific expression of
Sxl in germ cells(Bopp et al., 1993;
Oliver et al., 1993)

bag of marbles (bam)

germline

oogenesis: sex-specific expression of
Sxl in germ cells(Bopp et al., 1993)

fused (fu)

germline

oogenesis: sex-specific expression of
Sxl in germ cells(Bopp et al., 1993;
Oliver et al., 1993)

orb (orb)

germline

sex-specific expression of Sxl in
germ cells of developing ovaries, and
assymteric distribution of oskar and
gurken mRNAs during late
oogenesis (D/V and A/P axis
formation) (Christerson and
McKearin, 1994)

transformer (tra)

soma

oogenesis: inductive signal from
soma to germline: required for
normal SxI expression in XX germ
cells (Oliver et al., 1993)

transformer-2 (tra-2)

soma

oogenesis: inductive signal from
soma to germline: required for
normal Sxl expression in XX germ
cells (Oliver et al., 1993)

doublesex (dsx)

soma

oogenesis: inductive signal from
soma to germline: required for
normal SxI expression in XX germ
cells (Oliver et al., 1993)

Genes Required in

the Soma for Embryon

ic Gonad Formation

Zygotic Genes: Tissue: Function:
Ultrabithorax (Ubx) mesoderm: PS 6-12 Ubx can functionally substitute
ectoderm: PS 6-12(Bate and Martinez | for abdA to allow normal
Arias, 1993; Tremml and Bienz, encapsulation of the gonads.
1989) (Greig and Akam, 1995)
abdominal A (abdA) mesoderm: PS 8-12 gonad coalescence, maintenance of
ectoderm: PS 7-13 412 expression in PS 10-12.
(Bate and Martinez Arias, 1993; Specification of anterior somatic
Tremml and Bienz, 1989) gonad cells and, in combination with
AbdB, specification of posterior
somatic gonad cells
(Boyle and DiNardo, 1995;
Cumberledge et al., 1992)
Abdominal B (AbdB) mesoderm: PS 10-14(Bate and gonad coalescence, maintenance of

Martinez Arias, 1993; Tremml and
Bienz, 1989)

ectoderm: PS 10-14

(Akam, 1987)

412 expression in PS 10-12, in
combination with abdA,
specification of posterior somatic
gonads and expression of eya/clift in
these cells

(Boyle and DiNardo, 1995;
Brookman et al., 1992)

clift/eyes absent (cli/eya)

somatic gonad primordia?

gonad coalescence
maintenance of 4/2
expression in PS 10-12
(Bonini et al., 1993)
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huckebein (hkb)

endoderm

determination of endoderm: required
for differentiation of posterior
midgut epithelium, allowing
migration of pole cells into the body
cavity (Jaglarz and Howard, 1994;
Warrior, 1994).

Markers: germline

Tissue:

Time of expression:

faf-lacZ

germline:

fat facets-lacZ fusion protein
localized to posterior pole and pole
cells

Faf is required for cell fate
determination of non-photoreceptor
cells in the eye-imaginal disc, and
during oogenesis for somatic
cellularization during embryogenesis
(Fischer-Vize et al., 1992)

OvoB

germline: ovo-lacZ fusion protein
expressed in pole cells

maternal product: RNA and protein
localized to pole cells upon
formation

zygotic expression: stage 17 in germ
cells of embryonic gonads
(Mével-Ninio et al., 1995)

Markers: somatic gonad primordia

68-77

somatic gonad primordia
6.8kb of abx regulatory region from
BX-C fused to lacZ

stage 11: patches in mesoderm from
PS 2-14, higher levels in posterior
regions of PS10-12. Also expressed
in ectoderm. Stage 12: expression
maintained in anteriorly moving
cells and coalesced gonads in PS 10.
(Boyle and DiNardo, 1995; Simon et
al., 1990)

412 retrotransposon

Somatic gonad primordia

stage 11: dorso-lateral cell clusters in
PS2-14, stage 12-13: high levels in
PS 10--12, stage 14-16: somatic
gonad cells, coalesced in PS10
(Brookman et al., 1992)

Blue-tail

posterior somatic gonad primordia,
1 kb of the iab-7 regulatory region
fused to lacZ (P-insert in BX-C)

stage 11: somatic gonad cells in
PS12-14, stage 14: posterior-most
somatic gonad cells (Boyle and
DiNardo, 1995; Galloni et al., 1993)
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Specific Aims:

The work described in this thesis is directed toward understanding the process of
embryonic germ cell differentiation in Drosophila. Chapter two describes the subtractive
hybridization screen designed to isolate genes expressed specifically in the germ cells of
developing embryos. The technique is described in detail and data reflecting the progress
and effectiveness of the subtractive hybridization is presented. Preliminary characterization
of cDNA clones in the subtracted cDNA library is also presented. Chapter three describes
the full characterization of two germ-cell-specific cDNAs isolated from the subtracted
library. This chapter includes analysis of the RNA expression patterns for these two

. genes, complete sequence of full length cDNAs, and analysis of their protein products in
vivo and in vitro. In addition the results of genetic localization of these genes is presented,
with preliminary analysis of the possible function of these genes in vivo. The epilogue
contains a discussion of the questions remaining and the next logical phase of experiments
to pursue in order to fully understand the role of these genes in germline differentiation.
Appendix I describes the analysis of a non-germline specific cDNA clone isolated from the
subtracted library. RNA expression, sequencing and identification of the genomic locus
encoding this cDNA are described. These results are discussed in light of the homology to
known proteins. Appendix II contains the aligned sequence data generated during the
random-sonnication sequencing method used for all three cDNAs.
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Chapter 2:
Introduction

In the absence of genetic information about the requirements for determination and
differentiation of a specific cell or tissue type, one effective way of identifying genes
required for these processes is to isolate RNAs uniquely expressed in these cells or tissues.
Molecular screening techniques are unbiased by choice of mutagenesis method or
prediction of phenotype and result in cDNAs which can be easily cloned, sequenced,
expressed and analyzed by in situ hybridization and RNA blot or RNAse protection. The
usefulness of the molecular screening approach has been demonstrated in many different
circumstances by the identification of loci not previously detected in classical genetic
screens (Alt et al., 1978; Ding and Lipshitz, 1993; Hedrick et al., 1984; Palazzolo et al.,
1989). With judicious choice of starting materials, rigorous criteria for screening clones,
and some knowledge of the characteristics expected of the target RNAs, molecular screens
can be used very successfully to isolate genes required in many different biological
processes.

The first experiments to pave the way for molecular isolation of sequences encoded by
specific genes were published in 1961 (Hall and Spiegelman, 1961). These authors
demonstrated that viral-encoded RNA could pair with viral DNA. Subsequently,
development of techniques for immobilizing single stranded DNA made it feasible to
measure the extent of annealing of radioactively labeled single stranded DNA or RNA with
specific pools of target DNA (Bautz and Hall, 1962; Bolton and McCarthy, 1962; Gillespie
and Spiegelman, 1965; Hall and Spiegelman, 1961; Nygaard and Hall, 1964). The advent
of these technologies opened a new field of inquiry into the properties of specific
populations of DNA and RNA molecules. One of the earliest applications of this
technology was the measurement of the half-lives of different abundance populations of
RNA isolated from Xenopus embryos (Brown and Gurdon, 1966).

Another major line of inquiry made possible by the discovery of techniques to study DNA-
DNA hybridization was the estimation of the total amount of non-redundant sequence (or
"Complexity") in the genomes of various organisms by measuring the kinetics of genomic
DNA renaturation (Britten and Kohne, 1968). Reassociation kinetics of genomic DNA
from various different organisms is one of the earliest methods used not only to
characterize genome sizes but also the amount of repetitive sequences they contain. This
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technique was further adapted to study hybridization of single-copy genomic DNA to
excess mRNA (by "Saturation hybridization"). The percentage of unique DNA sequences
that form double stranded hybrids with mRNA is used to calculate the amount of unique
mRNA sequence in the population, and thereby obtain minimum estimates of the number of
mRNAs in a given cell-type (Bantle and Hahn, 1976; Galau et al., 1974).

Kinetic analysis of mRNA:cDNA hybridization is another method of determining the
overall number of messenger RNA's in different cell types. The advantage of hybridization
kinetics over saturation hybridization is that this technique can also be used to determine the
relative abundance of various mRNA populations in the cell, e.g. what percentage of
mRNAs are very abundant and what percentage are very rare? (Anderson et al., 1976; Axel
et al., 1976; Bishop et al., 1974; Hereford and Rosbash, 1977; Lewin, 1974; Perlman and
Rosbash, 1978). The combination of these two methods has been applied to the study of
mRNA complexity in a wide variety of organisms. Such experiments reveal that a typical
mammalian cell contains a total of 2-5x 105 mRNA molecules, comprising approximately
10-20,000 unique mRNA molecules (Lewin, 1974). If all of these mRNAs were present
in equal abundance, each one would be present at from 4-50 copies per cell, which is
0.002-0.01% of the total mRNA. However, cellular mRNAs range from 1 copy per cell
(~0.0002%) to at least 5,000 copies per cell (or ~1% of the total). In fact, 10% of the
mRNA molecules in a typical eukaryotic cell belong to the "very abundant” class, present at
the level of 5,000 copies per cell (Soares et al., 1994). The rarest RNAs, each represented
by only 1-15 copies per cell, make up 40-45 % of the total, and the rest of the transcripts
typically range in abundance between these two extremes, depending upon the cell type
(Lewin, 1974).

