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Summary

Eight genomic DNA clones previously identified in a differential screen to iden-
tify male-specific transcripts (Russell, 1989) were selected for analysis. These
recombinant phage appear to represent six genomic loci. Three of these genomic
clones gK22, gK30 and gK31 were identified once while others (gKé & gK27 and
gK8 & gK10) represented genomic DNA phage which originated from the same
genomic region. Clone gK17 appeared to be identical to clone g54 characterised
by Russell (1993) and was not analysed any further. The relationship between
gKé & gK27 and gK8 & gK10 was confirmed by cross-hybridisation and restric-
tion mapping. The longest clone from each of the two classes (gK10 and gK27)

were selected for further analysis.

The data obtained from Southern analysis and in situ hybridisation to polytene
chromosomes suggests that three (gK10, gK22, & gK31) of the genomic DNA clones
which were selected for further characterisation represent single copy genes lo-
cated on the autosomes. Genomic DNA clone gK27 appears (from Southern and
sequence analysis) to contain a duplication of the fragment which contains the
putative male-specific transcript. None of them appear to be re-isolates of previ-

ously characterised male-sterile or male-lethal loci.

Some of the male-specific transcripts are expressed in the larval testis and in the
case of two of the transcripts represented by gK27 and gK31, contain transcripts
that are expressed in the adult testis. Restriction of the transcripts to the adult
testis has been confirmed by northern analysis for two of the clones gK10 and
gK27. In both cases, transcripts were detected only in males and not in females.
Additionally, transcripts derived from clones gK10 and gK27 were not detected in
tudor flies nor in female flies transformed into pseudomales by mutations in the
transformer2 gene. These results suggest a germline-specific function for these

transcripts.



Two P[lacZ] insertion lines recovered during a screen for spermatogenic
mutatations (Castrillon et al.; 1993) mapped near the cytological locations of two
of the genomic DNA clones gK27 (insertion line designated MS(3)90E) and gK22
(designated pistachio, (pto)). Insertions at these locations resulted in sterility (pto)

and in sterility and semi-lethality (MS(3)90E) respectively.

cDNA clones corresponding to the male-specific regions of genomic DNA clones
gK31 and gK27 were isolated and the DNA sequenced. The cDNA corresponding
to genomic DNA clone gK31 (cK31) showed no apparent significant homology
with other sequences in the SwissProt database, whilst cDNA corresponding to
genomic DNA clone gK27 (cK27) showed significant homology to a group of pro-
teins known as the HMG-box proteins. The HMG-box is a DNA binding domain
that was first identified in a group of proteins that comprised the non-histone
component of chromatin (The High Mobility Group or HMG proteins). As cK27
appeared from northerns not to represent a full length transcript, the two male-
specific genomic regions from the original genomic DNA clone gK27 were
sequenced. This analysis suggested that the presence of two male-specific re-
gions in the gK27 genomic DNA clone had arisen due to a duplication of this
region. cDNAs corresponding to the other two clones(gK10 and gK22) have been

isolated but have not yet been characterised.

The four genomic clones selected for further characterisation in this study appear
to represent a class of germ-line specific transcripts. It is possible that they may

be involved in spermatogenesis.
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Chapter One Introduction



Introduction.

Spermatogenesis is the process of producing haploid sperm cells from
predetermined diploid cells. Immense morphological changes are specified
that form complex, highly specialised motile sperm from an undifferentiated
germ cell. An essential component of spermatogenesis is the process of meiosis,
ensuring the production of haploid sperm cells. Spermatogenesis is one of the
fundamental developmental processes that occurs in higher eukaryotes. It is
also one of the most elaborate and highly conserved processes that occurs during
development. The few differences that are known to exist between insects and
mammals relate more to differences in their regulation of spermatogenesis rather

than to differences in the basic morphological features.

The formation of the male gamete from an undifferentiated germ cell is a process
that begins with a reduction in the chromosome number and proceeds through
various morphological stages converting the haploid spermatid into a fully
differentiated spermatozoon. The composition of the mature sperm is highly
specialised enabling the sperm to carry out its two major functions (transport
of the sperm nucleus to the egg and subsequent fusion with the egg) with the
maximum efficiency. As can be seen in Figure 1.1, the sperm can be divided
into two components, thehead consisting of the nucleus (N) and acrosome (A)
and the tail, formed from the flagella (or axial complex AC) and a fused
mitochondrion (also known as thenebenkern (N) or mitochondrial derivative

(MD)).

As described in more detail later in this chapter, all stages of spermatocyte and
spermatid development occur within the adult testis. Every 10 hours, an
asymmetric division of a stem cell (S) at the apex of the testis results in the

formation of a gonial stem cell (G) and a new stem cell (Figure 1.2). Once
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» Stem Cell (S)

Assymetric Mitotic Division

Diploid Stem Cell Gonial Cell (G)

Mitotic Division
A\
Spermatogonia (SG)

Transcription of Genes
v and Growth of Cells

Spermatocyte (SC)

Meiotic Division
A\
Haploid Spermatid (ST)

Spermiogenesis

\
Mature Spermatozoon (SP)

Figure 1.2. A schematic representation of the different processes and stages of
Drosophila spermatogenesis.



formed the diploid gonial cells undergo several rounds of mitotic divisions
resulting in the formation of 16 diploid spermatogonia (SG). These mitotic
cell divisions are incomplete, leaving the cytoplasms of the spermatogonia
continuous with each other. Spermatogonia then enter a period of growth in
which transcription of all genes required for the later stages of spermatogenesis
occurs. This results in the formation of large diploid spermatocytes (SC). Once
expression of all the gene products required for maturation (a process known
as spermiogenesis) has occurred, the 16 primary spermatocytes undergo
meiosis resulting in the formation of 64 haploid spermatids (ST), which then
proceed into spermiogenesis. As with the previous mitotic divisions,
cytokinesis is incomplete, and consequently the spermatids remain connected
throughout development until the final stages of spermiogenesis. Once this
process of individualisation has occurred, the mature differentiated Sperm (or
Spermatozoa (SP)) are released into the seminal vesicle where they are stored

prior to ejaculation.

Development Of The Male Reproductive Tract.

The first 13 cleavages during Drosophila embryogenesis (stages 1-4) take place
without cell division leading to the formation of a syncytium in the embryo.
Just before stage 5 (see Figure 1.3a) the sequestration of nuclei in the posterior
of the embryo occurs to form the pole cells. At stage 5, the remaining nuclei
line up beneath the cell surface leading to the formation of the cellular
blastoderm. Between stages 6-8, the process of gastrulation occurs, resulting
in the establishment of the three germ layers ( the ectoderm, the endoderm and
the mesoderm). By stage 8 (Figure 1.3b) the pole cells have migrated into the
interior of the embryo forming the germ cell line primordia, and stage 9, the
process of germ band elongation has started with several furrows formed along

the length of the embryo. The establishment of several organ primordia is also
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Figure 1.3: Development of the Male Reproductive Tract.

(a) Stage 5 Embryo.

Sequestration of nuclei from the
syncytium to form the pole cells
(pc). (germ cell primordia, pmg).

(b) Stage 8 Embryo.
Migration of pole cells to
interior of embryo to form germ
cell primordia (pmg).

(c) Stage 11 Embryo.
Pole cells start to migrate
laterally.

(d) Stage 12 Embryo.
Continued migration of the pole
cells.




(e) Stage 15 Embryo.
Migration of gonad (go) toward
segment A5 complete.
Formation of the genital
imaginal disc (gd).

(f) Male 3rd Instar Larvae.
Increase in size of the male
gonad. Formation of lumen in
the genital disc. (testis, te).

(g) Early Pre-pupal Stage.
Increased growth of testis.
Growth of the accessory
structures, seminal vesicles (vs)
and paragonia (pg) begins from
the genital imaginal disc.

(h) Pupal Stage.

Growth and attachment of
accessory structures from the
genital disc to the testis
(ejaculatory duct, de; sperm

pump, sp).

(i) Adult Male.

All accessory structures
formed. Pigmentation of the
outer sheath cells has occurred
and the testes have assumed
their spiral shape. Adapted
from Hartenstein, (1993).



evident. As development proceeds, the furrows laid down earlier disappear
so that by stage 11 all but the cephalic furrow have faded. In addition, at this
stage, parasegmental border formation occurs. At stage 12, the process of germ
band retraction starts and the optic lobe invaginates. The pole cells begin to
migrate out of the midgut during the 11th & 12th stages (Figure 1.3c and d). The
organ primordia start to differentiate during stage 13, and during stage 14
invagination causes the formation of all of the structures in the head. This
process continues during stage 15, with an expansion of the trunk segments.
The pole cells at this time are located laterally in segment A5. The genital disc
which is the primordia for some of the adult testicular structures, is formed
between the anal plate and the denticle belt of segment A8 (Figure 1.3e)
(Sonnenblick, 1950; Hartenstein, 1993). This expansion process continues during
both stage 16 and 17 until the final larval morphology is assumed: the cuticle
thickens and the denticle belts and other specialised structures are formed on

the surface of the cuticle.

In larvae which are between 6-10 hours old the male gonad can be seen through
the larval integument whilst the much smaller female gonad is difficult to see,
even in third instar larvae. This difference in size is a consequence of the different
number of cells contained in the male gonad compared with the female gonad:
approximately 8-12 germ cells in the female versus 36-38 in the male. During
the course of larval development, the male gonad continues to grow in size
while the female gonad remains smaller (Figure 1.3f). At metamorphosis, the
testis become attached to the vas deferens (Figure 1.3h). This interaction between
the gonad and the vas deferens determines the final morphology of the adult
testis (Figure 1.3i). Once attachment has occurred, the testis begins to elongate
and assume a spiral shape (Bodenstein 1950). In addition, pigment cells from

the gonad migrate towards the vas deferens producing the species-specific colour.



The genital imaginal disc is responsible for the formation of several structures in
the adult testis including the genital ducts, the accessory glands and the external
genitalia. The genital disc is known to contain three distinct primordia, one which
is specific for the formation of the male structures, one specific for the female
structures and the third responsible for formation of the analia (Nothiger et al.,
1977; Schupbach et al., 1978). In the late larval period, the genital disc of both sexes
forms a sac with an inner lumen. (Figure 1.3f). At the prepupal stage in the male,
the posterior part of this structure goes on to form the external genitalia, while the
anterior part of the disc forms the vas deferens which grows toward the gonad
(Figure 1.3g). This growth and differentiation continues in the pupa (Figure 1.3h)
giving rise to the genital duct primordia and the accessory structures. Figure 1.3
shows the final organisation of these structures in the adult male with the accessory

structures attached to the testis (Bodenstein, 1950; Hartenstein, 1993).
Normal Spermatogenesis In Drosophila .

Spermatogenesis has already been initiated in the 1st instar larva (Figure 1.4).
After hatching, the third instar larval testis (Figure 1.5) contains 36-38
spermatogohia (SG) with the first cysts of the primary spermatocytes (SC)
observed 1 day later. The cysts of growing spermatocytes arise at the apex of
the testis and are displaced by subsequent spermatogonia dividing to form
new cysts of primary spermatocytes. The terminal cells (TC) seem to be the
site at which attachment of the vas deferens occurs. As development proceeds,
both spermatogonia and primary spermatocytes are seen to co-exist in the larval
testis until just before pupation. Normally, the primary spermatocytes do not
enter into meiosis until the white prepupal stage early in metamorphosis (see
Figure 1.4). Since development of the soma and the gonad are not tightly linked,
it is possible for meiotic and early postmeiotic spermatogenic stages to exist in

the third instar larvae (Fuller, 1994).



Polar Nuclei Migrate and Proliferate
Pole Cells Reach Gonads
motilty 10 Gonial Divisions Begin
coiling 22 Gonial Divisions

Spermiogenesis

PUPATE 12 Spermatocyte Growth

elongation begins meiosis | and Il

Figure 1.4: The spermatogenic cycle as it occurs in Drosophila melanogaster
superimposed on the Drosophila life cycle (25°C). Adapted from Lindsley and
Lifschtyz (1971).



Figure 1.5: Schematic representation of male third instar larval testis. Apical
cells (A) at the base, with spermatogonia (5G) forming behind them. The centre
of the testis comprises primary spermatocytes (SC) interspersed with interstitial
cells (i). The caudal half of the testis consists of terminal cells (TC). Squamous
cells (sc) encircle the testis. Taken from Cooper (1950).
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The adult testis (Figure 1.6) represents a ‘steady state’ system in which all stages
of spermatogenesis are present. The spermatogenic process can be split into
several stages:- spermatogonial growth and mitotic division; primary
spermatocyte growth and male meiotic division; and spermiogenesis. Each of

these stages will be considered in turn.

Spermatogonial Growth And Mitotic Division.

The tip of the Drosophila testis (Figure 1.7) consists of three types of cell: the
apical cells (A) the stem cells (S) and the cyst progenitor cells (C). The apical
cells form the hub of the testis, and are surrounded by the stem cells (normally
5-9), which in turn are enclosed by the cyst progenitor cells (Lindsley &
Tokuyasu, 1980). At the onset of spermatogenesis (Figure 1.2), one of the stem
cells (S) undergoes an asymmetric mitotic division to produce a new stem cell,
which remains at the hub, and a gonial cell (G) which becomes displaced
laterally away from the apex. The gonial cell (enclosed by two of the cyst
progenitor cells) will found a cluster of spermatogonia that develop and divide
in synchrony. In order to produce primary spermatocytes, the gonial cells
undergo several mitotic divisions, the number of which is species-dependent
(e.g. , 4 in Drosophila melanogaster; 3 in Drosophila hydei). This produces a cyst
containing 16 primary spermatocytes (D. melanogaster) which are linked by
cytoplasmic bridges due to incomplete cytokinesis (these bridges persist

throughout the subsequent development and differentiation of the cyst).
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Figure 1.6: Schematic representation of the male adult reproductive tract. testis
(T), testicular duct (D), seminal vesicle (V), accessory gland (G), anterior
ejaculatory duct (AD), ejaculatory bulb (B), posterior ejaculatory duct (PD).
Taken from Lindsley and Tokuyasu (1980).

12



Figure 1.7a: Longitudinal section through the apex of the testis. The suggested
process by which primary gonial cells (PC) are generated from stem cells (S) is
shown. The hub is attached to the apex via extensions of the basal lamina. Six
stem cells (S) surround the hub. Each stem cell (S) is surrounded by a pair of
cyst progenitor cells (P).

Figure 1.7b: Cross section through the testicular hub. Generation of primary
gonial cells occurs in a clockwise direction (1 to 6). Division of the stem cell (S)
to produce the primary gonial cell (PG) occurs at the same time as division of
cyst progenitor cells (C). The cyst cells and stem cells undergo cytokinesis
together ensuring that the primary gonial cell (PG) is enclosed by a pair of cyst
progenitor cells (C). As the primary gonial cell undergoes the first gonial
division, the stem cell divides again to generate another primary gonial cell.
Taken from Lindsley and Tokuyasu (1980).
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Primary Spermatocyte Growth And The Male Meiotic Division.

The primary spermatocytes now begin a new programme of development. This
stage of spermatogenesis, which lasts for ~90 hr, is characterised by a large increase
in cell volume (25-30%) (Lindsley & Lifschytz, 1971). It is during this stage that
transcription of all gene products required for subsequent morphogenesis is thought
to occur. The studies of Olivieri & Olivieri (1965) and Gould-Somero & Holland
(1974) suggest that most, if not all, transcription ceases after this stage. Another
important feature of primary spermatocytes is the appearance of the ‘Y loops’ on
theY chromosome, suggesting these chromosomes have become transcriptionally
active. The implications of this will be discussed in the section dealing with

the Y- chromosome.

During this time the primary spermatocyte itself undergoes morphological
changes. At the onset, the primary spermatocyte is the same size as its gonial
cell precursor, however during this time it develops through a series of stages
before the formation of the mature primary spermatocyte, the largest

spermatocyte in the testis.

In primary spermatocytes, the events described above take place during an
elongated G, stage. The transition from this G, phase to the metaphase stage of
the first meiotic division is characterised by various changes in the nuclear and
chromosomal morphology. In Drosophila males, the stage at which the Xand Y
chromosomes separate (the reduction division) is in meiosis I. During both
meiosis I and meiosis II, the mitochondria line up parallel to the nucleus
ensuring their equal division during cytokinesis. Together meiosis I and II
produce a cyst in which the 16 primary spermatocytes have divided to produce
64 haploid spermatids (D. melanogaster). As with previous divisions, cytokinesis

is incomplete and the spermatids remain connected via cytoplasmic bridges.

14



completing meiosis the spermatids undergo extensive differentiation during

the maturation process known as spermiogenesis.

Spermiogenesis.

The haploid spermatids now enter into the process of spermiogenesis. This
maturation process may be divided into several intervals: pre-elongation,
elongation, transition, post-elongation, individualisation and coiling. Together,
they ensure the transformation of the haploid spermatid into a mature sperm.
The process has been extensively discussed by Lindsley & Tokuyasu (1980) and

Fuller (1994) and is summarised below.

1. Pre-Elongation.

During this stage, the structures of the spermatid components are altered in
order to facilitate the morphological changes which occur later in
spermiogenesis. It is characterised by movement of the mitochondria, which
- gather and fuse to form a spherical mass located to the side of the nucleus. This
developmental period, often termed the ‘onion’ stage, results in the formation
of a giant bipartite mitochondrion, known as the nebenkern. The nebenkern
consists of layer upon layer of mitochondrial membranes in a tightly-wrapped
structure which has the appearance of an onion in cross-section. Consequently
the mitochondrion changes from a sphere to a cylinder and the axoneme grows
from the basal body during elongation of the axial complex (Figure 1.8). In
addition to nebenkern formation, two other morphological changes occur at
this stage: the axoneme grows out from the basal body (located at the base of
the nucleus) starting the development of the sperm tail, and fusion of the Golgi
bodies occurs to form the acroblast (located opposite the basal body) at the

apex of the nucleus (Figure 1.8).

15



(d)

Figure 1.8: Changes which occur in the nucleus and cytoplasm during
elongation. (a) shows a pre-elongation spermatid. Nucleus (N), basal body
(BB), Cilium (C), nebenkern (NK) axoneme (AX), Axonemal Sheath (AS) and
Mitochondrion (M). The bipartite structure of the nebenkern can be seen. (b)
shows the elongation of the axoneme and the nebenkern, whilst in (c) the
continued elongation of the axoneme and the nebenkern is shown and the
nucleus has started to elongate, changing from a spherical shape (a) into a
needle (c). (d) shows in detail the extremity of the axoneme. This has not fully
differentiated into the 9+2 structure and remains enclosed within the cilium.
The cilium, in turn is enclosed within a sheath of endoplasmic reticulum (ER).
Taken from Lindsley and Tokuyasu (1980).
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2. Elongation.

At this point the spermatids are still disc shaped. During this phase their
components elongate to the dimensions of a mature sperm and involves

elongation of the axoneme, nebenkern and nucleus (Figure 1.8).

The axoneme.

The axoneme (the propelling force of the sperm) is derived from the basal body
of the nucleus. Ithas the 9+2 structure characteristic of other flagellar structures
derived from microtubules (Gibbons 1981). During elongation, its structure
becomes more complex (Figure 1.9) with the addition of accessory structures.
A projection of tubulin originates from the microtubule doublet, forming the
accessory microtubule. This structure itself becomes more complex, with spokes
forming between the outer doublets and the central region of the axoneme.
The additional microtubules and other accessory structures are first formed on
the side of the axoneme that is opposite the nebenkern (Kiefer, 1970; Williamson,
1976).

The Nebenkern.

Towards the end of the onion stage, the nebenkern layers begin to unfold. As
the cell elongates, the mitochondria become more spear shaped and filled with
cytoplasm containing ribosomes and other cytoplasmic constituents (these
disappear as elongation proceeds). The elongation of the mitochondrial
derivatives is thought to be due to the action of cytoplasmic microtubules. In
addition to elongating, the mitochondrion also splits into two parts (Figure
1.8), the major and minor mitochondrial derivatives (Figure 1.14). During

elongation, the major derivative remains larger than the minor derivative, which

17



(c) (d)

Figure 1.9: Development of the axoneme.

(a) shows the axoneme early in development where only the nine peripheral
fibres can be seen. In later stages, shown in (b), the central microtubule pair
has developed and the spokes between the central microtubule pair and the
peripheral microtubules become apparent. (c) shows the growth of the accessory
microtubules from the B fibre and the development of the connecting fibres
from the A fibre. (d) shows the structure of the complete axoneme. The accessory
microtubules (at), the spokes (s) and secondary fibres (sf) can clearly be seen
(Taken from Williamson, 1976).
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gradually reduces in size. At maturation, the minor derivative has almost
disappeared whilst the major derivative consists mostly of paracrystalline
material (Figure 1.10). This process of degeneration of one of the mitochondrial
derivatives in D. melanogaster differs fromAthat in other dipteran species as
D. hydei, where both mitochondrial derivatives are maintained. At the latest
stages of elongation, deposition of densely staining granules results in the
formation of the paracrystalline array in the major mitochondrial derivative.
This deposition occurs at the boundary between the axonemal sheath and the
mitochondrial derivative. The paracrystalline body has a very regular structure
consisting of round crystals (with a diameter of 80A) arranged in a hexagonal
array. It has been postulated (Bairati & Perotti, 1970) that this arrangement is
related to complex biochemical function. The crystalline protein structure is
thought to arise as a consequence of reorganisation of the mitochondrial cristae

proteins and respiratory complexes during spermatogenesis.

Nuclear Shaping And Elongation.

As the axial complex grows during elongation, the morphology of the nucleus
alters from a sphere to a hook shaped structure (Figure 1.11). Concurrent with
deposition of the paracrystalline array in the mitochondria, the nucleus becomes
flattened and fenestrated (perforated). A concave depression forms at the
flattened side, which is filled with perinuclear microtubules (Figure 1.11d).
Microtubules are also laid down at the convex edge of the nucleus facilitating
elongation. On the convex side of the nucleus, chromatin condensation occurs
(Figure 1.11f). Budding off of nucleoplasm and nuclear membrane from the
concave side results in a 200-fold reduction in nuclear volume yielding a nucleus

which is 9pm in length and 0.3pm wide (Figure 1.11h -j).
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Figure 1.11 shows the developmental changes occurring in the nucleus during the
processes of elongation, transition, post-elongation and individualisation.

Figure 1.11a shows a nucleus at the start of elongation. In Figure 1.11b deposition of
microtubules occurs resulting in a depression. In Figure 1.11c & d the nucleus begins
to be transformed, adopting a more concave-shape and growing in length. Figure
1.11e is a transition nucleus. The nucleus has reached almost full length and the
microtubules begin to migrate out of the concave depression over to the convex side.
(shaded part of nucleus). The alignment of the nucleus with respect to the axial complex
also occurs at this stage. The basal end of the nucleus becomes more pointed towards
the axoneme (compare Figure 1.11d to Figure 1.11e ). Figures 1.11f - j show the nucleus
in the post-elongation period. This is characterised by a reduction in nuclear volume.
As the microtubules migrate out of the nucleus, the depth of the concave side is reduced.
Chromatin condensation occurs on the non-fenestrated part of the nucleus. In addition,
the nucleus reduces its volume by the formation of vesicles causing the loss of nuclear
membrane. Initially, this process occurs at the fenestrated part (Figure 1.11h) followed
by loss from the non-fenestrated part. The acrosome (A) becomes tilted with respect
to the nuclear axis (Figure 1.11j). Figure 1.11k represents the nucleus after the process
of individualisation. The microtubules which had surrounded the nucleus become
lost (indicated by a loss of shading) leaving the acrosome (A), nucleus (N) and Axial
complex (Ac) surrounded by a thin layer of plasma membrane (PM). Taken from
Lindsley and Tokuyasu (1980).
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3. Transition Period.

During this stage two processes occur, redistribution of the microtubules

surrounding the nucleus and alignment of the nucleus to the axial complex.

Microtubule Redistribution.

As described, during nuclear elongation the nucleus become fenestrated and
concave. This altered morphology is coincident with an approximate 2-fold
increase in the number of microtubules on the concave side (Figure 1.12b).
Additionally, the microtubules move out from this area in both directions
resulting in the fragmentation of the endoplasmic reticulum. The endoplasmic
reticulum which previously enclosed the nucleus, is now restricted to the
paranuclear strip. This movement results in a single layer of microtubules

covering the convex nuclear surface (Figure 1.12c).

Nuclear- Axial Complex Realignment.

The nucleus and the axial body are in contact at the base of the nucleus (where
the basal body is located), although the orientation of the nucleus relative to
the axial body is not fixed. The microtubules in the axial body and those of the
nucleus are separate and discontinuous. However, once the nucleus changes
its microtubule distribution, two events take place. First, there is movement of
nuclear microtubules down to cover the junction between these two structures,
resulting in the formation of a sheath of microtubules. Secondly, there is a 2-3
fold increase in the diameter of the anterior tips of the mitochondrial derivatives.
This enlarged axial complex fits into the microtubular sheath, resulting in the
alteration and compaction of both these structures. A posterior extension forms

at the fenestrated side of the nucleus. The nuclear socket (containing the basal
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Figure 1.12 shows the progress of microtubule redistribution in a transition
and post-elongation period nucleus.

Figure 1.12a shows a transition stage nucleus surrounded by the endoplasmic
reticulum (ER). The paranuclear strips, located at the boundary between the
concave and convex side of the nucleus, are indicated by arrows.

In Figure 1.12b, the movement of the paranuclear strips towards the convex
side results in the movement of the microtubules (white circles) out of the
concave depression. This movement results in disruption of the ER except for
that which covers the paranuclear strips. Chromatin compaction (darker circles)
has started to occur. In the post-elongation nucleus, the larger of the paranuclear
strips stops at the top of the nucleus (c) whilst the smaller strip is located in a
more lateral position. Chromatin compaction has increased, with its pattern of
condensation following that of the microtubules. Taken from Lindsley and
Tokuyasu (1980).
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body) forms a groove. The anterior tip of the mitochondrial derivative becomes
flattened and aligns with the basal body, restricting the rotational freedom of
the axial complex and the nucleus. The nucleus, therefore, becomes constrained
at two points: by the basal body and by the projections of the major
mitochondrial derivative. In mature sperm, the nucleus and axial complex are

continuous (Figure 1.1).

4. Post-Elongation.

Events that are required for tail formation are often initiated prior to post-
elongation. During this time, events such as the development of the accessory
structures continue until the highly ordered structures such as the spokes

connecting the peripheral element can easily be distinguished.

During the preceding stages, the nuclear volume has been kept constant, but
now the nuclear surface area is gradually reduced. This is achieved by reducing
the depth of the concave side of the nucleus so that in cross-section the nucleus
appears almost round (Figure 1.11g). As discussed in the section on nuclear
shaping, chromatin condensation and budding of the nuclear membrane occurs
(Figure 1.11f-j). Membrane is first removed from the fenestrated edge of the
nucleus moving into the non-fenestrated portion. Its final shape depends upon
the perinuclear microtubules. The acrosome, situated at the apex of the nucleus,
initially becomes tilted with respect to the nuclear axis, forming a forked
configuration at the head of the spermatid (Figure 1.11j). This organelle, derived
from the acroblast, may be considered a modified lysosome. It contains enzymes
which will facilitate the penetration of the egg by the sperm. When the sperm
is in the vicinity of the egg, it undergoes a complex reaction resulting in the

shedding of both the outer plasma membrane and the acrosome membrane.
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This facilitates the release of the acrosome enzymes which assist the sperm
penetrating the egg. The Drosophila acrosome is typical of that observed in
other species. It has a dagger-like shape and seems to consist of a single compact
substance containing no accessory structures. Different regions appear to exist
within the acrosome; this zonation might reflect a different functional or

biochemical requirement for each.

5. Individualisation And Coiling.

At the start of these stages, the spermatids are still connected via the cytoplasmic
bridges. However, during the course of this process, the spermatids are stripped
of the cytoplasmic bridges, excess cytoplasm and unnecessary organelles. The
process begins at the head region of the spermatid bundle, with the expansion
of the spermatid bundle to form the cystic bulge (CB) (Figure 1.13b). This
structure moves caudally along the spermatid bundle, removing the excess
structures and cytoplasm with a resulting complementary increase in its own
volume. The leading edge of this structure, known as the investment cone (I),
functions by surrounding each sperm tail and using its numerous microfilaments
assists the cystic bulge in its progression ,along the spermatid bundle. The
investment cones, starting in the head (Figure 1.13a), strip the spermatids of
excess nuclear membrane, leaving the nucleus surrounded by a single layer of
microtubules. Migration down the spermatids removes the perinuclear
microfilaments, the paranuclear strips and dramatically reduces in size the minor
mitochondrial derivative. The axonemal sheath furthest from the mitochondrial
derivative is also removed, leaving only that part which separates the axoneme
from the mitochondrial derivative. At the end of this process, the acrosome
attaches to the plasma membrane and the nucleus attaches to both the acrosome

and the axial complex. The sperm tail is divided by the remnants of the axonemal
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Figure 1.13 represents the process of individualisation. In (a), the spermatids
are still in the syncytium, they are enclosed with in a plasma membrane (PM)
which in turn is enclosed in the head cyst (HC) and tail cyst (TC) cells. As the
investment cones (I) progress from the head to the tail, there is a loss of the
cytoplasmic organelles (represented by a loss of shading in (a)). In (b) the
investment cone has moved down the spermatid bundle clearing the cytoplasm
and leaving the spermatids in their own plasma membrane. The cystic bulge
(CB) is formed and the organelles are collected in this region. Once
individualisation is complete (c), the spermatids are fully enclosed within their
own cytoplasm, the cystic bulge has progressed along the length of the
spermatid, removing all the organelles and forming the waste bag (WB) at the
end of the axial complex. Taken from Lindsley and Tokuyasu (1980).
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remnants of the axonemal sheath into two compartments, one containing the
axoneme, the other the mitochondrial derivatives (Figures 1.1 & 1.10). The
axoneme attaches to the nucleus at its anterior and to the plasma membrane at
its posterior, whilst the mitochondrial derivatives attach to the remnants of the
axonemal sheath. This arrangement of tail structures may facilitate sperm
motility. After progressing along the spermatid bundle, the cystic bulge forms
the waste bag (WB) at the bottom of the tail cyst (Figure 1.13c).

Coiling represents the final stage in the processes of spermiogenesis. The sperm
heads within the head cyst cell (Figure 1.13a) become enclosed by terminal epithelial
cells in the basal region of the testis. The coiling commences at the head of the
sperm, continuing along the sperm tails resulting in their removal from the apical
end of the testis. In the coiled area of the bundle, microtubules are formed. These
move along the tails packaging the sperm into a highly ordered hexagonal array.
Abnormal sperm whose structure does not favour the hexagonal packaging are
removed by these microtubules into the waste bag. The microtubules depolymerise
at the completion of this process. Normal sperm are released into the testicular
lumen, leaving abnormal sperm in the waste bag. The terminal cells phagocytose
the waste bags which are degraded by the action of lysosomes. The mature sperm
progress along the testicular duct until they reach the seminal vesicle. Here the
sperm are aligned, in both a parallel and anti-parallel manner forming huge bundles

consisting of a few thousand mature sperm.

As can be seen from the above description, spermatogenesis represents an
extremely complex morphological process. These events will obviously require
the participation and interaction of a large number of genes. The following
sections describe those genes that are known to have a role in spermatogenesis.
Some of these genes are known to be Y-linked while the majority are located on

the autosomes.
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The Y Chromosome.

In Drosophila, the process of sex-determination is achieved by determining the
ratio of X-chromosomes to Autosomes (X:A ratio) (Baker, 1989; Cline, 1993).
The Y-chromosome in this case contains no genes that determine sex, contrasting
with mammals where theY chromosome carries the gene SRY (sex-determining
region of Y). In mammals, the presence of the Y-chromosome dictates that the
male patterﬁ of development is followed, irrespective of the rest of the
chromosomal composition (Koopman et al., 1991). Although it has no role in
sex-determination, there is an absolute requirement for the presence of a
Y-chromosome during Drosophila spermiogenesis. Males which do not have a
Y-chromosome (X:O) though indistinguishable externally from normal males,
are sterile. In X:O males, normal spermatogenesis seems to occur until
spermiogenesis. After this time, the sperm degenerate in the posterior region
of the testis so that no motile sperm are found in the vas deferens. The defects in
spermatogenesis for Y-deficient males appear to fall into two classes :- those
affecting the mitochondrial derivatives and those which affect the axoneme
(Kiefer 1966, Williamson 1976). In both cases, the relative orientation of these
two structures becomes disturbed (Figure 1.14a), resulting in structures having
different ratios of axonemal complexes to mitochondrial derivatives
(Figure 1.14b). Formation of the paracrystalline array is often affected
(Figure 1.14b). Normally, this structure occurs at the junction between the
axoneme and the mitochondrial derivative. However, in X:O males,
paracrystalline formation may initiate at several times resulting in more than
one paracrystalline body (Figure 1.14b). Formation of the paracrystalline array
may also occur in the minor mitochondrial derivative whereas in normal X:Y
males it is confined to the major derivative. The axoneme, in contrast does not
appear to be as severely affected by Y-deficiency as is the mitochondrial

derivative. Axonemes formed in the absence of a Y-chromosome appear to
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(@) Normal XY Sperm Abnormal XO Sperm

(b)

(c)

Figure 1.14: spermatogenic defects observed in XO flies. (a) represents a
comparison of wild type sperm with that of X:O sperm. The orientation of the
mitochondria and axoneme is disrupted. There is no attachment between the
mitochondria and the axoneme in the mutant sperm. (b) shows an example of
mitochondria containing two paracrystalline bodies and two axial fibre
complexes. In (c) some of the defects observed in axonemes; those lacking the
central pair, and those lacking the peripheral fibres. Major Mitochondrial
Derivative (MMD), minor Mitochondrial Derivative (mMD), Axoneme (AXx),
Paracrystalline Body (PB) . Drawn from Kiefer, (1970).
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have all the correct components laid down in the right configuration. Abnormal
axonemes which do occur appear to miss some structures such as the central
tubule pair or peripheral tubules. (Figure 1.14c). These defective axonemes
degenerate during the process of spermatid maturation (Kiefer, 1970). The
axial fibre complex becomes disorganised, resulting in the loss of spokes and
secondary fibres until only the central and accessory fibres remain. These are

then all lost concurrently.

The Y-chromosome of Drosophila is a large heterochromatic chromosome and
although it comprises 12% of the Drosophila male genome, relatively few Y-
linked loci have been identified and localised (Figure 1.15a). Some of the genes
that have been localised to the Y-chromosome are suppresser of stellate Su(ste)
(Livak 1990), the bobbed (bb) gene family (Ritossa, 1976; Lindsley & Zimm, 1992)
and various fertility factors (six in D. melanogaster). The Su(ste) locus is located
between two fertility factors, kl-1 and kl-2, on the long arm of the Y-chromosome.
It affects the abundance and splicing of the X-linked gene stellate (ste). Males
that are defective for bothste and Su(ste)™ are sterile and can easily be identified
by the presence of star shaped crystals in the nuclei and cytoplasm of their
primary spermatocytes. Their spermatids are also affected, resulting in
formation of micronuclei and irregular nebenkern. In contrast, stet/Su(ste)
males have needle-like structures in their primary spermatocytes. These males
are fertile, although non-disjunction of all chromosomes occurs. Meiotic drive
is also seen to occur, with those sperm that do not contain the full chromosome
complement recovered more often than those that do ( Meiotic drive is a term
used to describe the situation whereby there is an unequal distribution of alleles
in the gametes of a heterozygote). An example of meiotic drive in D. melanogaster
occurs at the Segregation Distorter (SD) locus. In males heterozygous for the

mutant allele of the SD locus, very few sperm are recovered which carry SD+.
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Figure 1.15a is a schematic representation of the Y chromosome of Drosophila
melanogaster. the positions of the fertility factors are shown. Drawn from
Hackstein, 1987.

Figure 1.15b is a schematic representation of the structures formed in the
primary spermatocyte nucleus of D. hydeii. nooses loop (Ns), clubs (Cl), threads
(Th), tubular ribbons (Tr) and pseudonucleolus (Ps). Taken from Glatzer et al.,
1984.
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The Su(ste) locus has been analysed at the molecular level. It shares sequence
homology with the ste locus on the X-chromosome. The Su(ste) locus exists as
repeats of approximately 80 copies; although this figure is species dependent.
The length of the repeat is between 2.6-2.8 kb. Deletion of the cluster results in

the over-production of ste RNA.