Comparisons of the number of unique mRNAs expressed in sea urchins at various
developmental stages provided some of the first evidence that distinct sets of structural
genes are active during different stages of oocyte, embryonic and adult differentiation
(Galau et al., 1976; Hough-Evans et al., 1977). These early studies provided a wealth of
information about the number and types of sequences expressed during embryonic
development of this important model system and led to the adoption of hybridization
techniques for identification of differentially regulated RNAs in many different systems.

Depending on the degree of differentiation of a given cell, mRNAs unique to that cell may

encode products with a variety of different specific functions. Early in the differentiation
process one might expect to find that key regulatory molecules are specifically synthesized
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in response to exogenous or endogenous cues. The abundance of such molecules is likely
to be relatively low, especially if these factors play a role in regulating expression of
downstream differentiation factors. Later in the differentiation process, one might expect to
find more abundant mRNAs encoding structural proteins specific to the function of the
terminally differentiated cell. Therefore, depending upon where they fall in the regulatory
hierarchy the abundance of differentially regulated genes will range from very rare to very
abundant mRNAs.

One of the first strategies used to look for differentially expressed genes is "Plus-minus" or
"Differential” screening. In this method a cDNA library is hybridized with two different
cDNA probes derived from, for example, two cell types, only one of which expresses the
target gene(s) of interest (Sambrook et al., 1989). However, the utility of this technique is
limited by the high complexity of cDNA probes, making detection of rare sequences
difficult and restricting the usefulness of this approach to the identification of relatively
abundant RNA transcripts, which comprise 0.05-0.1% of an mRNA pool. The complexity
of the probes and the cDNA library can be decreased by subtractive hybridization. This
technique enables detection of less abundant messages by eliminating common sequences
from the cDNA pools, which increases the concentration of unique sequences in both
pools, and thereby increasing the signal to noise ratio.

The earliest use of subtractive hybridization took place before the advent of DNA cloning
techniques. Messenger RNA molecules encoded by the rIIA and rIIB cistrons of
bacteriophage T4 were isolated by hybridization of labeled wild-type T4 RNA to a rlIA-
rIIB deletion-mutant strain. Only those molecules encoded by deleted sequences remained
single stranded after hybridization to the deletion strain (Bautz and Reilly, 1966).
Subsequently, subtractive hybridization has been used successfully to isolate genes based
on their differential expression in a number of different biological contexts (Fornace and
Mitchell, 1986; Hedrick et al., 1984; Sargent and Dawid, 1983; Timberlake, 1980).
Starting with two mRNA populations that differ by only a small fraction of their expressed
RNAs, eliminating the vast quantity of common sequences from the starting cDNA
population can cause target species to be enriched from 50 to 1000-fold. Therefore, even
transcripts present at only a few copies per cell, corresponding to as few as 1 in 109
mRNA molecules, can be isolated (Sargent and Dawid, 1983).

Conventional methods of subtractive hybridization involve hybridization of tens of
micrograms of polyA+ driver mRNA with at least 10-fold less cDNA target. The
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RNA:cDNA hybrids are isolated by hydroxyapatite chromatography and the resultant single
stranded material is either cloned to make a subtracted library or labeled to make a
subtracted probe. Because unique target sequences are usually relatively rare, elimination
of common sequences often results in elimination of greater than 95% of the original
cDNA. Therefore, not only does the method require large amounts of driver mRNA, in
addition, typically only a few nanograms of target sequences remain after subtraction,
making cloning and isolation of rare species in the subtracted library difficult.

The subtractive hybridization technique has been adapted and modified in a myriad of
different ways to allow isolation of important DNA and RNA sequences, including key
reagents for the identification of disease loci in the human genome. For example, isolation
of DNA sequences linked to the Duchenne muscular dystrophy gene was accomplished by
using a method called "phenol emulsion reassociation technique” (or PERT,(Kohne et al.,
1977)). This method increases the rehybridization rate of complementary DNA sequences
enough to allow isolation of rare DNA fragments corresponding to deleted sequences
between normal and deficiency-carrying human chromosomes. The increased speed of
hybridization compensates for the high complexity of the two DNA pools that normally
makes it impossible to achieve hybridization of very rare sequences (Kohne et al., 1977;
Kunkel et al., 1985).

PERT has been combined with a number of other modifications to the original subtractive
hybridization and cloning procedures. For example, Zeng et al. combine this technique
with specific enzymatic degradation following hybridization of driver cDNA with thio-
nucleotide-modified tracer cDNA. Their technique, called "enzymatic degrading
subtraction” or EDS uses hybridization between tracer cDNA synthesized with
thionucleotides and unmodified driver cDNA, followed by enzymatic degradation by
exonucleases. Only molecules in the modified tracer pool are resistant to degradation,
therefore all driver and driver:tracer hybrids are destroyed, leaving only the annealed tracer
duplexes intact (Zeng et al., 1994).

Differential display is another method used to isolate specific gene products based on their
expression in one cell or tissue type but not another (Liang et al., 1993; Liang and Pardee,
1992). In this method representative cDNA pools are amplified by the polymerase chain
reaction (PCR) from templates generated by reverse transcription of the two mRNA
populations of interest. The PCR primers are designed to generate an array of amplified
products (reflecting the starting mRNA pools) that can be visualized by separation of
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radioactively labeled PCR fragments on polyacrylamide gels. Amplified fragments present
in one pool but not the other can thereby be identified and isolated directly from the dried
gel matrix (Liang et al., 1993; Liang and Pardee, 1992).

The subtractive hybridization screen described in this work is based on the method
developed by Wang and Brown (Wang and Brown, 1991), and combines the high
sensitivity of using a subtracted probe to screen a subtracted library with the use of PCR
amplification of the subtracted pool after every round (see figure 3). Unlike traditional
subtractive hybridizations, in which the population of molecules in the subtracted pool
becomes vanishingly small after a limited number of rounds, this PCR-based method
allows regeneration of the enriched material after every subtractive hybridization. The
quantity of material produced by PCR at each stage is sufficient to allow multiple rounds of
subtraction to be performed until the population has been depleted of known common
sequences and enriched for any known differential cDNAs. In addition, regeneration of
workable amounts of material after every round of hybridization, allows both cloning of
subtracted cDNA sequences to make subtracted libraries as well as ample template for
probe synthesis and further positive or negative selection of specific sequences in the
subtracted population(Wang and Brown, 1991). Further successful modifications of this
and other protocols are continuously being developed. For example, Hakvoort et al.
(Hakvoort et al., 1993) have successfully combined this method with autoradiographic
display of PCR amplified fragments adapted from Liang and Pardee (Liang et al., 1993) to
allow direct visualization of different cDNA fragments during the course of the subtraction
(Hakvoort et al., 1993).

One of the most dramatic examples of the successful use of subtractive hybridization is the
cloning of the MyoD gene (Davis et al., 1987). These authors describe a subtractive
hybridization between RNA from undifferentiated mouse embryonic fibroblast cells and
c¢DNA prepared from proliferating myoblasts of two different myogenic cell lines. This
screen resulted in the isolation of a single myoblast-specific gene, named "MyoD," whose
expression converts undifferentiated embryonic fibroblast cells into differentiated
myoblasts (Davis et al., 1987). The MyoD gene was isolated at a frequency of 4 x10~4
clones, making it 0.04% of the cDNAs in the library screened and a rare species in the
mRNA population.

The key factor in the success of the MyoD screen was the stringent criteria used in
screening CDNAss of the subtracted pool for qualities expected of the target gene(s) of
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interest. The design of the screen drew upon extensive immunological and biochemical
studies which provided evidence for the expression of a repertoire of lineage-specific
markers in proliferating myoblasts. These studies suggested that proliferating myoblasts
continually express mRNAs encoding regulatory factors which activate myoblast-specific
markers and contribute to the differentiation of these muscle precursor cells by making
them competent to express other muscle-specific genes (Davis et al., 1987).

The effectiveness of any subtractive hybridization or related technique depends upon the
methods devised for screening the resultant clones for those that are relevant to the process
being studied. In many developmental systems, information about the kinds of cells or
tissues expected to express the genes of interest, as well as lineage-specific markers, are
extremely limited or non-existent. Such is the case for embryonic germ cell differentiation,
so in the screen described here I focus on identification of RNAs expressed specifically in
germ cells without initial regard to their actual role in determination and/or differentiation.

The rationale for the subtractive hybridization was that any mRNA uniquely expressed
and/or maintained in the embryonic germ cells would be present in wild-type embryos but
not in embryos that never form pole cells. On the other hand, all transcripts expressed in
somatic tissues should be present in both types of embryos and would therefore be depleted
during the course of the subtractive hybridization, leaving only those RNAs unique to or
highly enriched in the embryonic germ line cells.