One locus that is essential for viability is bobbed (bb), an array of ribosomal
genes (situated proximal to ks-1 and ks-2). A second array of ribosomal genes
is also present on the X-chromosome. Both chromosome clusters are thought
to contain approximately 225 rRNA genes organised as a series of tandem arrays
consisting of transcribed units separated by non-transcribed spacers. Three
types of array are known to exist:- type I appears to be the functional copy of
the gene, consisting of 11 kb of DNA, consisting of an external transcribed
spacer followed by the structural gene for 18s rRNA, an internal transcribed
spacer containing the sequences for 5s rRNA, followed by the 28s rRNA
sequences interspersed with short transcribed spacers. The type Il and III forms
of the array have an additional insert in the structural gene for 28s rRNA; these
appear to be transcriptionally inactive. All three types are randomly distributed

throughout the gene cluster.

The bb loci on the X and Y chromosome differ in three respects:- 65% of the
rDNA on the X is type I, these type I sequences are reduced in the Y-chromosome.
Additionally, the 18s rRNA transcribed from the X-chromosome differs from
that from the Y by at least 1 base substitution. The sequence of the 5' non-
transcribed spacers also differ between the X and Y chromosome. There is no
proven exchange of sequence between these loci. However, it has been
postulated that one of the roles of the non-transcribed spacer is to allow

chromosome pairing (McKee et al., 1992).
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In addition to these few genes and the fertility factors described below, the
Y-chromosome contains retrotransposon like sequences (Huijser, 1988). These
seem to consist of two classes:- short, tandem repeats restricted to the
Y-chromosome (Y-specific) and repeated sequences several kb long which occur
in other regions of the genome as well as on the Y (Y-associated) (Henniget al.,

1988).

The Fertility Factors

The fertility factors are large complex genes that function exclusively in the
process of spermatogenesis. They are responsible for the large lampbrush or
“Y loop’ structures observed during the primary spermatocyte stage (Glatzer et
al.; 1984). Loss of one of these fertility factors (D. melanogaster is thought to
have 6, D. hydei between 7 and 16) appears to be just as detrimental as is loss of
the whole Y-chromosome (Hess 1973). The fertility factors in D. melanogaster
are organised into two complexes, KS (on the short arm of the Y) and KL (on
the long arm). Saturation mutagenesis was used to define these factors using

both X-rays (Brosseau, 1960) and Ethyl Methyl Sulphate (EMS) (Kennison, 1983).

The KS complex consists of two complementing factors, ks-1 and ks-2. Mutations
affecting either ks-1 or ks-2 result in sterility and in both cases the structure of
the axoneme is affected. In the case of ks-1 mutants, tubules are missing from
the axoneme while in ks-2 mutants the alignment of the axoneme and the
mitochondrial derivative is defective. The development of the major and minor
mitochondrial derivatives with respect to the endoplasmic reticulum is also

disrupted in ks-2 mutants.

The KL complex consists of four complementation groups:- kl-1, kl-2, kl-3 and

kl-5. Again, defects in these factors results in sterility and disruption of the
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axoneme. In addition to the above four, some investigators have postulated
the existence of a fifth factor in KL, kl-4 (Brosseau, 1960; Williamson, 1972).
However, kl-4 has not been localised to a single site or break-point, leading

others (Kennison, 1983) to dispute its existence.

There has been considerable speculation as to the possible role for these fertility
factors. It had been suggested (Williamson, 1976; Lindsley & Tokuyasu, 1980)
that these genes do not function by coding for proteins specific to
spermatogenesis; rather their function was thought to be in directing the correct
morphogenesis of the sperm components, facilitating their assembly into mature
sperm. However recent evidence (Goldstein et al., 1982, Gepner & Hays, 1993;
Rasmusson et al., 1994) has suggested a more conventional protein coding role
for these loci. Deletions of regions of the Y-chromosome corresponding to the
fertility factors ki-5 or kl-2 leads to the lack of the outer dynein arms in the
flagella of the axial complex. In addition, high molecular weight proteins (300-
325 kDa) are absent from the testes of these mutant males. These polypeptides
have the same molecular weights as the outer arm dyneins found in the
unicellular alga, Chlamydomonas reinhardtii (Goldstein et al., 1982). Recently, in
D. melanogaster a family of seven dynein molecules (including one that is
Y-specific) has been cloned using the polymerase chain reaction (PCR)
(Rasmusson et al., 1994). The primers were derived from sea urchin dynein
sequences. The Y-specific dynein maps to the same cytogenetic region as kl-5.
The predicted protein sequence of the Y-specific dynein shares a high degree of
homology with other known dynein proteins (Gepner & Hays, 1993).

Nevertheless, the fertility factors do not have a conventional structure. Using
EMS as a mutagen, it appears that Y-linked genes present a target that is
approximately ten times the size of ‘normal’ loci (Kennison, 1983). In addition,

complementation analysis suggests that these loci are physically large genes.
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The frequency of isolation of male-sterile translocations that affect the same
complementation group, and also the cytological distribution of
non-complementing male-sterile breakpoints reinforces this suggestion
(Kennison, 1981; Gatti & Pimpinelli, 1983; Bonaccorsi, 1988). Again, the presence
of so much repeated DNA in this area (Y-specific and Y-associated) implies that
the structure of these genes may be similar to those in other heterochromic
regions such as light (It) (Devlin et al., 1983). This gene has regions of coding

exons interspersed by introns containing repetitive DNA sequences.

As described earlier, the transcription of most ‘spermatogenic’ genes takes place
during the primary spermatocyte stage. The fertility factors form large
structures, “Y-loops’, in the nucleus of the primary spermatocyte. Most of the
structural studies of the Y-loop have focused on D. hydei where five to six pairs
of loops can be easily identified (Hennig, 1985, 1987; Hackstein, 1987). In
D. hydei these loops have been further classified on the basis of their structures
into ‘nooses’, ‘tubular ribbons’, ‘clubs’, ‘pseudonucleoli’ and ‘threads’ (Figure
1.15b). The ‘nooses’ loop of D. hydei is a single 260 kb transcription unit,
consisting of middle and low repetitive Y-specific DNA sequences interrupted
with Y-associated retroposon-like elements. The ‘threads’ and
‘pseudonucleolus’ structures are largely composed of retrotransposon-like
sequences (Huijser 1988). In the case of D. melanogaster, three pairs of Y-loops,
thought to correspond to kl-2, kl-3 and kiI-5, have been observed. As with D.
hydei, characterisation of the D. melanogaster loops at the cytological and
molecular level has shown that they are also comprised largely of simple
sequence repeats (Bonaccorsi et al., 1990). Since these transcripts remain with
the loops and do not appear in the cytoplasm and antibodies against both
proteins and ribonulceoproteins (RNP’s) are localised to the loops (Glatzer et al.,
1984) it is possible to see where the idea of the “Y-loops’ acting as some sort of

scaffold or organisation centre originated.

35



Whilst these fertility factors obviously have an important function in the
spermatogenic process, it seems likely from their mutant phenotypes that their
role is more structural than regulatory (e.g. kI-5 possibly coding for the dynein
in the axoneme). Consequently, other autosomal loci must exist that code for

regulatory proteins as well as for other structural proteins.

Genetic Control Of Spermatogenesis.

As can be seen from the preceding sections, the process of spermatogenesis is
extremely complex. It is further complicated by the fact that it does not occur
by linear progression, with each structure having to be formed before the next
can start. In spermatogenesis, each of the components seems to be derived
from an independent pathway. Consequently, an early-acting defect that affects
one structure may not affect the overall structure of the sperm until much later
in the assembly process. For example, the mitochondrial derivative and the
axoneme both form the axial complex. A defect in either one of these
components does not affect the correct differentiation of the other. This poses
problems for studying male-sterile mutations since many independent
mutations often give rise to a similar phenotype when examined under the
light microscope. Ultrastructural studies do not help in characterising when
the defect occurred, they merely refine the defects obvious under light
microscopy. Additionally, since many of the morphogenic events described
depend upon the action of microtubules, defects in these proteins can affect the

spermatogenic process.

Obviously, when studying complex processes the problem arises of how to
determine which genes are actually specific for the processes. Disruption of
normal cellular process such as transcription and translation will also cause

‘spermatogenic defects’ although obviously not specific to the spermatogenic
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process. It appears that a large portion of Drosophila genes are involved in
spermatogenesis. Using a variety of mutagens, is has been shown that ~15% as
many genes can be mutated to give a male-sterile phenotype as can be mutated
to give a lethal phenotype (Lindsley & Lifschytz, 1972; Lindsley & Tokuyasu,
1980). This figure appears to hold true for the X-chromosome and the autosomes.
In addition, saturation mutagenesis of particular regions of the genome (Judd
et al., 1972) suggested that out of the 5000 salivary gland chromosome bands,
75% are represented by lethal mutations (this assumes ‘one-gene-per-band’).
Given the frequency of male-sterile mutations to lethal mutations (~15%) this
gives ~500 loci which when mutated would give a male-sterile phenotype. In
order to determine what proportion of these lethal mutations also resulted in
male-sterility, temperature sensitive lethals (carried on the X) were raised under
permissive conditions and their fertility examined (Lindsley & Tokuyasu, 1980).
16% of the mutations caused sterility under such conditions, whilst a further
18% caused sterility in adults shifted from the permissive to the non—permiésive
temperature. Assuming that what applies to the X also applies to the autosomes,
and that sterility and lethality associated with these mutations is due to single
gene defects, we can predict that as many as 1250 lethal complementation groups
also play a role in male-fertility. This figure added to the 500 loci defined by
sterility alone gives approximately 1750 loci required for male-fertility. However,
this figure maybe an overestimate since out of the 500 loci representing male-

sterile alleles some of these are likely to be weak alleles of vital genes.

Recent evidence regarding the organisation of genes in the Drosophila
chromosomes suggests that these figures may have to be recalculated. Judd’s
theory of ‘one-gene-per-band’ has had to be revised. Recent studies by Kozlova
(Kozlova et al., 1994) have attempted to address this problem. Focusing again
on the X-chromosome, they cloned the region from 91F-10A7, a region

encompassing seven bands. Using saturation mutagenesis, twelve genes had
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been previously localised to this region. They observed that within this region,
the amount of DNA in each band varied from 4 kb to 195 kb. Thick bands and
the finer inter bands seem to have different DNP packaging. Furthermore, the
genetic content across this region was not constant, the finer bands contained
between one and three genes whilst the thicker bands contained three genes
and at least six transcribed DNA regions. Earlier work by Eberl (Eberl et al.,
1992) on region 17 of the polytene X-chromosome had identified 17 new genes
by saturation mutagenesis in a region that comprises between 37 to 43 polytene
bands. These studies led to the reclassification of the polytene bands into four
different groups: polygenic bands contain moderately repeated genes such as
histones and ribosomal RNA, oligogenic bands containing several genes in a
band, simple bands containing only one gene per band and finally silent bands
containing no genes or genes that only occupy a small part of that band.
Moreover, as will be described later, there is evidence that the introns of some
genes may contain the coding sequence of another unrelated gene (Kalderon &
Rubin, 1988; Russell & Kaiser, 1993). Recent estimates suggest that the number
of genes does not exceed the number of chromosome bands by more than a
factor of 5 or 10. Consequently, the number of genes thought to have a
spermatogenic function may be greater than the figure of 1750 derived using

Judd's calculations and may in fact be between 8750 and 17500.

Whatever the number of independent genes, mutations affecting male-fertility
can be classified into three groups: weak alleles of general metabolic genes,
specific alleles of genes coding for vital functions which also have an additional

spermatogenic function and those which represent spermatogenic loci.
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1. General Metabolic Genes.

Alterations in many general metabolic pathways are likely to affect the process
of gametogenesis. In Drosophila, both spermatogenesis and oogenesis require
high levels of gene expression. During spermatogenesis, in the primary
spermatocyte stage to produce all the gene products that will be required during
the later stages of spermiogenesis, and in the female, to produce gene products
that will support oocyte growth. Consequently, many of the temperature
sensitive lethal alleles that have been isolated have an associated female-sterile
as well as male-sterile phenotype. An example of a gene with such a pleiotropic
phenotype is ms(3)neo30. This gene has been identified as a weak allele of belle,
an essential gene coding for a helicase of the vasa/eIF4A type (Jones & Rawls,
1988). Another class includes genes such as downy and brief (Kiefer 1973;
Lindsley & Zimm, 1992). Mutations in both these genes produce an abnormal
bristle morphology and a male-sterile phenotype. In downy flies, the testis
appears normal but spermatogenesis does not continue past meiosis. The
formation of the nebenkern and the appearance of the “Y-loops’ are affected
and the spermatids degenerate after a short elongation period. Neither of these
genes has been characterised at the molecular level so their gene products are

not known.

2. Genes With An additional Spermatogenic Function .

As the processes of mitosis and meiosis are essential for spermatogenesis, one
would expect that mutations in genes involved in them would produce a sterile
phenotype. Investigations into the effects of mitotic genes such as abnormal
spindle (asp, Casel et al., 1990; Gonzalez et al., 1990 ) and merry go- round (mgr,

Gonzalez et al., 1988) on male mitosis show that for late-lethal or semi-lethal
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alleles male mitosis I is affected. The asp gene product codes for a non-tubulin
component of the microtubules which has been implicated in the formation of
correct spindle structure or function. The defects that can be observed are
variable sized nuclei (which may arise as a consequence of non-disjunction)
and nebenkern of various sizes. Additionally, some of the spermatids may be
multinucleate. The alignment of the mitochondrial derivative and the axoneme
in the axial complex is disrupted. The mitochondria are abnormally sized and
may align with more than one axoneme (Figure 1.14b). The process of
individualisation is also affected with the abnormal sperm which form earlier
in development remaining in syncytium. However, asp males are still capable
of producing functional mature sperm with any abnormal sperm removed into

the waste bag during the individualisation stage.

A secondary screen for male meiotic mutants was performed on a group of
X-linked male-steriles (Lifschytz & Meyer, 1977). Selection was for the presence
of multinucleate spermatids. None of the mutants isolated appeared to be
deficient in the process of mitosis despite defective spindle formation in both
meiosis I and II. The regulation of the meiotic cell cycle and process of spindle
formation appears to be different from the control of mitosis since none of the
gonial mitotic divisions were affected in these mutants. Consequently, although
the same structural proteins (tubulins and actins) may be used by both these
processes, mitosis and meiosis may act to regulate the action of these proteins
independently. The gene roughex (rux) appears to modulate entry into the second
meiotic division (Gonczy ef al., 1994). Mutations in this gene go through both
meiosis I and II, but instead of stopping once these have taken place, the cell
goes through an additional division. The rux gene product acts on Cyclin A
during the premeiotic G2 stage, modulating the activity of the Cyclin A-cdc2

kinase during meiosis I.
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3. Spermatogenic Loci.

Since spermatogenesis involves such complex morphological changes, it is not
altogether surprising that a large number of genes (between 8750-17500) have
been postulated to act in this process. Some of these genes will be responsible
for structural proteins such as sperm-tail proteins (Schaferet al., 1993) and dynein
in the axoneme, (Gepner & Hays, 1993; Neesen et al., 1994) or responsible for
the process of nebenkern and flagellar elongation and chromatin condensation.
In addition, there appear to be testis-specific isoforms of some cellular proteins.
Considering the vast changes that the spermatogonia undergo before becoming
mature sperm and the vital role that microtubules have in this process (as well
as in the processes of mitosis and meiosis) it is not surprising that mutations in
these genes disrupt spermatogenesis. Microtubules achieve heterogeneity by
expressing variants of several distinct tubulin genes. Drosophila is known to
have several functional B-tubulin genes, including one which is testis-specific.
In many organisms, there is a difference between those microtubules which
form the cytoplasmic tubulin population and those comprising the axonemal
structure of a flagellum or cilium. However, it appears for Drosophila that this
is not the case. The B-tubulin subunit that is found in the axonemal complex
also performs other roles during the spermatogenic process. Flies mutant in
the B-tubulin gene produce no motile sperm and when examined at the
ultrastructural level a range of defects is observed. The spermatid components
are disorganised, aberrant axonemal structures are formed and the microtubules
required for spindle formation also appear to be absent or malformed.
Consequently, several meiotic defects are observed, movement of the
chromosomes does not occur correctly or fails completely. In addition there is
often a failure in cytokinesis. These observations have led to the suggestion
that this tubulin has a role in meiosis, in the formation of cytoplasmic

microtubules and microtubules of the axonemal complex. It is synthesised just
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before the onset of meiosis, suggesting that it has no mitotic function and

accounts for 80% of the B-tubulin found in the fly and 40% of the total tubulin.

Genes involved in cell cycle control are also expressed in the testis, such as the
Drosophila homologues of cdc25, string and twine. twine is expressed in a
different subset of cells from string (Alphey et al., 1992 , Courtotet al., 1992). Its
role differs from that of string as it is believed to function only during the meiotic
process and not during mitosis. However, a mitotic function can not totally be
excluded as along with string it can be detected in the early embryo prior to
cellularisation. twine expression is restricted to the germline of both males and
females during the later stages of gametogenesis. In the male, this expression

occurs in the growth phase of the cyst before meiosis is due to start.

The defect in the twine product that results in a male/female sterile phenotype
is a nonsense mutation near to the active site in a region conserved in all known
cdc25 homologues. Mutants in twine never enter into the first meiotic division.
The rest of the spermatogenic processes described earlier still occur (despite
the absence of meiosis) resulting in the formation of an apparently normal
looking sperm. The structure of the nucleus is obviously affected; the head of
the sperm does not form the rod shape presumably due to the bulk of the 4N

nuclei.