Results:
Generation of Template cDNAs for subtractive hybridization

Embryos laid by oskar301/oskarCE4 mutant females at 18°C are completely wild-type except
that they do not form pole cells and therefore lack germline tissues completely (Lehmann
and Niisslein-Volhard, 1986). These embryos were used to isolate germ-cell-minus RNA
for subtraction (see figure 1). However, given that there are no genes known to be
expressed in wild-type but not in embryos of oskar301/CE4 mutant mothers, it was critical to
include an exogenous RNA as a positive control, present as a transgene in the wild-type
embryos but not in those lacking pole cells. A transgenic strain carrying a P-element-
encoded lacZ transcript in which the bacterial LacZ marker gene was cloned upstream of
the nanos 3' untranslated region (UTR) sequences was therefore used as the source of
wild-type RNA (see figure 1). The nanos RNA is localized to the posterior pole in early
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embryos through its 3'UTR sequences, taken up into the pole cells when they form at the
posterior pole, and stably maintained in them throughout embryonic development. The
mRNA produced from the lacZ/nos transgene has been shown to behave just like the
endogenous nanos RNA. This fusion transcript is maintained in the embryonic germ cells
throughout embryogenesis and can be detected in the embryonic gonads as late as stage 16,
just before cuticle deposition (E. Gavis, personal communication).
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Subtraction Starting Materials:

Wt/lacZ embryos osk embryos

Early Cleavage 45Min

Pole Cell Formation

Cellular Blastoderm

Early Gastrulation

Germband Extension

Migration

Gonad Formation 13Hrs

Figure 1 This figure shows the stages of development included in collections for
isolation of RNA from wild-type/LacZ embryos and those laid by oskar-mutant
females. On the far left are descriptions of the developmental events occuring during
the embryonic stages pictured to the right. The left-hand column depicts wild-type/
LacZ embryos. These transgenic embryos carry a P-element transposon that encodes
a lacZ-nanos 3'UTR fusion RNA which is incorporated into the pole cells when
they form, and remains stabilized in these cells throughout embryonic development
(pole cells are shaded in black). The column on the right depicts embryos from the
same developmental stages as the wild-type/LacZ embryos. These cmbryos develop
identically to wild-type. except that they lack pole cclls.



The lacZ/nos mRNA serves not only as a control for cross-contamination between the two
starting RNA pools and subsequent cDNA pools, but also as a means of monitoring the
sensitivity of the screen. The abundance of the LacZ/nos RNA was expected to reflect the
extent to which a transcript present only in the germ cells of the embryo would be
detectable in the background of all of the transcripts present in the somatic cells throughout
embryogenesis. At cellular blastoderm the pole cells number from 20-50 cells in contrast to
the roughly 5000 somatic cells present (Campos-Ortega and Hartenstein, 1985;
Sonnenblick, 1941) . This ratio shrinks progressively throughout embryogenesis until by
late embryonic gonad formation, the primordial germ cells number less than 20 in
comparison to the ~24,000 somatic cells present at this stage.

Zygotic transcription in the pole cells is undetectable until approximately 3.5 hours after
fertilization (Zalokar, 1976) . In addition, only two genes, vasa and ovo (see Chapter 1),
are known to be transcribed zygotically in the late embryonic germ cells. Therefore, in
light of the limited evidence for zygotic transcription in pole cells, embryos from a broad
range of ages were collected. In order to include embryos that contain significant levels of
maternal transcripts enriched and/or stabilized in pole cells, as well as late stage embryos
containing substantial amounts of zygotically transcribed RNAs, embryos ranging in age
from 45 minutes to 13 hours after egg laying were collected (see figure 1). The embryos
in these collections include all stages of embryonic pole cell development: pole cell
formation, gastrulation, migration through the midgut epithelium, and finally, gonad

formation.

Roughly 600 micrograms of embryos of each type, was used as starting material for the
isolation of ~30 micrograms of polyAT mRNA. An aliquot of the mRNA isolated from
these embryos was analyzed by Northern blot hybridization. Labeled cDNAs encoding
lacZ (figure 2A), hunchback (figure 2B), and vasa (figure 2C) were used as probes to
check for the expected distribution of these three transcripts between the two starting
mRNA populations and to assess the quality and relative quantities of RNA in the two
pools. LacZ transcripts were detected only in the wild-type mRNA pool, whereas the
hunchback and vasa transcripts were present in roughly equivalent amounts in both starting
pools, although there appears to be a very small<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>