The use of enhancer trap elements has facilitated the identification of testis-
specific transcripts (Bownes 1990; Gonczy et al., 1992; Castrillon, et al., 1993).
This approach overcomes the problem of identifying a male-sterile phenotype,
which as discussed could arise due to mutations in genes other than those strictly
involved with the spermatogenic process. Using this approach, Castrillon
identified 83 recessive autosomal mutations. 58 of which represent insertions

giving rise to a male-sterile phenotype (including some male-steriles which
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had previously been identified). These insertions were classified into various
groups depending on their phenotype. These were: proliferation phase defects,
growth phase defects, meiotic entry defects, meiotic division defects, postmeiotic
defects, behavioural defects and sperm transfer defects. Castrillon’s insertion
lines provide additional information towards elucidation of the genetic control
of spermatogenesis. The list of genes now known to have an effect on
spermatogenesis is rapidly increasing. Fuller (1994) describes 59 loci (defined
by various mechanisms such as EMS & P-element mutagenesis and heterologous
probing) in Drosophila which are known to affect the various stages and processes
which occur in spermatogenesis. These defects range from those affecting
germline survival or proliferation such as chickadee (chic), to meiotic division
such as twine, those affecting the mitochondrion, nebbish (neb) and the axoneme,
whirligig (wrl). In fact, for each of the stages described previously a mutation
affecting that process has been isolated and in many cases the gene products
are beginning to be characterised at the molecular level. However, Fuller’s list
is not exhaustive, for example it does not include the sperm tail protein gene
family Mst(3)CPG identified by Schafer (1986). The Mst(3)CPG cluster of seven
genes has been extensively characterised. cDNAs corresponding to members
of this family have been sequenced and code for a short proteins containing
CYS-PRO-GLY (CPG) repeats, such that 38% of the amino acids are cystine,
29% are glycine and 20% are proline. A gene fusion was constructed. The
Mst(3)CPG coding sequence was subcloned into a transformation vector
containing a truncated E. coli lacZ gene. Fusion proteins were produced which
are detected in the testis. Antibodies against the fusion protein label the whole
of post-elongation spermatids, suggesting that these proteins have a role in
axoneme formation. It is possible that they may form the accessory structures
formed late during axoneme development. A regulatory element responsible
for spermatocyte-specific transcriptional and translational control has been

identified (Kuhun et al., 1988; Schafer et al., 1990, Kempe et al., 1993).
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As described, the process of spermatogenesis is a sequential developmental
programme resulting in the production of a mature sperm cell. In addition to
‘spermatogenic’ loci, this process also requires meiotic processes, which occur
simultaneously with spermiogenesis to produce mature sperm from the diploid
spermatocyte. These pathways are regulated by different genes and take place
independently from one another. The genetic components of spermatogenesis
can be split into two groups:- those that provide a structural function and those
that regulate the structural genes. Many of the genes isolated that appear to
function in the spermatogenic process represent weak alleles of vital or metabolic
genes. Consequently ‘Reverse Genetic’ approaches that do not require the
presence of a male-sterile phenotype may be useful in identifying ‘true’

spermatogenic loci.

In this laboratory, Russell and Kaiser performed a differential screen in order
to isolate transcripts expressed in the male. As described in more detail in
chapter 3, they succeeded in isolating 28 male-specific/elevated clones (Russell
1989). At least two of these clones have been shown to have a pattern of

expression that is restricted to the testes.

The Mst 40 locus identified in this screen has an unusual genomic structure. It
consists of 1.4 kb tandemly repeated unit that is situated in the B-heterochromatin
at the base of 2L. This repetitive structure is conserved between all the D.
melanogaster strains examined by Russell but is not found in other Drosophila
species such as D. virilus, D. simulans or D. yakuba. Whilst this region of the
chromosome was known to contain seven vital or semi-vital loci, none of these
correspond to the Mst 40 locus. Northern blot analysis showed that transcripts
are present in male third instar larvae, male adults and pupae. In addition,
expression was also found in early embryonic stages (0-4 hr). Expression of

this transcript was abolished in males carrying the grandchildless mutant tudor,
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mutant tudor, a maternal effect gene, mutations in which result in progeny
which are agametic. Since no expression is observed when there is no germline,
this suggests that this transcript may be germline specific. Further evidence
for a germline function for this clone was provided by data from in situ
hybridisation to whole mount embryos and testis dissected from third instar
larvae. Expression in the embryo is restricted to two regions of the early cleavage
nucleus. During later embryonic development the signal is restricted to the
pole cells (which as described earlier are the precursors of the gonad in both
sexes). Hybridisation to the larval testis shows that the signal is restricted to
the spermatocytes. Three cDNA clones corresponding to the genomic clone
have been isolated and sequenced. An open reading frame (ORF) has been
found in each of the cDNAs but they do not show any homology to previously
characterised sequences. Sequence of a genomic fragment, in contrast, shows
~80% homolbgy to the Long Terminal Repeat (LTR) of the retrotransposon HMS
Beagle. This genomic fragment does not carry sequences in the LTR which are
required for transposition and it is likely that this sequence is unable to
transpose. Consequently, although this clone is expressed in the germline, it is
not clear whether it has a protein coding function or whether in common with
other repetitive DNA such as Supressor of stellate Su(ste) it has an unknown
function (Russell & Kaiser, 1994).

The same screen also identified a group of clones (gS1, gS8 & gS9) one of
which appears to encode a histone-like protein similar to H1/HS5 and also to
mammalian cysteine-rich protamines (Russell & Kaiser, 1993). These geneshavea
complex genomic organisation with some copies located on the Y-chromosome
and a single copy on the autosorhe. The autosomal copy (S8) is located at 77F
on the right arm of the third chromosome. It is located within the first intron
of the gene encoding a regulatory subunit of the cAMP dependent protein

kinase (Kalderon & Rubin, 1988). This copy translates as a polypeptide
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v._with a homology to both a histone like protein similar to H1/H5 and also to
mammalian cysteine-rich protamines. The Y-associated sequences do not lie
within any of the regions corresponding to the fertility factors. Northern blot
analysis shows that transcripts are detected in male third instar larvae, male
adults and pupae. As with Mst40, no expression is detected in agametic males.
Preliminary data from in situ hybridisation to whole mount larval testis suggest

that transcription is restricted to spermatocytes.

This work describes one approach, differential screening which has identified
several loci containing male-specific transcripts. Although none of these
transcripts have been shown to function in spermatogenesis, preliminary
evidence from the genomic DNA clones characterised by Russell (Russell &
Kaiser; 1993, 1994) suggests that this might be the case. The expression of
transcripts from two of these genomic DNA clones has been shown by northern
blot analysis and whole mount tissue in situ hybridisation to be restricted to
the testis. One of these genomic DNA clones has copies present on both an
autosome and the Y-chromosome. The Y-chromosome appears to function only
during spermatogenesis. Consequently any genes located here are likely to

have a spermatogenic function. -

The genomic DNA clones characterised in this work were isolated by Russell
(Russell, 1989) in the same screen. The initial characterisation (discussed in
chapter 3) was to ensure that all of the genomic clones to be studied were not
duplications and to isolate the region containing the male-specific transcript
from the genomic DNA clones. These regions were then used as probes for
further analysis. The hybridisation of these probes to polytene chromosomes
will assist in the determination of whether these represent novel male-specific
transcripts or reisolates of male-specific transcripts characterised by other

laboratories (Schafer, 1986; DiBenedetto, 1987). In addition, as discussed in
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chapter 5, the use of in situ hybridisation to whole mount tissues may suggest
function in the absence of known mutations. Northern analysis using male
and female flies and mutant strains readily available in Drosophila will be used
to determine which tissues express the transcripts. Finally, the isolation of
cDNA clones corresponding to each of the genomic DNA clones may assist in
assigning a function. These clones were isolated in the same screen which
produced Russell’s two male-specific transcripts. It is likely (for reasons
discussed more fully in chapter 3) that these will also represent transcripts

which are restricted to the germline which may have a spermatogenic function.

Aims and Objectives.

1. To classify the differential clones into groups representing different
genes.

2. To identify the male-specific region of each class of clone.

3. Determination of chromosomal localisation of the male-specific region.

4. Northern analysis to determine the size, abundance, sex- and tissue-
specificity of the transcripts.

5. Whole mount in situ hybridisation to determine when and where the
transcripts are expressed.

6. Screening cDNA libraries to identify cDNA clones corresponding to the
original male-specific genomic fragment.

7. Sequence analysis of the resulting cDNA clones.
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Chapter Two Materials and Methods



Materials.

Enzymes:

Restriction enzymes - Promega and BRL, T4 DNA ligase, E.coli DNA
polymerase I, Klenow fragment E.coli DNA polymerase I - BRL, AMV reverse

transcriptase - Pharmacia.

Reagents:

oligo(dT)cellulose type 7, oligo(dT),,,,, ANTP’s, RNAGUARD, pd(N,), Sephadex
G-50, Polyadenylic acid, SDS- Pharmacia.

biotin-16-dUTP, agarose - Boehringer Mannheim.

Streptavidin-Biotinylated Horseradish Peroxidase complex, Hybond-N and
Hybond-C+ membrane - Amersham.

Acrylamide, bis acrylamide, ammonium persulphate, TEMED - BioRad.
Anti-biotin FITC labelled antibody, BSA (Fraction V), Giemsa, Glycerol
mountant, DAB, Antifoam A - Sigma.

Avidin/biotin blocking kit, secondary goat anti-rabbit-Texas Red labelled
antibody, Avidin/FITC conjugate, Avidin/Texas Red conjugate, Fluoromount
mountant -Vector.

Primary rabbit anti-LacZ antibody - Capell.

1kb ladder, RNA size ladder - BRL.

Sequenase sequencing kit (Version 2.0) - United States Biochemical.

DPX mountant, Triton X-100, Tween 20, Sarcosine -BDH.

Normal goat serum- Scottish Antibody Production Unit (SAPU).
Radioisotope - NEN
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2.1 Bacterial Strains.

Strain

NM621

NM514

XL-1 Blue

MC1061

DS941

Gen e

(hsdR mcrA mcrB supE44 recD1009)
(hsdR argH galE galX strA lycb7)
recA- (recAl lac end Al gyrA96

thi hsdR17 supE44 relAl

(F proAB laclq lacZAM15 Tn10 tet)

arad139 A(ara leu)7697 A(lac)y74 galU

galK hsdR2 str A mcrA mcrB
(recF143 proA7 str31 thrl leué

tsx33 mlt12 his 4 argE3 laclq

lacZAM15)
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Whittaker et al., (1983)

N. Murray (1983)

W.O Bullock et al.,

(1987)

Bio-Rad

D. Sherratt

(pers. comm.)



2.2 Plasmids and Lambda Vectors.

Plasmid  Genotype Reference
YP-1 BamHI-Bglll fragment of D.melanogaster Hung & Wensink, (1981)
yolk protein 1 in pGem-1
pBRrp49  EcoR1/HindIll fragment of the D. melanogaster ~ O'Connell & Rosbash,
ribosomal protein 49 cloned in pBR322 (1984)
pBluescript amp* Short et al (1988)
Mst(3)336 male-specific genomic lambda clone. Di Benedetto et al.,
(1987)
NM1149  Ab538 srl A3° imm434 srIA 4° Murray, (1983)
shndIIIA 6° srIA 5°- This is an insertion
vector. cDNAs are cloned into the unique
EcoRlI site of the immunity region.
EMBL3 sbhl A1° b189 KH54 chiC srIA 4° Frieschauf et al., (1983)

nin5 srI A59 This is a replacement
vector, which means that the 'internal
stuffer’ region is removed and replaced
by genomic DNA. Inserts in this case

are released by digestion with Sall.
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2.3 Drosophila Strains.

All Drosophila stocks used were as described by Lindsley & Grell (1968) or
Lindsley & Zimm (1992). The stocks were maintained at either 25°C or 18°C
depending on genotype. A description of the strains used can be found in

Table 2.1.

Description of crosses used to generate flies homozygous for the following

mutations:

transformer 2 (tra2): (Baker & Ridge, 1980). cn bw tra2® /CyOmales were crossed
with virgin cn bw tra2® /CyO females. This cross generates females flies that
have all their somatic tissue transformed into male tissue (pseudomales). They
were mated at 25°C for three days after which time the parents were removed.
Homozygous tra2® flies were identified by their straight wings, the males

identified by their bar-eyed phenotype.

tudor (wc®: (Boswell & Mahowold 1985). This is a maternal effect mutation
resulting in flies lacking a germline. Homozygous F' virgin females were
collected from abn wc? sp/CyO stock. These were crossed with their homozygous

brothers to produce an F, generation lacking pole cells.

24 E. coli and Drosophila Culture Media.

L-Broth: 10g Bacto-tryptone (Difco), 5g yeast extract (Difco), 5g NaCl, 1g glucose
made up to 1 litre in distilled water and adjusted to pH 7.0 with NaOH.
0.7% (w/v) Top Agarose:0.7g agarose added to 100ml of L-broth, containing 10mM

MgSO0, heated to dissolve the agarose and left to cool to 50°C before use.
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Strain Genotype Reference
Oregon R (wt) Lindsley & Grell (1968)
Canton S (wt) Lindsley & Grell (1968)
mb6i (wt) Schalet & Lefevre (1973)
cn bw tra25/CyO Baker & Ridge (1980)
wc8 bw sp/CyO Boswell & Mahowold (1985)
ms(90)E Castrillon et al., (1993)
pto Castrillon et al.,(1993)

Table 2.1 Genotypes of Drosophila strains used in this study.
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Glasgow fly food: 10g Bacto-agar (Difco), 15g sucrose, 30g glucose, 35g yeast,
15g maize meal, 10g wheatgerm, 30g treacle, 15g Soya flour, 0.1% (v/v) Nipagen
and 0.5% (v/v) proprionic acid per litre of water.

Rich Larval media: 100g glucose, 100g yeast, 20g agar, 0.1% (v/v) Nipagen per

litre of water.

Methods.

2.5 Buffers and Solutions.

Electrophoresis.

10x TBE buffer pH 8.3: 109g Tris, 55g boric acid, 9.3g Na,EDTA.2H 0 made up
to 1 litre in distilled water, the pH is 8.3.

50x TAE buffer: 242g Tris, 57.1 ml glacial acetic acid 100 ml 0.5M EDTA pH 8.0
made up to 1 litre with distilled water.

10x MOPS: 46.26g MOPS, 2.1g NaOAc, 3.72g EDTA made up to 950 mi with
distilled water, pH to 7.0 with NaOH made up to 1 litre.

10x Agarose gel loading buffer: 0.25% (w/v) Bromophenol blue, 0.25% (w/v)
xylene cyanol, 25% (w/v) Ficoll (400) made up in distilled water.
Formaldehyde loading buffer: 5ml glycerol, 4 ml 0.5M EDTA pH 8, 20mg
bromophenol blue, 20mg xylene cyanol 5g Ficoll (400) made up to 20ml with

distilled RF water.

DNA Manipulations.

Restriction buffers: 10X buffers supplied by BRL and Promega.
1xTE Buffer: 10mM Tris.HCl, 1ImM EDTA pH 7.6.
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Hybridisations.

100x Denhardts solution: 0.2mg/ml BSA (Fraction V), 0.2mg/ml Ficoll (400),
0.2mg/ml Polyvinylpyrolidone.

20xSSC: 3M NaCl, 300mM trisodium citrate pH 7.0.

20x SSPE: 3.6M NaCl, 200mM NaH2PO¢4, 20mM Na,EDTA pH 7.4.

10% (w/v) SDS : 100g of SDS made up to 1 litre in distilled water.

Denaturing solution: 1.5M NaCl, 0.5M NaOH.

Neutralising solution: 1.5M NaCl, 0.5M Tris. HCI pH 7.2, 0.001M EDTA.

SSC Prehybridisation solution: 6xS5C (w/v), 0.1% (w/v) Polyvinylpyrolidone,
0.1% (w/v) Ficoll (400), 0.1% (w/v) BSA (Fraction V), 50mM NaPO, pH 6.8,
1% (w/v) SDS, 30pg/ml Poly A, 100pg/ml sonicated Herring sperm DNA,
0.005% (w/v) NaPP, 1mM EDTA pH 8.

Formamide prehybridisation solution: 50% (v/v) Formamide, 1% SDS (w/v),
0.005% (w/v) NaPP,, 100pg/ml sonicated Herring sperm DNA, 15ug/ml Poly
A, 10x Denhardts.

Biotin Prehybridisation solution: 0.6M NaCl, 50mM Sodium Phosphate pH
6.8, 1xDenhardts, 0.5mM MgCl..

Washing solutions:

Low stringency wash: 1xSSC, 1% (w/v) SDS.
High Stringency wash: 0.2x55C, 1% (w/v) SDS.
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Nucleic Acid preparation, purification and general purpose.

Phenol: All phenol used contained 0.1% (w/v) 8-hydroxyquinoline to prevent
oxidation and was saturated with 1M Tris.HCl pH 8.0.

Birnboim Doly I: 50mM glucose, 25mM Tris.HC] pH 8.0, 10mM EDTA.
Birnboim Doly II: 0.2 N NaOH, 1% (w/v) SDS. Made fresh each time.
Birnboim Doly III: 5SM KOAc pH 4.8. Mix 60ml of 5M KOACc, 11.5ml of glacial
acetic acid and 28.5ml H20.

PEG solution: 20% (w/v) PEG MW 6000, 2.5M NaCl.

Phage buffer: 10mM Tris.Cl pH 7.5, 10mM MgSOa.

10mg/ml RNase/DNase solution: DNase I and RNase A were mixed to give a
10mg/ml stock solution. Stored at -20°C.

RNA Denaturing solution: 4M guanidinium thiocyanate, 0.1M Tris. HCl pH
8.0, 10ul antifoam A, made up to 100ml with DEPC treated water. Added 0.1M
B—mercaptoethanol immediately before use.

Homogenisation buffer: 0.03M Tris. HCl pH 8.0, 0.01M EDTA, 0.1M NaCl, 10mM
B-mercaptoethanol.

Nuclear lysis buffer: 0.1M Tris.HC] pH 8.0, 0.1M EDTA, 0.1M NaCl, 0.5 mg/
ml Proteinase K.

Grinding buffer: 5% (w/v) sucrose, 80mM NaCl, 0.1M Tris.HCI pH 8.0, 0.5%
(w/v) SDS, 50mMEDTA

Binding buffer (BB) for Oligo (dT) cellulose: 0.5M NaCl, 10mM Tris. HCI pH
8.0,1.0% (v/v) Sarcosine, 1ImM EDTA. Made up to 500ml for 2x binding buffer,
1 litre for 1x binding buffer.

5x 1st strand cDNA buffer: 250mM Tris. HC1 pH 8.3, 700mM KCl, 50mM MgCl,
50mM DDT.

4x Random Priming buffer: 250mM Tris.HCI, pH 8.0, 25mM MgCl2, 100pM
dNTPs, 1M Hepes pH 6.6, 27 A¢ units/ml random hexanucleotides.
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10x Nick Translation Buffer: 0.5M Tris.HCl pH 7.5, 0.1M MgSO,, 1mM DDT,
500pg/ml BSA (Fraction V).

Spermidine: 1M stock solution, dissolve 2.54g in 10ml water. Working solution
0.2M, stored at -20°C.

Ampicillin: 50mg/ml stock solution in sterile distilled water. Working solution
50pg/ml. Stored at -20°C.

Tetracycline: 12.5mg/ml stock solution in absolute ethanol. Working solution
12.5pg/ml. Stored at -20°C.

X-gal: Dissolved in dimethylformamide to give a 20mg/ml stock solution, used
at a final concentration of 20pg/ml. Stored at -20°C.

IPTG: Dissolved in sterile distilled water. Stored at -20°C as 20mg/ml stock
solution. Used at a final concentration of 20pg/ml.

Polyacrylamide gel mix: For a 6% poly acrylamide gel, mix acrylamide stock
solution (Acrylamide: bis 19: 1) with 7M urea and 1xTBE. Polymerisation was
initiated by the addition of 1ml of 10% (w/v) ammonium persulfate followed
by 20pul of TEMED to 150ml of 6% acrylamide/urea.

Ringers solution: 13.6g KCl, 2.7g NaCl, 0.33g CaCl2.H20, 1.21g Tris.HCl. pH
to 7.2 with 1M HCl made up to 1 litre.

4% (w/v) Paraformaldehyde: 40g Paraformaldehyde added to 800ml warm PBS,
make up to 1L with PBS.

PBS: 8g NaCl, 0.2g KCl, 1.44g NaP,HPO, and 0.24g KH,PO, to 800ml1 H,O. pH
adjusted to 7.4 using HCI, made up to 1L.

PBT: PBS containing 1% (v/v) Tween 20.

PAT: 1% (v/v) Triton X-100, 1% (w/v) BSA (Fraction V) in PBS.
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2.6 Nucleic Acid Isolation
2.6.1 Bacteriophage DNA isolation:
2.6.1.1 Plate lysate method.

The method for preparing small amounts of bacteriophage DNA was essentially
as described in Sambrook et al., (1989). A single isolated plaque was picked
and put into 1ml of phage buffer containing a drop of chloroform. This was left
at 4°C for several hours to allow the phage to diffuse out of the top agarose.
Approximately 105 pfu phage obtained in this way were added to 150ul of
NMB621 plating cells and incubated on the bench for 20 min. 3ml of 0.7% (w/v)
top agarose were added and this was poured onto an L-agarose plate. The
plates were incubated at 37°C for 8 hours. The plates were then covered with
5ml phage buffer and left on a ‘rock and roller’ for 2 hours. The phage buffer
was decanted into an oakridge tube and spun at 15k for 5 min. To 4ml of this
solution was added 10ul of 10mg/ml RNase/DNase solution and this was
incubated at room temperature for 30 min. 4ml of a 20% (w/v) PEG, 25M
NaCl solution were added and the solution left on ice for 60 min. This was
spun at 15K for 10 min in a JA15 rotor in a Beckman centrifuge to pellet the
phage particles. The supernatant was removed, the tubes inverted to drain off
the remaining PEG solution. The phage pellet was resuspended in 500ul of
Phage buffer and transferred to an eppendorf tube. 5ul of 10% (w/v) SDS and
5ul of 0.5M EDTA were added and the solution incubated at 70°C for 15 min.
500pl of phenol were added and the solution mixed by inversion and then spun
for 10 min in a eppendorf centrifuge. 450ul of the aqueous phase was removed
to an eppendorf and 450ul of phenol/chloroform added, mixed by inversion
and spun for 10 min. 400l of the aqueous phase was removed and 400ul of

chloroform added. After centrifugation, 3501 of aqueous phase was removed
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and the phage DNA precipitated at room temperature for 30 min by the addition
of 350ul of isopropanol. The solution was centrifuged for 30 min and the
resulting pellet washed in 70% ethanol before being resuspended in 50ml TE
pH 8.0. The yield obtained was typically 5-10ug of DNA.

2.6.1.2 Large-scale preparations.

This protocol was as described by Lehrach (1992). The phage were incubated
with 150p] of NM621 plating cells as described for the plate lysis method. The
plates were covered with 4ml phage buffer. 400ml of L-broth containing 10mM
MgSO4 was inoculated with 1ml of NM621 cells. These were grown at 37°C
until their OD600 was 0.3. The phage buffer from the plate lysates was added
and the cultures grown until lysis had occurred. After lysis, 2ml of chloroform
were added to each culture and these were shaken for a further 5 min. After
centrifugation for 20 min at 4K to remove cellular debris, NaCl (40g/L) and
PEG 6000 (100g/L) were added. It was left on a ‘rock and roller’ until all the
PEG had dissolved. The solution was left overnight at 4°C to precipitate the
phage. In order to pellet the phage, the solution was spun at 10K for 20 min.
The supernatant was removed, the centrifuge tube rotated 180° and then
centrifuged for a further 10 min. The tubes were left inverted to ensure that all
the PEG solution had been removed. The pellet was resuspended in 11ml phage
buffer. This was mixed with 5ml chloroform and centrifuged at 15K for 10 min.
0.71g CsCl/ml were added to the phage suspension and this was mixed in a
Falcon tube. This solution was loaded into a polyallomer tubes and spun in a
Beckman ultracentrifuge at 49K for 16 hours in a Beckman Ti70 rotor at 20°C.
The phage band was removed from the tube using an 18 gauge needle and a
syringe. It was dialysed for an hour against a solution of 10mM NaCl, 50mM
Tris.HC1 pH 8.0 and 10mM MgCl2. The phage solution was dialysed against

three changes of this buffer. The phage were decanted into a centrifuge tube,
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EDTA was added to give a final concentration of 20mM, Proteinase K to a final
concentration of 50pg/ml and SDS to a final concentration of 0.5% (w/v). This
was incubated at 65°C for 1 hour. The solution was phenol/chloroform extracted
and dialysed against several changes of 1XTE. This usually gave a yield of

approximately 200pg bacteriophage DNA.

2.6.2 Plasmid DNA isolation.

2.6.2.1 Large scale plasmid preparation.

Large scale preparations of plasmid DNA were prepared as described in
Sambrook et al., (1989) which is a modified version of the Birnboim and Doly
(1979) alkaline lysis method. The plasmid containing bacteria were inoculated
into L-broth containing the appropriate antibiotic. This was grown with shaking
at 37°C. The culture was spun down and the bacterial pellet resuspended in
20ml solution I, to this suspension was added 40ml of freshly prepared
solution II. The contents were mixed by inversion and incubated at room
temperature for 5-10 min. 20ml of ice cold solution III were added and the
solution shaken vigorously before incubating on ice for 10 min. The resulting
white precipitate was removed by centrifugation at 4000 rpm for 15 min at 4°C.
The supernatant was mixed with 0.6 vol of isopropanol and left at room
temperature for 10 min. The DNA was pelleted by centrifugation at 5000 rpm
in a JA10 rotor in a Beckman for 15 min at room temperature. The tubes were
left inverted to ensure that all the supernatant had been removed. The pellet
was washed with 70% ethanol, left to dry and resuspended in 10ml of TE pH
8.0. The plasmid DNA was purified using CsCl gradients. 1g CsCl was added
per ml of DNA solution. In addition, 0.5ml of EthBr (10mg/ml) was added.

The solution was transferred to a polyallomer tube and ultracentrifuged at 49K
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for 18 hour in a Ti70 rotor at 20°C. The resulting plasmid band was removed
from the tube, extracted with water saturated butanol to remove the EthBr and

dialysed against 1xTE. Yields of 1-2mg were obtained.

2.6.2.2 Small scale plasmid preparation.

The above protocol was also used to produce midi and mini plasmid
preparation. Mini-prep volumes are given in parenthesis. In this instance,
15ml (1.5ml) of the overnight culture was used, 1ml (80ul) of solution I, 2ml
(80ul) of solution II, 1.5ml (150p1) of solution III and 6ml (600p1) isopropanol.
The resulting plasmid DNA was resuspended in 200ul (40ul) of TE pH 8.0
containing RNase A. Yields of 50ug (5ng) were obtained.

In some cases, the Promega Wizard_ preparations were used to isolate small
amounts of DNA (~20pg) for sequencing reactions. Procedure followed was as

described by the manufacturer.

2.6.3.1 Genomic DNA isolation.

Approximately 1g of flies were added to a mortar which contained liquid
Nitrogen. Before the liquid Nitrogen evaporated completely, the flies were
ground to a fine powder. Using a small paint brush (cooled in N2) the powder
was transferred from the mortar into a 15ml Wheaton homogeniser (on ice)
containing 9 ml of ice cold Homogenisation buffer (HB). To this solution was
added 500ml of 10% (v/v) Triton X-100. This solution was homogenised
thoroughly and the resulting homogenate decanted through gauze into a sterile
30ml Corex tube on ice. The homogenate was spun immediately at 4K for 10
min at 4°C in a cooled rotor. The supernatant was decanted and the nuclear

pellet resuspended in 1ml of ice cold HB (No Triton X-100). 5ml of Nuclear
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lysis buffer and 200ul of 30% (v/v) Sarkosyl were added to this solution. This
was mixed by swirling until lysis had occurred. The lysate was incubated
overnight at 37°C. After centrifugation to remove the debris, the supernatant
was decanted into a preweighed Falcon Tube and 1.25g CsCl per ml of
homogenate was added. The solution was loaded into Polyallomer tubes which
were filled with 1.25g/ml CsCl/dH,0. The tubes were ultracentrifuged at
45K for 24 hours in Ti70 rotor at 25°C. Samples were collected by dripping the
gradient through an 18 gauge needle at bottom of the centrifuge tube. 1.5 ml
fractions were collected initially, and then 0.5 ml fractions once it appeared
more viscous. The concentration of the DNA samples was crudely estimated
using EthBr plates as described in Section 2.7. The best fractions were pooled
and dialysed against TE. The yields of genomic DNA obtained were generally
100-200png/ gram of starting material.

2.6.3.2 Genomic DNA Preparation For Plasmid Rescue.

Approximately 100 flies were homogenised in 0.5ml of Grinding buffer using a
15m1 Wheaton Homogeniser. The homogeniser was rinsed with an additional
0.5ml of grinding buffer and immediately placed at-20°C for 30 min. The sample
was then incubated at 70°C for 30 min. To this solution was added KOAc to a
final concentration of 160mM. This was then incubated on ice for 30 min. The
resulting white precipitate was removed by centrifugation and the DNA solution
extracted twice with an equal vol of phenol/chloroform followed by a
chloroform extraction. The DNA was precipitated using 0.75 vol of isopropanol.
It was washed with 70% EtOH before being resuspended in 0.5ml of TE
containing 20pg of RNase A. DNA concentrations were estimated using EthBr
plates as described previously. Approximately 1pg of genomic DNA was
restricted with the appropriate enzyme, depending on the type of enhancer

trap element used (Hamilton, 1991; Mlodzik, 1992). This was ligated in a total
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volume of 200pul using 1U of Ligase. The reaction was left at room temperature
overnight. It was then precipitated using 2 vol of EtOH and 1/10 vol of 3M
NaOAc followed by incubation at -20°C for 30 min. After centrifugation the
resulting pellet was washed with 70% EtOH and resuspended in 10ul sterile
H20O. 5ul of the DNA solution were transformed into MC1061 competent cells
using a Bio-Rad electroporator. DNA from the resulting transformants was

prepared as described in Section 2.6.2.2.

2.6.4.1 Isolation of RNA.

This procedure is adapted from the protocols described in Chirgwin (1979) and
Chomczynski & Sacchi (1987). 1g of flies were homogenised in 20ml of RNA
Denaturing solution using a Kinematica Polytron. The homogenate was then
transferred to a 30ml RF Corex tube or RF 30ml Falcon tube. To this was added
1/10 vol 2M Na OAC pH 4.0, an equal vol phenol and 1/5 vol chloroform.
This solution was shaken vigorously before being incubated on ice for 15 min.
The solution was spun in a bench top centrifuge for 15 min at 15,000 rpm. The
clear upper phase was removed using an RF glass pipette. An equal volume of
isopropanol was added and the RNA precipitated at -20°C for an hour. After
this time, the solution was centrifuged for 10 min at 10,000 rpm. The supernatant
was discarded and the RNA pellet resuspended in 5ml RNA denaturing
solution. The RNA was again precipitated using an equal volume of isopropanol
followed by incubation for an hour at -20°C. After centrifugation the RNA was
resuspended in 5-10ml of DEPC treated water. The RNA was stored as an

ethanol precipitate at -20°C . Yield was 1mg/gram flies.
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2.6.4.2 Isolation of Poly A+ mRNA.

0.5g of oligo (dT) were equilibrated in 10ml of 1x binding buffer. (BB). This was
left to swell for 1 hour at 4°C. A 5ml syringe was plugged with RF glass wool
and filled up with oligo dT cellulose to give a bed volume of 1ml. The column
was washed with 10ml of 0.1M NaOH and rinsed with several volumes of RF
water until the pH of the effluent was less than pH 8.0. The column was washed
with 10-20 volumes of 2xBB. The RNA was dissolved in 2xBB, heated to 65°C,
cooled on ice and added to the column. The effluent was collected, reheated
and re-applied to the column, this procedure was repeated so that the effluent
was applied to the column three times. The column was now washed with 10-
20 volumes of 1xBB. The bound RNA was eluted from the column using RF
water that had been heated to 65°C (usually 3ml of water were used). An equal
volume of 2xBB was added to the eluted RNA. The column was treated with
NaOH as before and the whole procedure repeated. Once the RNA had been
eluted, it was precipitated using 1/10 vol of NaOAc pH 5.2 and 2.5 vol of ethanol
and left at -20°C overnight. Generally, yields of 20-50ug of poly(A)* mRNA/g

of tissue were obtained.

2.7 Quantification Of Nucleic Acids.

In order to determine the concentration of DNA or RNA in a sample, readings
were taken at wavelengths of 260nm. An OD26( =1 corresponds to ~50pug/ml
for double-stranded DNA, ~40pg/ml for RNA and ~33ug/ml for
oligonucleotides. In other instances, the concentration of DNA was estimated
by spotting the sample and known standards onto the surface of a 1% (w/v)
agarose gel containing EthBr (0.5pg/ml). The gel was photographed using

short-wavelength UV illumination (254nm) and the concentration of the DNA
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sample was estimated by comparing the intensity of fluorescence in the sample

with those of known DNA concentration standards.

2.8 In Vitro DNA Manipulations .

All procedures for transforming E.coli, subcloning of fragments and restriction

enzyme digests were carried out as described by Sambrook et al., (1989).

2.8.1 Estimation of fragment sizes.

Unknown fragment sizes were calculated as described below. Migration
distances of known molecular weight markers were measured from each gel.
These were used to construct calibration curves by plotting the size of the
fragment (in kb) on a logarithmic scale against the distance migrated. The
resulting curve could then be used to approximate the sizes of other fragments
on the gel by measuring the distance each fragment had migrated and

interpolation.

2.9 Electrophoresis And Blotting.

2.9.1 DNA Electrophoresis And Southern Blots.

TBE agarose gels of 1% (w/v) ( for plasmid and phage DNA) and 0.8% (w/v)
(for genomic DNA) were used to separate the DNA on the basis of size. DNA
was visualised by staining the gel in 1xXTBE buffer containing 0.5ug/ml EthBr
for 30 min, followed by destaining in 1xXTBE containing ImM MgSO4 for 30 min.
Gels were photographed using a Polaroid camera loaded with 667- land film

and fitted with a Kodak Wratten filter No. 23A. Markers used were either
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Lambda cI875 DNA digested with HindIII and EcoRI or 1kb ladder. If required
the DNA was transferred onto Hybond N membrane following the procedure
of Southern (1975). After electrophoresis, the DNA was immersed in 0.25M
HCI for 15 min on a shaking platform to depurinate the DNA (for Genomic
Southerns), they were then soaked in Denaturing solution for 20 min, followed
by soaking in two changes of Neutralising solution for 20 min each. It was left
to transfer onto the membrane overnight. DNA was fixed to the membrane by
baking at 80°C for two hours or by UV irradiation using a Stratalinker_

(Stratagene).

Hybridisation Conditions.

All hybridisations were initially carried out in plastic sealed bags and agitated
in a shaking water bath at 65°C overnight. Latterly they were carried out in
hybridisation tubes in a Hybaid oven at 65°C. The membrane was prehybridised
in SSC prehybridisation solution for at least one hour before the addition of the
probe. The probe was boiled for 10 min and snap cooled before being added to
the filter and left to hybridise for at least 16h. Filters were washed in 2xSSC at
room temperature followed by two washes for 15 min in low stringency wash
at 65°C, and two washes for 15 min in the high stringency wash also at 65°C.
The filters were blotted dry and covered in Saran Wrap_. Autoradiography of
probed filters was carried out at -70°C, using intensifying screens and Fuji NIF

RX X-ray film. Films were developed using a Kodak X-Omat film processor.

2.9.2 Reverse Northern.

This procedure was essentially as described in Fryxell & Meyerowitz, (1987).
5ug of genomic lambda DNA restricted with the appropriate enzymes were

run in duplicate on a 1% (w/v) TBE agarose gel. The gel was blotted as described
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above. The filter was cut in half, one half probed with the male cDNA probe,
the other with the female cDNA probe. Filters were hybridised for a minimum
of 8hr at 65°C in a shaking water bath. Washing conditions were as described

above.

2.9.3 RNA Electrophoresis And Northern Blots.

Total RNA corresponding to 20pg of RNA in a volume of 5ul was loaded onto
a 1.5% (w/v) MOPS/Formaldehyde denaturing gel. Before being loaded onto
the gel the samples were denatured by the addition of 10ul of formamide, 2ul
of 5xXMOPS buffer, 3.5ul of formaldehyde, 1ul of EthBr (1mg/ml stock), and
heated to 70°C for 5 min, cooled immediately on ice. Prior to loading 2pl of
formaldehyde loading buffer was added to each sample (Sambrooket al., 1989).
The gels were run in 1xMOPS, with circulation from anode to cathode chambers
in order to maintain a constant pH. The gels were photographed as described
before. After photography, the gel was soaked in 0.05M NaOH for 20 min
followed by soaking for 30 min in 20xSSC. The gels were transferred to Hybond
C+. RNA was fixed to the membrane by baking for 2hr at 80°C.

Hybridisation conditions.

DNA/RNA hybridisations were carried out at 42°C in Formaldehyde
prehybridisation solution, or in SSC prehybridisation solution at 65°C. Filters
were pre-hybridised at 42°C or 65°C for at least 3hr before addition of the
denatured radioactive probe and hybridised for a minimum of 16hr. After
hybridisation, the filters were washed in 2xS5C at room temperature followed
by two 20 min washes in low stringency wash solution at 65°C, followed by
one 15 min wash in high stringency wash solution at 65°C. The filters were

blotted dry and covered with Saran Wrap before autoradiography.
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2.10 Labelling Of Nucleic Acids.

2.10.1 First Strand cDNA Probe.

In order to produce high specific activity 1st strand cDNA probes, 150uCi of
600 Ci/mmole of [0"32P]dCTP was dried down in a siliconised microfuge tube,
to this was added 4pl 5x 1st strand buffer, 1ul 80mM NaPPi, 30U RNAGUARD,
2nl Oligo (dT)12-18, Ing Poly A+ RNA, 20U AMV reverse transcriptase and made
up to a final volume of 20ul using RF water. The reaction was incubated at
42°C for 30 min, at which time 1ul of 10mM dCTP was added and the incubation
continued for a further 30 min. Hydrolysis of the RNA was achieved by the
addition of 1 volume of 0.6M NaOH, 20mM EDTA followed by incubation at
65°C for 30 min. Unincorporated nucleotides were separated using Sephadex
G-50 columns (Sambrook et al., 1989). Incorporation was assessed in a
scintillation counter using Cherenkov counting on a small aliquot of the probe.

Specific activities of ~1x108 cpm/pg RNA were normally obtained.
2.10.2 Random Priming.

The procedure was essentially as described in Feinberg & Vogelstein (1983).
Between 25-50ng of plasmid in 12pl of water was boiled for 10 min and cooled
on ice. To this was added 6ul 4x Random priming Buffer, 30uCi of 600 Ci/
mmole of [0-32P]dCTP and 2U of Klenow enzyme. The mixture was usually
incubated for at least 12hr at room temperature. Probes were purified using
Sephadex G-50 columns prepared in 1ml syringes. Incorporation of radioactive
precursor was calculated using the scintillation counter and Cherenkov
counting. For random primed probes specific activities of 108-109 cpm/pg

were normally obtained.
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2.10.3 Nick Translated Biotin Probes.

In order to produce biotin labelled probes for in situ hybridisation, 2.5ul of 10x
Nick translation buffer, 2.5ul of ANTP mix (0.3mM of each base), 2pl of Bio-16-
dUTP, 1ul of 32P (trace), 0.5pg of DNA, 1.5ul of DNase I diluted (1:1000) made
up to 25ul with distilled water and 10U of DNA Polymerase I were mixed in an
eppendorf. This was incubated at room temperature for 1hr. The probe was
precipitated by the addition of 1ul of 0.2M spermidine followed by incubation
for 30 min on ice and spun down at 4°C for 30 min. Incorporation was roughly
estimated by comparing the resuspended pellet with the supernatant. An
incorporation of between 25-30% was found to produce optimal probes.
Incorporation of too much biotin is thought to interfere with the hybridisation

process due to the bulk of the biotin.

2.11 Screening Lambda ¢cDNA Libraries.

Screening of lambda cDNA libraries was essentially as described in
(Sambrook et al.,). Briefly, five to ten thousand recombinant phage were plated
onto 10 by 10 cm L-agar plates or 100,000 recombinants on a 22.5 by 22.5 cm L-
agar plate, using 108 host cells and 0.7% (w/v) L-agarose containing 10mM
MgSO4. The plates were incubated at 37°C for ~ 8hr or until the phage were
just visible. Replica filters were lifted from each plate, denatured for 3 min,
neutralised twice for 5 min and washed in 2xSSC for a minimum of 15 min.
They were air dried before being baked at 80°C for two hours. The filters were
prehybridised in plastic bags or hybridisation tubes containing 10ml of SSC
prehybridisation solution for at least 2hr at 65°C. The filters were left to hybridise
in hybridisation solution containing the probe for a minimum of 8hr before

being washed in 2xSSC at room temperature, two 15 min low stringency washes
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followed by two 15 min high stringency washes all at 65°C. They were dried
before being wrapped in Saran Wrap and autoradiographed as described

previously.

2.12 DNA Sequencing

2.12.1 Double Stranded DNA Sequencing.

Double stranded sequencing reactions using the dideoxy chain termination
method (Sanger et al 1977) were carried out as described in the Sequenase
manual using 0355 dATP as a label. Sequence specific primers were generated
using the solid state method on an Applied Biosystems Inc. PCR-MATE 391
DNA Synthesiser, employing phosphoramidite chemistry. The primers were
deprotected using ammonium hydroxide and dried down under vacuum. They
were resuspended in water and their concentration determined by taking a
reading of the optical density at 260nm, and made into a working solution that

was 0.5 - 1.0pmol. Table 2.2 lists the primers used in this work.

2.12.2 Polyacrylamide gels.

Samples from sequencing reactions were run on 6% (w/v) acrylamide gels.
Gels were left to polymerise overnight before use and were pre-run at 100W for
1hr in 1XTBE after which time, the gel temperature was normally 55°C. Before
loading onto the gel, the samples were denatured for 2 min at 75°C and then
cooled on ice. Gels were run for 2hr for a short run (150 bp) or for 5hr for a
long run (300 bp) on constant power, and then dried for 1-2hr at 80°C onto
Whatman 3MM paper under vacuum. Autoradiography was carried out

without intensifying screens at room temperature.
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Oligo Name Sequence Lengt
K31/T3/1 |5' GGC CAA GAA TCC GTT CAG TGA TC 3 23
K31/T3/2 |5' CGC GAT GGC ATG TAC GG 3' 17
K31/T7/1 |5' ATT TGC ATC GCG TTG TG 3' 17
K31/T7/2 |5' CTG GTG CGA TTT GCA TC 3°' 17
K31/T7/3 |5' CGT CGA GTC GGA CAA GG 3' 17
K27/T7/1 |5' TGC CTT CAA GGA GCA cCC 3' 17
K27/77/2 |5' GTT GCG AGA TGT TGT TC 3° 17
K27/T3/1 |5' GCA CTT GGC CTT TGA GAA GCA CG 3' 23

K27.1/T3/3|5' GTC AAT GCC TAC TGA ATA G 3' 19

K27.1/T7/3|5' TGC TTG GCT GTA CTC TCC A 3' 19

K27.2/T7/4|5' TGG CCC AAA GTT CCA TG 3°' 17

K27.2/T3/4|5' ATT ATA TCA GCT GCA GGG 3' 18

Table 2.2 List of oligonucleotides, used in the sequencing experiments

described in Chapter 6.
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2.13 In Situ Hybridisations.

2.13.1 In Situ Hybridisation To Polytene Chromosomes.

The procedure for in situ hybridisation to polytene chromosomes was essentially
as described by Pardue (1986). The larvae were grown on rich larval media
prepared as described in Section 2.4. Probes used were subcloned fragments
from EMBL3 genomic phage labelled with Bio-16-dUTP as described in Section
2.9.3. Hybridisation to the chromosome was detected using a Strepavidin-
Biotinylated Horseradish Peroxidase complex and DAB. After hybridisation,
the slides were stained with Giemsa and mounted using DPX. Slides were
photographed using Kodak Ectachrome 160 tungsten film on a Leitz Vario-

orthomat camera system.

2.13.2 In Situ Hybridisation To Whole Mount Testis.

The whole mount testis in situ protocol was an adaptation by Luke Alphey
(pers. comm.) of the whole mount embryo protocol (Tautz, 1983). Testes from
adults or third instar larvae were crudely dissected in Ringers solution and
fixed in 4% (w/v) paraformaldehyde/1x PBS for 30 min at room temperature.
This was followed by rinsing five times for 2 min each with PBT. After incubation
for 5 min at room temperature in 100mg/ml Proteinase K, they were washed
with PBT containing 2mg/ml glycine twice for 2 min each. Fixing and washing
were as before. The testis were prehybridised in 500ul of biotin prehybridisation
solution at 55°C for at least one hour. 25ul of boiled probe was added to the
prehybridisation solution. The probes used were subcloned fragments from
EMBL3 genomic phage or cDNAs corresponding to these genomic fragments
labelled with biotin as described in Section 2.9.3. These were left at 55°C for a

minimum of 8hr. After removal of the probe, the testis were washed with
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hybridisation solution, followed by PBS for 2 min, PBT for 2 min and PBS for 2
min. In order to reduce the background signal, they were incubated with
Avidin/Biotin blocking kit for at least 30 min. Slides were mounted in
Vectashield mountant. The signal was detected using a Molecular Dynamics
confocal microscope using molecular dynamics ‘Image Space’ software. The
fluorescent antibodies were excited using a Krypton/Argon laser. The Texas
Red was excited at 568nm and detected at 660nm, while FITC was excited at

488nm and detected at 560nm.

2.13.3 Detection Of LacZ Staining.

Protocol devised by Douglas Armstrong (pers. comm.). Testis were dissected
and fixed as described above. They were then washed in PBS, followed by PBT,
and then PBS for 2 min each. After washing, the testis were rinsed in PAT and
then incubated in PAT containing 3% (v/v) normal goat serum and 1:2000
dilution of the primary rabbit anti-LacZ antibody. These were incubated at
room temperature overnight. The testis were then washed as before, followed
by detection in PAT containing a 1:250 dilution of the secondary goat anti-rabbit-
Texas Red labelled antibody. Again this was incubated at room temperature.

Mounting and detection of signal was as described above.
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Chapter Three Initial Characterisation of Eight Genomic DNA Clones



Introduction.

In Drosophila, several strategies may be used to identify genes involved in different
developmental pathways. The classical approach has been to utilise mutagenic
screens to identify genes whose mutant phenotype results in perturbation of the
developmental pathway being studied. While this approach has been used
successfully to identify genes involved in many developmental pathways such as
body pattern specification (Nusslein-Vollard & Wieschaus, 1980) and genes
controlling behaviour (Horyk & Sheppard, 1977), it has not proved particularly
successful in the isolation of genes that are involved strictly in spermatogenesis.
Duringa classical mutagenesis of the fly, mutants can easily be isolated that display
a male and/or female sterile phenotype. As discussed in chapter 1 however, not
all male-sterile mutations represent loci that function solely in the spermatogenic
pathway. Male-sterile phenotypes could arise as a consequence of perturbations
in normal cellular processes (Lindsley & Zimm, 1992), as a consequence of
behavioural mutations such as fruitless (fru) (Gailey & Hall, 1989; Castrillon et al.,
1993) or be due to gross anatomical defects in the reproductive apparatus as in the
mutants ken and barbie (ken) or twig (Castrillonet al., 1993). As discussed in chapter
1, classical estimates of the number of genes that can be mutated to give a male-
sterile phenotype range from 500 to more than 1750. Therefore, a large number of
male-sterile mutants would have to be screened in order to identify true
spermatogenic mutants (Lindsley & Lifschytz, 1972; Lifschytz, 1987). While there
have been problems identifying ‘true’ spermatogenic mutants, this technique has
not been totally unsuccessful. A structural gene for a-tubulin (03t) was isolated in
a classical mutagenesis using Ethyl Methane Sulphate (EMS) as a mutagen (Fuller
1986). When homozygous, this mutation causes a male-sterile phenotype.
Additionally, all of the Fertility Factors (discussed in chapter 1) were identified via
classical screening approaches, with X-rays and EMS as the mutagens (Brosseau,

1960; Kennison, 1983).
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An alternative to the classical genetic method has been to use ‘Reverse Genetic’
approaches such as differential screening or enhancer-trapping to isolate genes
in a particular developmental pathway. Enhancer-trapping has been used to
attempt to identify transcription units which are expressed in a particular tissue
of interest, in this case, identifying genes that are expressed in the testis. Such
an approach allows the identification of testis-specific transcription units
without the observation of a male-sterile phenotype. This approach has been
facilitated by the development of ‘enhancer-trapping’ (O’Kane, 1987). These
are P-elements which have been modified to contain the E. coli B-galactosidase
gene (lacZ). These elements do not code for a functional transposase, but are
able to jump if supplied with transposase in trans. The strain A2-3(99B)
(Robertson et al., 1988) for example, contains a modified P-element that is able

to supply large amounts of transposase, but is unable to jump itself.

Enhancer-trap elements contains thelacZ gene under the control of a P element
promoter which drives a low level of lacZ transcription. If upon transposition,
the P-element inserts near a tissue specific enhancer, elevated expression of the
lacZ construct within the tissue of interest can easily be detected using the
chromogenic substrate X-gal. This allows selection of those lines which exhibit
staining patterns in the tissue of interest. Since the new generation of enhancer-
trap elements contain a plasmid origin of replication and an antibiotic resistance
marker, the flanking DNA 5' and 3' of the insertion site can be isolated by cutting
with a variety of restriction enzymes, ligating the genomic DNA and by
transforming E. coli, a process known as plasmid rescue. (Perucho et al., 1980,
Steller & Pirrotta, 1986, Hamilton et al., 1991) Several groups have used these
enhancer-trap elements to investigate embryonic neural development (Bellen,
1989; Ethan, 1989). This strategy has enabled the selection of insertions by
virtue of the staining patterns in the tissues of interest. Recently, this approach

has been utilised by several groups to identify enhancers that are expressed
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specifically in the adult testis (Bownes, 1990; Gonczy et al., 1992; Castrillon et
al.,1993). The enhancer-trap screen by Castrillonet al. (1993), which is described
in more detail in chapter 1, was extremely successful in isolating spermatogenic
mutations. In the course of this screen, 89 recessive autosomal mutations were
identified of which 58 (including previously identified loci) appeared to

represent genes involved strictly in spermatogenesis.

Whilst this approach allows for the selection of lines in which enhancer elements
direct tissue-specific expression, there are still some problems associated with
this technique. The P-element may insert near an enhancer element which is
located at some distance from the gene whose expression it drives. Therefore,
although it may be possible to plasmid rescue the flanking DNA sequences, a
considerable amount of work may be required to allow the identification of the
gene regulated by that enhancer. While plasmid rescue has been used to isolate
flanking sequences for some insertion lines, others do not contain the
appropriate restriction sites in the genomic region close to the P-element
insertion and hence the flanking genomic DNA is unable to be cloned except
by the construction of a ‘mini-library’. The insertion site may also be close to
more than one enhancer element and give a false pattern of expression.
Consequently, the gene that is isolated may have a pattern of expression that

bears little relation to that seen in the enhancer-trap line.

Differential (+/-) hybridisation screening of genomic or cDNA libraries has
been used successfully in various systems (St John & Davis, 1979; Tanigﬁchi et
al., 1980) to identify tissue or stage-specific transcription units including those
involved in spermatogenesis (Schafer, 1986; DiBenedetto, 1987). This technique
relies on generating two different mRNA populations, one of which is enriched
in the sequences of interest, the other, in which these transcripts are reduced or

lacking. A differential screening approach can be used to identify genes whose
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transcription is tissue-specific or is highly regulated in a spatial or temporal
fashion. It does not, however, facilitate the detection of transcripts which show
differential splicing. For example the sex determining gene doublesex would
not have been isolated as it is expressed both in males and females. In common
with most other molecular techniques, this approach does not give any insight
into the actual function of the identified transcription unit. Some idea of function
may be obtained by sequencing the genomic DNA contained within the clone;
if homology is obtained to another group of cloned sequences, then some idea
of function may be inferred. Additionally, the problem of assigning function
can be resolved by using a differential screening approach in conjunction with
classical techniques or other ‘Reverse Genetic’ approaches. In Drosophila,
techniques such as site-selected mutagenesis (Kaiser & Goodwin, 1990; Milligan
& Kaiser, 1993) using P or I transposable elements, or ‘local jump’ experiments
using marked elements located near the gene of interest (Littleton, 1993) have

been of great use in isolating mutations in genes cloned in this way.

Several factors must be considered when planning a differential screen: the
availability of two mRNA populations, the abundance of the specific transcript
and the type of library to be screened. The primary requirement for two different
populations that can be used to isolate mRNA for cDNA probes is clearly not a
problem when attempting to isolate sex-specific transcripts. However, the stage
at which the mRNA is isolated has to be considered. While spermatogenic
transcripts have been identified by other laboratories, (Schafer, 1986;
DiBenedetto, 1987) neither group has identified transcripts expressed in the
early embryonic stages. Since spermatogenesis has already been initiated in
1st instar larvae and many of the earliest events in sex determination (such as
determination of germline sex) occur early in embryogenesis, Russell and Kaiser

(1989) decided to screen cDNA and genomic libraries with 1¢ strand cDNA
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probes made from mRNA derived from third instar larvae. This is the earliest

stage at which sexual dimorphism becomes visible (Sonnenblick, 1950).

The relative abundance of the transcripts that are to be identified must also be
considered. Transcripts which comprise greater than 1% down to 0.01% of the
total mRNA population can be isolated using a differential screening approach,
although the sensitivity of the screen may be enhanced by the use of subtracted
probes (Timberlake, 1980; Zimmerman et al., 1980; Sargent, 1987). Subtractive
screening allows the detection of less abundant transcripts (less than 0.01%)
and also reduces the problem of elimination of clones that contain a non-sex-
specific gene in addition to a sex-specific transcript. On the assumption that
some of these spermatogenic transcripts are likely to comprise 1% of the total
mRNA population, and since several spermatogenic loci had already been
isolated via a differential screening approach, (Schafer, 1986; DiBenedetto, 1987),
the additional sensitivity obtained by using a subtracted probe was thought
unnecessary by Russell (1989). The abundance of the transcripts not only affects
the type of probe to be used (i.e. subtracted versus non-subtracted ) but also the
type of library to be screened (i.e. genomic library versus cDNA library). In a
genomic library, those sequences that code for abundant transcripts are likely
to be present at the same frequency as those encoding low abundance transcripts.
Clearly, this is not the case for a cDNA library, where the frequency of a clone in
the library is dependent upon its abundance in the total mRNA population.
Another consideration that has to be taken into account when choosing between
screening a cDNA or genomic library is the number of clones to be screened in
order to have a 99% chance of identifying any desired sequence. This number
is determined by insert size in the case of a genomic library, and by the
abundance of the transcript in the case of a cDNA library. For a genomic library,
using the equation given in Kaiser & Murray, (1985) the parameters which have

to be taken into account are the size of the inserts in the library and the size of
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the organism’s genome. Given that the insert range of EMBL3 is 9-22 kb, 30,000
primary recombinants must be screened in order to have a 99% probability of
isolating any individual sequence, assuming randomness. As this figure is
dependent on genome size, an organism whose genome is significantly larger
than Drosophila would require more clones to be screened. For screeninga cDNA
library, the equation given in Sargent (1987) suggests that for a transcript whose
abundance is no less than 0.01% of the total mRNA population, (the limit that
can be detected using non-subtracted probes) 50,000 clones would have to be
screened to ensure a 99% probability of detecting the transcript of interest. For
an organism such as Drosophila, the number of clones to be screened to identify
a genomic clone (30,000) or a cDNA clone (50,000) are not sufficiently different

to bias the selection of which one to screen.

Given that the number of clones that should be screened is not vastly different
between the two types of libraries, the choice of which to screen might be
determined by the type of insert contained in each library. Clones derived
from a genomic library may contain sequences that are from more than one
gene, consequently additional analysis would be required to identify which
region of the clone contains the sequences of interest. In addition, as described
previously, those clones containing sex-specific and non-sex-specific sequences
on the same insert may not be detected unless a subtracted probe is used. The
isolation of a genomic DNA clone facilitates studies on the genomic organisation
and regulation of the sequences. Clones which have a spermatogenic function
are transcribed early during the primary spermatocyte stage (as described in
chapter 1), therefore some of these may be subject to translational control
(Schafer, 1993; Kempe, 1994). Analysis of the sequence of these genomic DNA
clones may facilitate the identification and characterisation of these sequences.
In contrast, those derived from a cDNA library should represent a single gene

or gene family. Sequences which represent highly labile RN A species may not
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be isolated using a cDNA library, as their turnover might be too rapid. In
addition, transcripts which do not have poly A tails will not be isolated from a
cDNA library which was not generated by random priming. This problem
will also be encountered when screening a genomic library with cDNA which

has been primed using oligo dT.

In summary, differential screening may be performed by hybridising labelled
cDNA (sex-specific or subtracted) to either a cDNA or genomic library. Using
the considerations described earlier, Russell & Kaiser decided to screen both
cDNA and genomic DNA libraries in an attempt to optimise identification of
male-specific genes. However, due to screening problems with the cDNA
libraries, male-specific clones were only identified from the genomic library

screen (Russell, 1989).

Selection Of Male - Specific Genomic DNA Clones.

A Drosophila genomic DNA library (made by K. Kaiser, unpublished) was
screened by Russell & Kaiser (Russell, 1989) for differential hybridisation to
cDNAs prepared from male and female third instar larvae. The library was
constructed in the lambda vector EMBL3 and contains 9-22 kb inserts derived
from Oregon-R DNA partially digested with Sau3A. 30,000 primary
recombinants were screened in duplicate at a density of 8,000 plaques per
plate with labelled cDNA prepared from either male or female third instar
larval poly(A)+ RNA. At the end of the screen, 20 clones were designated as
putatively male-specific/differential. Dot blots of these 20 clones were screened
by Russell (1989) using male and female, adult and larval cDNA probes to
redefine their classification. These clones can be further classified into 3 groups
based on their hybridisation patterns to adult and larval cDNA probes (Table
3.1).
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Table 3.1: Classification of putative male-specific/differential genomic

clones

Clone Classification

Number of Clones

male larval/adult specific 9
male larval/adult elevated 5
non-sex-specific 6
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Results.

3.1 Preliminary Examination Of Eight Putative Male-Specific Clones:

Eight of the putative male-specific genomic DNA clones (gK6, gK8, gK10, gK17,
gK22, gK27, gK30 and gK31) isolated by Russell were made available to me for
further characterisation. Russell classified 5 as larval /adult male-specific (gK6,
gK8, gK10, gK17 and gK22) and the remaining 3 (gK27, gK30 and gK31) as
showing elevated expression in the male. DNA was prepared from all 8 genomic
DNA clones. In order to estimate the insert size contained in each clone and to
perform an initial comparison of the clones with each other, the clones were
restricted with the enzymes Sall and EcoRI (Figure 3.1). The Sall sites are
situated in the lambda polylinker and allow the inserts to be released from the
lambda arms. The EcoRlI sites in the vector arms have been removed by the
construction of the library consequently, it is used in this case to cleave any
internal sites in the insert (the insert may also contain sites for Sall). Although
there are some problems with this gel (for example the lack of vector arms in
some tracks) the purpose of this gel was to quickly identify any clones which
might be related. For this purpose, the gel was of sufficient quality since it is
evident that several of the genomic DNA clones have similar restriction patterns.
The lack of vector arms in some of the tracks might have been due to insufficient
heating of the samples prior to loading. Consequently, the cos sites in the
bacteriophage lambda arms may not have melted. This would result in these
bands migrating aberrantly. In addition, the lack of vector arms might result
from the incomplete restriction of the DNA. The results of these digests are

summarised in Table 3.2.

From this preliminary analysis, it was evident that several of the genomic DNA

clones had restriction fragments in common, therefore some of the genomic
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Figure 3.1: EthBr stained 1% agarose gel containing EcoRI, Sall double digests
of male-specific clones selected for further analysis.
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Clone Number Size of EcoRlI, Sall fragments (kb)
K6 6.4,1.8*1.4,1.15,0.7,0.45
K8 12,2.8, 0.8, 0.45
K10 7.3,2.8,1.7,1.25,1.2,0.8, 0.45, 0.25, 0.2
K17 No sites for these enzymes
K22 89,3.3,19,0.8
K27 5.3,1.8%,1.6,14, 1.15,0.8,0.7, 0.45
K30 5.8,4.2,2.0,19,04
K31 12.3,4.2,1.2

Table 3.2 shows the fragments produced by a Sall, EcoRI double digest of all

eight genomic clones. Fragment * is a doublet.
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DNA clones may be derived from the same locus. gK6 and gK27 DNA share
five bands of molecular weight 1.8, 1.4, 1.15, 0.7 and 0.45 kb, while genomic
DNA clones gK8 and gK10 share three bands of 2.8, 0.8 and 0.45 kb (Figure
3.1). In order to examine further the relationship between genomic DNA clones
gKé and gK27, and genomic DNA clones gK8 and gK10, the genomic DNA
clones were restricted with Sall in combination with EcoRI, BamHI and HindIII.
Duplicate blots were prepared and hybridised to the two relevant genomic
DNA clone (Figures 3.2 & 3.3) i.e. blots of gKé and gK27 were probed with
both gK6 and gK27, blots of gk8 and gK10 were probed with both gK8 and
gK10.

gKeé and gK27.

The two genomic DNA clones gKé & gK27 were digested with Sall in
combination with EcoRI, HindIIl and BamHI. The resulting EthBr stained gel is
shown in Figure 3.2A. Duplicate Southern blots were probed with either gKé
(Figure 3.2B) or gK27 (Figure 3.2C). These results are summarised in Table 3.3.
Genomic DNA clone gK27 was chosen for further characterisation as it is the

larger of the two clones.

gK8 and gK10.

The same procedure was used to establish whether there was a relationship
between genomic DNA clones gK10 and gK8 (see Figure 3.3A). Duplicate
Southern blots were hybridised with either gK8 (Figure 3.3B) or gK10 (Figure
3.3C). These results are summarised in Table 3.4. As before, there appears to
be considerable overlap between these two genomic DNA clones. Clone gK10

was selected for further analysis.
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K6 K27

SallLEcoRI |6.4,1.8,1.4,1.15,0.7,045, | 5.3, 1.8, 1.4, 1.15, 0.7, 0.45,
Sall,BamHI |4.7,3.9,1.8,1.08, 42,37,3.1,2.1,1.08,0.3
Sall HindIII | 2.1, 1.8, 1.35, 0.9, 0.3, 0.25 | 7, 3.8, 3.3, 2.1, 1.35, 0.9, 0.3, 0.25

Table 3.3 shows hybridising fragments in gK27 and gK6. Common bands are
highlighted in bold text. Unique bands, which hybridise to the reciprocal probe

are indicated by plain text.

K8 . K10
Sall,EcoRI 12, 2.8, 0.8, 0.45 7.3,2.8, 0.8, 0.45
Sall,BamHI 0.45 ~12
Sall,HindIII All Bands All Bands

Table 3.4 shows hybridising fragments in gK8 and gK10. Common bands are
highlighted in bold text. Unique bands, which hybridise to the reciprocal probe

are indicated by plain text.

87






gK17 and gS4.

Clone gK17 is unusual in that it contains no internal recognition sites for the
enzymes EcoRI, BamH]I, Sall and HindIII (Figure 3.1). In this respect, it is similar
to clone gS4 previously characterised by Russell (1989). Digestion of gK17 and
gS4 with either Xhol or Smal releases a band of 1.4 kb, the intensity of which
suggests that it has an increased molar ratio with respect to the other fragments
released by the digest. In addition, a 1.8 kb fragment is released. Since the
lambda vector has a cloning capacity for inserts in the range 9-22 kb, it seems
likely that these digests release multiple bands of 1.4 kb. As the insert size is
approximately 14 kb, it suggests that a tandem sequence of ~8 copies resides in

this clone.

All the bands from Xhol and Smal digests of both g54 and gK17 genomic DNA
clones hybridise when probed with gK17 and vice versa. (Figure 3.4 A ,B& C).
As described in chapter 1, the genomic DNA clone gS4 (now called Mst40) has
been characterised by Russell (Russell & Kaiser, 1993). Since gK17 appeared to

be related to this clone it was not characterised further.

On the basis of this preliminary analysis, clones gK6, gK8 and gK17 were not
characterised further. This left five clones: gK10, gK22, gK27, gK30 and gK31

for further analysis.

Russell (1989) classified clone gK30 as male larval/adult elevated. ‘Reverse
northern’ analysis shows that this clone contains no male-specific fragments,
but two male-elevated fragments (Figure 3.5b). This contrasts with the other
clones which contain at least one male-specific fragment. For this reason, this
clone was not characterised further. Consequently the number of clones to be

studied was reduced to four: gK10, gk22, gKk27 and gK31.
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Figure 3.5

Figure 3.5A: EthBr stained 1% agarose gel containing EcoRI/ Sall double digests
of male-specific clones selected for further analysis (male-specific clone gK17
digested with Sal I/ Xhol).

Figure 3.5B: Autoradiograph of a Southern blot of gel shown in Figure 3.5A
hybridised with cDNA derived from adult males. Exposed for one week.
Figure 3.5C: Autoradiograph of Southern blot of duplicate gel shown in Figure
3.5A hybridised with cDNA derived from adult females. Exposed for one
week.
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3.2 Identification Of Male-Specific Fragments From Genomic DNA Clones.

To determine the male-specific region of each clone ‘Reverse northern’ analysis
was performed (Fryxell & Meyerowitz, 1987). The lambda clones were double
digested with Sall and EcoRI (the exception was gK17 which was digested with
Sall and Xhol). The digested phage DNA were run in duplicate on a 1% agarose
gel (See Figure 3.5A) and transferred to nylon filters. The filters were probed
in parallel with cDNA probes prepared from male and female mRNA. The
autoradiographs were compared to determine which fragments exhibited a
male-specific pattern of hybridisation (Figure 3.5B and C). In order to confirm
the sex-specificity of the probes, two controls were included on each filter. The
female-specific control was a 0.8 kb BamHI fragment of the yolk protein 1 gene
in pGEM, designated YP1. This gene is expressed in the ovaries and fat bodies
of females in response to the genes of the somatic sex determination hierarchy
(Hung & Wensink, 1981). The male-specific control was the genomic DNA
clone Mst(3)336 (DiBenedetto et al., 1987). This was isolated from a screen for
male-specific transcripts involved in spermatogenesis and is expressed in both
male pupae and adults, but is not present in females. The results of the ‘Reverse
northern’ analysis are summarised in Table 3.5. For each genomic DNA clone,
at least one region hybridises strongly to the male cDNA probe (Figure 3.5B).

These bands show little, or no hybridisation to the female-specific probe.
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Table 3.5shows the fragments produced by an EcoRI/ Sall digest of the genomic
clones. Fragments which hybridise to the male and female cDNA probes are

listed. Fragment * is a doublet.
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Male Specific| Female Specific
Clone| Sall/EcoRI fragments (kb) Fragments Fragments
gK10 | 7.3,2.8,1.7,1.25,1.2, 0.8, 0.45, 0.25 7.3 None
gK22 | 8.9,3.3,19,0.8 8.9 None
gK27 | 5.3,1.8% 1.6,14,1.15,0.8,0.7, 0.45 1.4,1.15 0.8
12.3,4.2,1.2 12.3 None

gK31
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Discussion.

Russell’s screening of a Drosophila genomic library was successful in identifying
male-specific transcribed regions. Several of the clones isolated in this screen
appear to have identified the same male-specific loci. Additionally, some of the
clones characterised by Russell represented previously isolated male-specific
genes identified by other laboratories, also using a differential screening
approach (DiBenedetto et al., 1987; Russell, 1989). This strongly supports the
hypothesis that these clones represent genuine male-specific transcripts but
also confirms that at this level of sensitivity, only a relatively small number of

genes can be identified.

The use of third instar larval mRNA to prepare the probes has possibly biased
the selection of clones towards those expressed in the gonad since this is one of
the few sexually-dimorphic structures that can be observed in the larvae
(Sonnenblick, 1950). The testis of the third instar larva is much larger than the
female ovary (8-12 germ cells in the ovary compared with 36-38 in the testis)
(Bodenstein, 1950) and consequently is likely to comprise approximately 1% of
the total third instar larval mRNA. In addition, at the third instar larval stage
the germ cells in the testis have begun to form primary spermatocytes (as
discussed in chapter 1). This stage is characterised by a rapid increase in growth,
resulting in a 25-30 fold increase in volume over a ~90 hour period (Lindsley &
Lifschytz, 1972; Lindsley & Tokuyasu, 1980). Autoradiographic studies also
suggest that most of the transcription of gene products required for later stages
of spermatogenesis occur at this time (Olivieri & Olivieri, 1965; Gould-Somero
& Holland, 1974). Characterisation of other genomic DNA clones from this
screen have similarly been shown to have the expression of their transcripts

restricted to the germline. (Russell & Kaiser, 1992; 1993).
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The clones isolated in Russell’s screen seem to represent moderately abundant
transcripts. This abundance may give some insight into the possible function
of these transcripts. Transcripts that have a high expression level are more
likely to have a structural role, such as formation of sperm tail proteins (Schafer,
1993), than to perform a regulatory function. At the level of sensitivity used by
differential screening, the number of genes that can be detected is close to

saturation.

Whilst Russell’s screen was successful, there are ways in which it could have
been refined. As discussed previously, the use of subtracted probes would have
allowed a more sensitive screening strategy. Due to problems with non-specific
hybridisation, only the genomic library was screened successfully. It is therefore
possible that there were male-specific clones which were not identified due to
the close proximity of a non-sex-specific transcript on the same region of DNA.
Additional levels of screening could have been achieved using cDNA probes
derived from mutant fly strains such as tudor (tud) (Boswell & Mahowald, 1985)
which lack a functional germline, or transformer (tra) (Baker & Ridge, 1980)
where the female somatic tissue is transformed into male somatic tissue. This
type of analysis would allow the further classification of the clones into those
which are specific for the soma and those which are specific to the germline.
The use of cDNA probes derived from different stages of the Drosophila life
cycle could also have been used, again refining classification. However, a similar
classification could be obtained by the use of RNA from the mutant flies and

stages on northern blots.

The use of subtracted probes would also have reduced the possibility of
re-isolating clones by identifying a class of much lower abundance transcripts

than those identified by Schafer, (1986) and DiBenedetto, (1987).
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An alternative approach could be to screen subtracted cDNA libraries (Palazzolo
et al., 1989). It was estimated that for an organism whose genome is the size of
Drosophila, ~50,000 cDNA clones would have to be screened in order to identify
sequences present at 0.01% of the total nRNA population. Whilst this number
is not prohibitive, the use of a subtracted library would significantly reduce the
number of clones that would have to be screened. Consequently, for an organism
with a larger genome size, subtracted libraries would facilitate a differential
screening procedure without a prohibitive number of plaques having to be screened.
However, the use of subtracted libraries also has its problems (for example, the
clones isolated in Palazzolo’s screen all contained very small inserts). Therefore,
in order to obtain the whole of the coding sequence, the positives from this screen

were used as probes to rescreen other Drosophila cDNA libraries.

The initial characterisation of the genomic DNA clones provided a quick means
of reducing the number of clones to be characterised. As can be seen from
Figure 3.4, a gel which was possibly inadequate for publication could still
provide sufficient information to allow elimination of the genomic DNA clone
under study. gK17 had several features in common with g54 (eg lack of
restriction sites for common enzymes) and cross-hybridisation was merely used
to confirm that the two genomic DNA clones were related. Consequently, the
fact that insufficient DNA was loaded and that the fragments were not well
separated did not call into question the results of the hybridisation. In this
chapter, I attempted to ensure that all the genomic clones to be analysed were
unique and contained male specific transcription units. Using the techniques
described in this chapter, the number of clones to be characterised was reduced
from eight to four. In addition, using ‘Reverse northern’ analysis, I have
identified four unique genomic regions containing male-specific transcripts.
In this respect the aims of this section of the work were realised. Their further

characterisation will be discussed in detail in the subsequent chapters.
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Chapter Four Genomic Structure and Organisation



Introduction.

The analysis of the organisation of the genomic DNA clones selected for
characterisation was of interest for several reasons. It was necessary to determine
whether these represent unique sequences in the genome or members of multi-
gene families. As has been discussed in chapter 1, some of the genes that have
been identified as putative ‘spermatogenic’ loci belong to multi-gene families.
An example is provided by the Mst(3)CPG gene family first identified by Schafer
(1986). This family is a small cluster of seven genes that appear to encode
proteins that form the secondary fibres in the mature sperm tail. In addition,
seven dynein genes have also been identified in Drosophila (Rasmusson et al.,
1994) of which one has been localised to the Y-chromosome (Gepner & Hays,
1993). Testis-specific isoforms of other genes have been identified, such as the
testis-specific B-tubulin (B2t) or the cdc25 homologuesstring and twine (Alphey
et al., 1992; Courtot et al., 1992). In addition, testis-specific gene families have
also been identified in other Drosophila species such as D. hydei (Neesen et al.,
1994). It was therefore of interest to determine whether any of the male-specific
fragments identified in chapter 3 represented single copy genes or members of

a known or unknown gene family.

Since some ‘spermatogenic’ loci such as stellate consist of a tandemly-repeated
sequence and two classes of genomic clones which had a repetitive structure
had been isolated more than once during the screen (g54/gK17, described in
Russell and Kaiser 1994 and chapter 3, gS1/gS58/gS9, described in chapter 1
and Russell & Kaiser, 1993) it was of interest to determine whether any of my

genomic DNA clones contained repeated elements.
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In order to further characterise the cloned sequences, the cytological locations
of each were determined. Since it was evident that the Y-chromosome has such
a pivotal role in the process of spermiogenesis, it was of interest to determine
whether any of the genomic clones identified in this screen represented Y linked
loci. As has been described in more detail in chapter 1, there is an absolute
requirement for the Y-chromosome in Drosophila in order for normal
spermiogenesis to take place. Although very few genetic loci have been localised
to the Y-chromosome, those such as the fertility factors, that have been located
here seem to have an essential function during spermatogenesis. In addition,
other Y-specific loci have been implicated in having a spermatogenic function.
A more detailed description of these Y-linked genes is given in chapter 1. As
described in chapter 1, genomic DNA clones gS1, gS8 and gS9 characterised by
Russell (Russell & Kaiser, 1993) represent a class of sequences that are present
on the Y-chromosome as well as on an autosome (Y-associated). The autosomal
copy is at position 77F on the third chromosome where it resides within the
first intron of a previously described Drosophila gene for the RI subunit of the
cAMP-dependent protein kinase (Kalderon & Rubin, 1988). In addition, there
appear to be five Y-linked copies of this sequence. Sequence analysis of the
cDNAs corresponding to these genomic DNA clones suggests that the gene
product resembles both members of the histone H1/HS5 gene family and the
cystine-rich protamines. Since protamines are smaller proteins than histones,
they are thought to be involved in the compaction of the chromatin with in the

sperm head.

As has been described in chapter 3, differential screens were used by several
investigators (Schafer, 1986a; DiBenedetto, 1987) in an attempt to identify testis-
specific transcription units. The screen performed by Schafer identified twelve
genomic DNA clones which hybridised only to male cDNA and not embryonic

nor female cDNA. Most of these represented genes whose expression was
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restricted to the accessory gland (paragonia). However, one of these designated
Mst(3)g19 (later renamed Mst(3)CPG) was found to have expression that was
restricted to the germline (Schafer, 1986b). The screen by DiBenedetto identified
six putative male-specific transcripts, one of these was found be expressed in
the accessory gland while the five others were restricted to the germline. In
éddition, as discussed previously, the enhancer-trap screen of Castrillon
(Castrillon et al., 1993) identified 58 male-sterile loci (some of these represented
previously identified male-sterile genes). It was therefore of interest to
determine whether the genomic DNA clones described here represented novel
‘spermatogenic’ loci or if they represented previously identified genes or

members of a gene family.

Since the chromosomal locations of these other spermatogenic loci was known,
determining the cytological locations corresponding to these genomic DNA
clones would provide a means of determining whether the latter represent
previously identified loci. Other information that the knowledge of the
chromosomal location would provide is the identification of enhancer-trap
elements that are located in or near the region covered by the genomic DNA
clone. Ashasbeen discussed, an obvious disadvantage of differential screening
is that it does not generate mutations that can be used to give an insight into
function. The identification of a closely-linked P-element or enhancer-trap
element could be used to address this problem. If the element is located within
the region of interest, it may give rise to a mutant phenotype. More severe
mutations my be generated by the use of imprecise excisions. If the element
does not actually lie within the region of interest, mutations can be created

using ‘local jumps’ (Littleton et al., 1993).
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Results.
4.1 Subcloning Of The Male Specific Fragments.

Using the data from the ‘Reverse northern’ analysis discussed in chapter 3, the
five male-specific fragments were subcloned into the plasmid pBluescript
(Stratagene) for use as probes in subsequent analysis. Clone gK10 contained a
single EcoRI/ Sall fragment of 7.3 kb which hybridised to the male-specific cDNA
probe and not to the female cDNA probe. This male-specific transcript was
subsequently found to be contained within a 5 kb HindIII fragment which was
subcloned into the plasmid vector pBluescript (Stratagene). The resulting
subclone containing the male-specific fragment was designated pmsfK10 (male-

specific fragment gK10).

The genomic lambda clone gK22 also contained one male-specific fragment of
8.9 kb. This 8.9 EcoRI/Sall fragment was subcloned into pBluescript and the

recombinant plasmid was designated pmsfK22.

The two male-specific fragments of 1.4 and 1.15 kb contained in gK27 were
sub-cloned as EcoRI fragments in pBluescript. The recombinant plasmid
containing the 1.4 kb fragment was designated pmsfK27.1, whilst that containing
the 1.15 kb fragment was designated pmsfK27.2.

Clone gK31 contained a single male-specific fragment of 12.3 kb. This fragment

was subcloned as an EcoRI/ Sall fragment in pBluescript, pmsfK31.

These results are summarised in Table 4.1.
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genomic recombinant Size and nature of
DNA clone plasmid male-specific fragment (kb)
gK10 pmsfK10 5 kb HindIII
gk22 pmsfK22 8.9 kb EcoRI/ Sall
gK27 pmsfK27.1 & pmsfK27.2 1.4 & 1.14 kb EcoRI
gK31 pmsfK31 12.3 kb EcoRI/ Sall

Table 4.1: Table 4.1 shows the original genomic DNA clones with their
corresponding subcloned male-specific fragment.
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All five male-specific plasmids were used as probes in the subsequent

characterisation described in this and the subsequent chapters.

4.2 Restriction Mapping Of The Genomic Lambda clones.

In order to determine the position of the male-specific fragments within the
original genomic lambda clone, the phage DNA was restricted with a
combination of the enzymes EcoRl, Sall, and HindIIl. Sall cleaves the Lambda
DNA to release the insert DNA from the Lambda arms (19.9 kb long arm and
8.8 kb short arm). The EcoRlI sites present in the polylinkers are lost by cloning
Sau3A genomic fragments into the BamHI site. Consequently, any EcoRI
fragments produced are as a result of internal EcoRI sites. The only HindIII
sites present in the lambda arms is situated in the short arm which is cleaved
into two fragments of 4.3 and 4.5 kb. This provided sufficient information to
construct a restriction map for gk22 and gK31. For gK10 and gK27, which
were much more complex phage, additional information was inferred from the

smaller overlapping phage gKé (for gk27) and gK8 (for gK10).

The resulting restriction maps are shown in Figure 4.1

Genomic Southerns.

4.3 Analysis Of Genomic Organisation Of Male And Female DNA.

In order to determine whether any of the genomic DNA clones were derived
from the Y-chromosome, genomic DN A was prepared from males and females
of three wild type Drosophila strains, Oregon-R, Canton-S and m56i. Since the

only difference between the male and female flies is the presence or absence of
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the Y-chromosome, any difference in the hybridisation pattern observed will

be due to the Y-chromosome sequences.

Genomic DNA was restricted with HindlIII for hybridisation with the pmsfK10
probe, EcoRI for the pmsfK27.1 and pmsfK27.2 probes and EcoRI/Sall for the
pmsfK22 and pmsfK31 probes.

When male and female genomic DNA was restricted with HindIIl and
hybridised with pmsfK10 probe, (Figure 4.2A) a single band of 5 kb is observed
in both males and females of all three wild type strains. If pmsfK22 is used as
a probe to EcoRI/ Sall restricted genomic DNA, a single band of 8.9 kb is observed
in all six tracks (Figure 4.2B). Figure 4.2C shows a mixed probe of pmsfK27.1
and pmsfK27.2 hybridised to genomic DNA restricted with EcoRI. Again there
is no difference observed between males and females with two bands of 1.4
and 1.15 kb identified in all tracks (marker bands correspond to the 1.5 and 0.9
kb bands of lambda). Finally, when pmsfK31 is probed to genomic DNA
restricted with EcoRI/ Sall, a single band of 12.3 kb is observed in all six tracks
(Figure 4.2D). None of the genomic DNA clones show any evidence for
polymorphism at these loci. From these results it was evident that none of

these genomic DNA clones are derived from the Y-chromosome.

4.4 Genomic Southerns

The results obtained from Southerns of male and female genomic DNA
suggested that all these clones represented single copy genes that were not
present on the Y-chromosome. To confirm that these represented single copy
genes and to establish whether the restriction maps deduced in Section 4.1 were
correct, genomic DNA was prepared from wild-type Oregon-R flies and
restricted with BamHI, EcoRI and HindIII. All five male-specific fragments were

used as probes. The results are shown in Figure 4.3.
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Genomic DNA probed with pmsfK10 identifies a single band in each track. In
the BamHI digest, a fragment of 11 kb hybridises to the probe. (Figure 4.3A,
track 1). In the EcoRI digest, a single band of 9 kb is observed (Figure 4.3A
track 2), while in the HindllI digest, (Figure 4.3A track 3) a band of 5 kb is seen.

Figure 4.3B shows genomic DNA probed with pmsfK22, in track 1 the BarmHI
digest, a single band of 8.9 kb hybridises to the probe. The EcoRI digest (Figure
4.3B track 2) also identifies a single band of 12 kb, whilst the HindIII digest
gives a fragment of ~13 kb.

Clone gK27 appears to have a slightly more complex structure than that of the
other clones characterised. Unlike all the others, this clone contains two male-
specific bands. From sequence evidence (described in chapter 6) they appear
to be duplications of a related sequence. Genomic Southerns using both
pmsfK27.1 and pmsfK27.2 (Figure 4.3C and 4.3D) show that for the BamHI
digest a single band of 8 kb is observed with both probes (Figure 4.3C track 1
and Figure 4.3D track 1). In contrast, the EcoRI digest identifies two fragments.
A fragment of 4kb with both probes (Figure 4.3C and D track 2)and a 1.4 kb
fragment which is identified with the pmsfK27.1 probe, (Figure 4.3C track 2)
whilst the pmsfK27.2 probe identifies a 1.15 kb fragment (Figure 4.3D track 2).
For the HindIII digest, both probes identify the same fragment of 10 kb (Figure
4.3C track 3 and Figure 4.3D track 3 ). In addition to the strongly hybridising
bands described above, other bands which hybridise less strongly to the probe
were also observed. These bands were reproducible in genomic Southerns
using all three probes derived from this region (pmsfK27.1, pmsfK27.2, pcK27).
This implies that there are related sequences present in the genome. This will

be discussed in more detail in chapter 6.
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The same prbcedure was used to confirm the genomic organisation of gK31.
As before, the DNA was restricted with BamHI identifying a single band of
2 kb (Figure 4.3E track 1). The digest using EcoRI shows a single band of 12 kb
(Figure 4.3E track 2). For the HindlII digest, two fragments were identified of
12 and 3.8 kb.

4.5 In Situ Hybridisation To Polytene Chromosomes.

As discussed previously, Drosophila are able to over-replicate their chromosomes
in some tissues such as the salivary glands. This over replication enables the
visualisation of the chromosomes, allowing the determination of the
chromosomal location of the clone being characterised. The banding patterns
of the polytene chromosomes are constant for the species studied, the bands
observed can therefore serve as landmarks for locating various genomic features.
The standard reference for D. melanogaster salivary gland chromosomes are the
Bridges’ maps. The photographic version of these maps produced by Lefevre
(Ashburner and Novitski, 1976) was used to determine the cytological location
of the male-specific fragments. The male-specific fragments are hybridised to
the chromosome spreads and the signal detected as described in Section 2.13.1.
This ensures that all the clones being characterised do not represent genes that
have been isolated previously. As described above the knowledge of the
cytological location of the clones provides additional information that can be
used to assist in characterisation. The use of P-elements and enhancer-trap
elements in order to assist in aésigning function has been described in this
chapter and also in chapter 3. The location of many P-elements and enhancer-
trap elements are known. Consequently, if they are located within the same
polytene band they can be used to generate mutations (Kaiser and Goodwin
1990; Littletonet al., 1993). In addition, if the clone lies in a region of the genome

that has been extensively characterised, various duplications and deletions of
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that region of the chromosome may be available. These can facilitate studies
on the effects of dosage of the gene on the development of the fly. All five of the
male-specific fragments were labelled with biotin (as described in Section 2.10.3)

and used to probe chromosome spreads from wild type Oregon-R.

As expected from previous results, all of the clones were located on the
autosomes. The invariant banding patterns of the chromosomes in conjunction
with chromosome specific areas of constrictions (areas of under-replication)
can be used as markers to determine which chromosomal bands the probes
hybridise to. In addition, the ends of the polytene chromosomes differ, allowing
identification of the chromosome to which the probe is hybridising. The
chromosomes also display areas of transcriptional activity represented by the
appearance of ‘puffs’ in the polytene chromosomes. As a developmental profile
of the puffing pattern of the chromosomes has been produced (Ashburner 1972)
these may also be used as makers to assist in localisation of the probe. All of
the male-specific fragments hybridise to single bands on the third polytene
chromosome. Three of them, gK10, gK27 and gK31 are located on the right
arm of chromosome three, while gK22 is located on the left arm. Figure 4.4
shows the in situ hybridisation of the male-specific fragments to wild type
polytene chromosomes. The right arm of the third chromosome (Figure 4.4 A,
C and D) has a flattened tip while that of the left arm (Figure 4.4B) is more
rounded. The position of pmsfK22 was easily determined as it is situated in a
very prominent landmark on the left arm of the third chromosome at 68A. The
positions of the other fragments were determined as described previously by
looking for landmark constrictions and puffs which were then used to assign
chromosomal positions. The cytological locations of each of these clones are
given in Table 4.2. At the time that the initial characterisation of these clones
was taking place, no male-specific loci had been identified at these positions.

However, recently an enhancer-trap screen for genes involved in
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Figure 4.4: In situ hybridisation to polytene chromosomes spreads from
Oregon-R.

Figure 4.4A: hybridised with biotinylated pmsfK10.

Figure 4.4B: hybridised with biotinylated pmsfK22.

Figure 4.4C: hybridised with biotinylated pmsfK27.1

Figure 4.4D: hybridised with biotinylated pmsfK31.
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Name of plasmid Cytological location
pmsfK10 87CD
pmsfK22 68A

pmsfK27.1 90CD
pmsfK27.2 90CD
pmsfK31 96AB

Table 4.2: The cytological locations of male-specific fragments from the
genomic DNA clones.
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spermatogenesis (described in chapter 1) produced P-element inserts into the
same chromosomal locations as those of both pmsfK22 and pmsfK27 (Castrillon
et al., 1993). The characterisation of these enhancer-trap lines in relation to

pmsfK22 and pmsfK27 will be discussed further in chapter 5.
Discussion.

All of the genomic fragments identified by ‘Reverse northern’ analysis represent
(with the exéeption of pmsfK27.1 and pmsfK27.2) single copy genes. gK27 in
contrast to the other clones, seems to consist of a duplication of the male-specific
region. In addition, it is apparent from Southern analysis that related sequences
may also be present elsewhere in the genome (but at the same cytological
location). None of these additional fragments hybridise with an intensity that
suggests that they may be the result of partial digestion or 'star' activity of the
enzymes used. Fragments resulting from partial enzyme digestion would be
expected to be larger than the proper fragment sizes, it can clearly be seen in
Figure 4.3 C and D that this is not the case. The less intensely hybridising
fragments are smaller than those that hybridise strongly to the probe. This
supports the suggestion that these bands may be due to related sequences.
None of these fragments represent Y-specific or Y-associated sequences.
Additionally, no polymorphism at these loci between three wild type strains of
Drosophila examined could be observed suggesting that these sequences are

conserved between the different strains.

The aims of this chapter were to establish the genomic organisation of the
genomic clones by restriction mapping and Southern blotting. in situ
hybridisation to the polytene chromosomes was also used to determine if these
represented previously identified mutations. The results obtained using

genomic Southerns and in situ hybridisation to the polytene chromosomes
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suggested that three of the genomic DNA clones (gK10, gK22 and gK31) are
single copy autosomal genes. In the case of gK27, it is apparent that at least
two copies of this sequence share the same cytological location. As can be seen
from the Southern analysis, this locus has a very complex genomic organisation.

The reasons for this complexity will be discussed in chapter 6.

When these results were obtained, no male-specific lethals or male-steriles had
been identified at these chromosomal locations. However, toward the end of
this work, possible enhancer-trap insertions within the cytological locations of

two of the clones (gK22 and gK27) were generated by Castrillon (1993).
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Introduction.

An important consideration in the process of spermatogenesis is the control of
gene expression. As described in chapter 1, the transcription of all gene products
required for the spermatogenic process is believed to occur during the primary
spermatocyte stage, before meiosis has occurred. However, most of the
morphogenic events that go in to fashioning the mature sperm take place in the
post-meiotic spermatid. All the events of spermiogenesis (i.e. the translation
and assembly of the components) take place without a requirement for the
presence of DNA or RNA synthesis. Evidence that transcription is restricted to
the primary spermatocyte stage has come from a number of sources: genetic
studies have shown that spermatids that do not have a full chromosome
complement are able to develop into mature sperm. Indeed, spermatids which
only possess the fourth chromosome are able to produce mature sperm (Lindsley
& Grell, 1969). These sperm are able to produce viable zygotes if they fertilise
eggs which contain the chromosome constitution missing from the sperm. These
defective sperm usually result from non-disjunction events as a result of
mutations affecting meiosis I. After meiosis, the haploid sperm carrying the
Y-chromosome will lack X-linked spermatogenic loci such as stellate, (ste).
However, as has been discussed in chapter 1, incomplete cytokinesis is a feature
of spermatogenesis, therefore spermatids develop side by side in a common
cytoplasm. As the cytoplasmic environment of each spermatid is not
independent, the RN A transcribed from each nucleus is translated in the shared
cytoplasm. This syncytial development means that after meiosis the nuclear
constitution may no longer make a significant contribution to the developmental

process of the spermatid.
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